
EDITED BY : Gerson Nakazato and Renata Katsuko Takayama Kobayashi

PUBLISHED IN : Frontiers in Microbiology

NANOTECHNOLOGY 
FOR ANTIMICROBIALS

https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/journals/microbiology


Frontiers in Microbiology 1 August 2020 | Nanotechnology for Antimicrobials

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88963-972-4 

DOI 10.3389/978-2-88963-972-4

https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/journals/microbiology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org


Frontiers in Microbiology 2 August 2020 | Nanotechnology for Antimicrobials

NANOTECHNOLOGY 
FOR ANTIMICROBIALS
Topic Editors: 
Gerson Nakazato, State University of Londrina, Brazil
Renata Katsuko Takayama Kobayashi, State University of Londrina, Brazil

Citation: Nakazato, G., Kobayashi, R. K. T., eds. (2020). Nanotechnology for 
Antimicrobials. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-972-4

https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/journals/microbiology
http://doi.org/10.3389/978-2-88963-972-4


Frontiers in Microbiology 3 August 2020 | Nanotechnology for Antimicrobials

05 Editorial: Nanotechnology for Antimicrobials

Renata K. T. Kobayashi and Gerson Nakazato

08 Nanoencapsulation of Bacteriophages in Liposomes Prepared Using 
Microfluidic Hydrodynamic Flow Focusing

Salvatore Cinquerrui, Francesco Mancuso, Goran T. Vladisavljević, 
Saskia E. Bakker and Danish J. Malik

21 Magnetic Nanoconjugated Teicoplanin: A Novel Tool for Bacterial 
Infection Site Targeting

Ilaria Armenia, Giorgia Letizia Marcone, Francesca Berini, 
Viviana Teresa Orlandi, Cristina Pirrone, Eleonora Martegani, Rosalba Gornati, 
Giovanni Bernardini and Flavia Marinelli

38 Pullulan Nanoparticles as Prebiotics Enhance the Antibacterial Properties 
of Lactobacillus plantarum Through the Induction of Mild Stress in 
Probiotics

Liang Hong, Whee-Soo Kim, Sang-Mok Lee, Sang-Kee Kang, Yun-Jaie Choi 
and Chong-Su Cho

50 Nanocomposite of Ag-Doped ZnO and AgO Nanocrystals as a Preventive 
Measure to Control Biofilm Formation in Eggshell and Salmonella spp. 
Entry Into Eggs

Belchiolina Beatriz Fonseca, Paula Luiza Alves Pereira Andrada Silva, 
Anielle Christine Almeida Silva, Noelio Oliveira Dantas, 
Aline Teodoro de Paula, Otavio Cintra Lemos Olivieri, Marcelo Emilio Beletti, 
Daise Aparecida Rossi and Luiz Ricardo Goulart

60 Analytical Investigation of Cymbopogon citratus and Exploiting the 
Potential of Developed Silver Nanoparticle Against the Dominating 
Species of Pathogenic Bacteria

Priyanka Basera, Meeta Lavania, Anil Agnihotri and Banwari Lal

73 Biogenic Silver Nanoparticles as a Post-surgical Treatment for 
Corynebacterium pseudotuberculosis Infection in Small Ruminants

Laerte Marlon Santos, Danijela Stanisic, Ulisses José Menezes, 
Marcos Antônio Mendonça, Thiago Doria Barral, Núbia Seyffert, 
Vasco Azevedo, Nelson Durán, Roberto Meyer, Ljubica Tasic and 
Ricardo Wagner Portela

84 Biogenic Synthesis of Silver Nanoparticles Using Phyllanthus emblica Fruit 
Extract and Its Inhibitory Action Against the Pathogen Acidovorax oryzae 
Strain RS-2 of Rice Bacterial Brown Stripe

Md. Mahidul Islam Masum, Mst. Mahfuja Siddiqa, Khattak Arif Ali, Yang Zhang, 
Yasmine Abdallah, Ezzeldin Ibrahim, Wen Qiu, Chenqi Yan and Bin Li

102 Phytofabrication of Selenium Nanoparticles From Emblica officinalis Fruit 
Extract and Exploring Its Biopotential Applications: Antioxidant, 
Antimicrobial, and Biocompatibility

Lokanadhan Gunti, Regina Sharmila Dass and Naveen Kumar Kalagatur

Table of Contents

https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/journals/microbiology


Frontiers in Microbiology 4 August 2020 | Nanotechnology for Antimicrobials

119 Vancomycin-Loaded Nanoparticles Enhance Sporicidal and Antibacterial 
Efficacy for Clostridium difficile Infection

Yi-Hsuan Chen, Tsung-Ju Li, Bo-Yang Tsai, Liang-Kuei Chen, Yi-Hsin Lai, 
Meng-Jia Li, Cheng-Yang Tsai, Pei-Jane Tsai and Dar-Bin Shieh

130 Biofabrication of Zinc Oxide Nanoparticles With Syzygium aromaticum 
Flower Buds Extract and Finding Its Novel Application in Controlling the 
Growth and Mycotoxins of Fusarium graminearum

Thimappa Ramachandrappa Lakshmeesha, Naveen Kumar Kalagatur, 
Venkataramana Mudili, Chakrabhavi Dhananjaya Mohan, Shobith Rangappa, 
Bangari Daruka Prasad, Bagepalli Shivaram Ashwini, Abeer Hashem, 
Abdulaziz A. Alqarawi, Jahangir Ahmad Malik, Elsayed Fathi Abd_Allah, 
Vijai Kumar Gupta, Chandra Nayaka Siddaiah and 
Siddapura Ramachandrappa Niranjana

143 A Novel Antifungal System With Potential for Prolonged Delivery of 
Histatin 5 to Limit Growth of Candida albicans

Carolina R. Zambom, Fauller H. da Fonseca, Edson Crusca Jr., 
Patrícia B. da Silva, Fernando R. Pavan, Marlus Chorilli and Saulo S. Garrido

154 Presentation of Antibacterial and Therapeutic Anti-inflammatory 
Potentials to Hydroxyapatite via Biomimetic With Azadirachta indica: An 
in vitro Anti-inflammatory Assessment in Contradiction of LPS-Induced 
Stress in RAW 264.7 Cells

Anusuya Nagaraj and Suja Samiappan

https://www.frontiersin.org/research-topics/8389/nanotechnology-for-antimicrobials#articles
https://www.frontiersin.org/journals/microbiology


EDITORIAL
published: 09 July 2020

doi: 10.3389/fmicb.2020.01421

Frontiers in Microbiology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 1421

Edited by:

Bingyun Li,

West Virginia University, United States

Reviewed by:

Hai Liang,

National Institutes of Health (NIH),

United States

*Correspondence:

Renata K. T. Kobayashi

kobayashirkt@uel.br

Gerson Nakazato

gnakazato@uel.br

Specialty section:

This article was submitted to

Antimicrobials, Resistance and

Chemotherapy,

a section of the journal

Frontiers in Microbiology

Received: 09 April 2020

Accepted: 02 June 2020

Published: 09 July 2020

Citation:

Kobayashi RKT and Nakazato G

(2020) Editorial: Nanotechnology for

Antimicrobials.

Front. Microbiol. 11:1421.

doi: 10.3389/fmicb.2020.01421

Editorial: Nanotechnology for
Antimicrobials

Renata K. T. Kobayashi* and Gerson Nakazato*

Department of Microbiology, Center of Biological Sciences, State University of Londrina, Londrina, Brazil

Keywords: nanoparticles, drug delivery, microbial pathogens, therapy, disease prevention, synthesis, resistance

Editorial on the Research Topic

Nanotechnology for Antimicrobials

Nanotechnology has presented many advantages and benefits in science and industrial process.
Nanoparticles have special characteristics that optimize the biological, physical, and chemistry
properties being studied for many aims. The use of nanoparticles resulted in great evidences
in Microbiology including antimicrobial activity against bacteria, fungi, virus, and protozoa. In
this Research Topic, different nanoparticles and their strategies showed efficient antimicrobial
effects with potential applications to control infections and biological contaminations. All
articles showed the antimicrobial activity of these nanoparticles, direct or indirectly, against
pathogenic microorganisms that cause severe infections, including those multidrug-resistant to the
conventional antimicrobials.

The global spread of multidrug-resistant (MDR) microbial pathogens is currently considered
one of the principal threats to global public health according to the World Health Organization
(WHO) and it is estimated that unless action is taken, the number of deaths worldwide could
increase to 10million each year by 2050. Although the emergence of antimicrobial resistant bacteria
is a natural process, this process can be accelerated by the non-rational use of antimicrobials,
inadequate surveillance, and the insufficiently controlled regulation of antibiotics use in clinical
medicine and in the livestock industry.

In view of the emergence of MDR microorganisms associated with scarcity in the discovery of
new antibiotics, new anti-infectious strategies, need to be increasingly explored. In this Research
Topic new effective strategies are showed as: metallic, biominerals and selenium nanoparticles with
antimicrobial action (Basera et al.; Gunti et al.; Lakshmeesha et al.; Masum et al.; Nagaraj and
Samiappan; Santos et al.), metallic nanoparticles that inhibited the biofilms formation (Fonseca
et al.), magnetic nanoconjugate antibiotics that improved the antimicrobial action (Armenia et al.;
Chen et al.), prebiotics in nanoparticles to better the antibacterial properties of probiotics (Hong
et al.), antimicrobial peptides and bacteriophages nanoencapsulated in liposomes for prolonged
delivery (Cinquerrui et al.; Zambom et al.).

All articles in this Research Topic proved the antimicrobial action of the respective compounds
against pathogenic bacteria or fungi and some of them were effective against Clostridium difficile,
Methicillin-resistant Staphylococcus aureus (MRSA) andVancomycin-resistant Enterococcus (VRE)
that are part of the threat list considered the most alarming antibiotic-resistant microorganisms
according to the Centers for Disease Control and Prevention (CDC).

Nagaraj and Samiappan performed the biomimetization of Hydroxyapatite (HA) with
Azadirachta indica (AI) and the preparation of HA-AI composite which showed potent
antibacterial activity against Staphylococcus aureus ATCC 700699, which strain is Methicillin
resistant (MRSA), resistant to Oxacillin and shows reduced Vancomycin susceptibility. Armenia
et al. also tested magnetic nanoconjugated teicoplanin (NP-TEICO) against MRSA and
Vancomycin-resistant Enterococcus (VRE). Both MRSA and VRE are classified as serious threat
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according to CDC, since they are resistant to the antimicrobials
usually prescribed to combat these species, which can make
it difficult to treat serious infections in hospitalized or
community patients, highlighting the importance of developing
new antimicrobials against these pathogens.

Chen et al. developed a sporicidal and antimicrobial
vancomycin-loaded spore targeting iron oxide nanoparticle
(van-IONP) that selectively binds to C. difficile spores. This
microorganism is classified as urgent threat by CDC once it is
a major cause of healthcare-acquired life-threatening diarrhea
associated with the rising use of antibiotics, which is responsible
to substantial mortality around the world. Van-IONP can
target and completely cover spore surfaces. They not only
successfully delayed the germination of the spores but also
inhibited of vegetative cell outgrowth. This delivery therapy
showed advantages over traditional therapeutics in treating C.
difficile infection.

The articles published in this Research Topic approached
some specific aspects about antimicrobial activity of
nanoparticles in different fields (human medicine, veterinary,
and foods). Nagaraj and Samiappan showed that the
biomimetization of hydroxyapatite has an interesting anti-
inflammatory potential property over lipopolysaccharide
(bacterial endotoxin from Gram-negative) besides the
antibacterial activity with a potential application in dentistry
and orthopedic. Often inflammatory reactions are very
important for treatment of infections because in this case
the lipopolysaccharide causes septic shock in patients, leading
to death.

Drug delivery strategy has been studied to optimize the
antimicrobial activity using different carriers and actives.
Many drug delivery models are similar to cancer treatment
including the use of nanocarriers. Zambom et al. performed
a drug delivery strategy using nanoliposomes with Histatin 5
inhibiting the growth of Candida albicans. Already Cinquerrui
et al. used nanoliposomes encapsulated phages like a “Trojan
Horse.” Nanocarriers conjugated with antibiotics using magnetic
nanoparticles were also suggested by Armenia et al. as potential
application to infections sites.

Syntheses of different types of nanoparticles were also
approached in some studies of this Research Topic. The
biological synthesis was well-performed in some articles
resulting in metallic nanoparticles with antimicrobial properties.
Lakshmeesha et al. showed that the zinc oxide nanoparticles
biosynthesized using a flower bud extract reduced the production
of mycotoxins of Fusarium graminearum suggesting the use of
these nanoparticles as a potential antifungal in agriculture and
food industry. The pythofabrication of selenium nanoparticles
using fruit extract was performed by Gunti et al. and
these nanoparticles showed antimicrobial, antioxidant, and
biocompatibility properties. Biogenic silver nanoparticles have
been an interesting alternative as antibacterial as demonstrated
(Basera et al.). Santos et al. also got great results using
biogenic nanosilver in the treatment of Corynebacterium
pseudotuberculosis infections in small ruminants. In this last
study, the results in vivo indicate that biogenic nanosilver can
be applied as an alternative in the treatment of infections in

Veterinary field. These studies revealed that the antimicrobial
properties of biogenic nanoparticles depend on the source of
reducing agent as well as active molecules.

Some bacterial strains are able to protect themselves against
antimicrobials by resistance mechanisms or bacterial structure.
Spore forming is a classic example of bacterial structure of
resistance. Still, the sporicidal effect of vancomycin-loaded
nanoparticles against Clostridium was demonstrated by Chen
et al. in this Research Topic. Masum et al. using biogenic
silver nanoparticles managed to disturb biofilm formation and
swarming ability. Another study about biofilm inhibition was
performed by Fonseca et al., in this case using nanocomposite
of silver-doped ZnO and AgO nanocrystals to control biofilm
formation in eggshell. Structural and inhibition biofilms have
been studied in Microbiology and Pathogenesis mainly for
some materials such as medical devices. These biofilms are
difficult to eliminate or remove in the surfaces. In this case,
these nanoparticles prevented the biofilm formation suggesting
a potential use in materials.

Another way to control infections is the probiotics,
prebiotics and symbiotics including the application of
nanoparticles. Hong et al. described pullulan nanoparticles
as prebiotics enhancing the antibacterial effect of
Lactobacillus against Listeria monocytogenes. This study
indicates that some nanoparticles can act on microbiome
interacting positively with other bacteria on prevent
of infections.

The results of these studies demonstrated the importance
of Nanotechnology for infection control in different field
even as model studies for antimicrobial activity. The
nanoparticles synthesized biologically (“green nanoparticles”)
and biocompatible present in some articles corroborate
with the concerns about safety and ecology in the
use of these antimicrobials. Many applications and
products using nanoparticles can be generated from this
Research Topic.

Future perspectives revolve around new strategies and
development of products to prevent, control and treat microbial
infections in humans and other animals, including viral infection,
as seen in the actual pandemic scenario.
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Nanoencapsulation of
Bacteriophages in Liposomes
Prepared Using Microfluidic
Hydrodynamic Flow Focusing

Salvatore Cinquerrui 1, Francesco Mancuso 1, Goran T. Vladisavljević 1, Saskia E. Bakker 2

and Danish J. Malik 1*

1Chemical Engineering Department, Loughborough University, Loughborough, United Kingdom, 2 Advanced Bioimaging

Research Technology Platform, University of Warwick, Coventry, United Kingdom

Increasing antibiotic resistance in pathogenic microorganisms has led to renewed

interest in bacteriophage therapy in both humans and animals. A “Trojan Horse”

approach utilizing liposome encapsulated phages may facilitate access to phagocytic

cells infected with intracellular pathogens residing therein, e.g., to treat infections

caused by Mycobacterium tuberculosis, Listeria, Salmonella, and Staphylococcus

sp. Additionally, liposome encapsulated phages may adhere to and diffuse within

mucosa harboring resistant bacteria which are challenges in treating respiratory and

gastrointestinal infections. Orally delivered phages tend to have short residence times

in the gastrointestinal tract due to clinical symptoms such as diarrhea; this may be

addressed through mucoadhesion of liposomes. In the present study we have evaluated

the use of a microfluidic based technique for the encapsulation of bacteriophages in

liposomes having mean sizes between 100 and 300 nm. Encapsulation of two model

phages was undertaken, an Escherichia coli T3 podovirus (size ∼65 nm) and a myovirus

Staphylococcus aureus phage K (capsid head ∼80 nm and phage tail length ∼200 nm).

The yield of encapsulated T3 phages was 109 PFU/ml and for phage K was much

lower at 105 PFU/ml. The encapsulation yield for E. coli T3 phages was affected by

aggregation of T3 phages. S. aureus phage K was found to interact with the liposome

lipid bilayer resulting in large numbers of phages bound to the outside of the formed

liposomes instead of being trapped inside them. We were able to inactivate the liposome

bound S. aureus K phages whilst retaining the activity of the encapsulated phages in

order to estimate the yield of microfluidic encapsulation of large tailed phages. Previous

published studies on phage encapsulation in liposomes may have overestimated the

yield of encapsulated tailed phages. This overestimation may affect the efficacy of phage

dose delivered at the site of infection. Externally bound phages would be inactivated in

the stomach acid resulting in low doses of phages delivered at the site of infection further

downstream in the gastrointestinal tract.

Keywords: bacteriophage therapy, E. coli, intracellular infections, liposome fabrication, microfluidics,

nanoencapsulation, S. aureus
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INTRODUCTION

The widespread inappropriate use of antibiotics in both humans
(clinical medicine) and animals (livestock industry) worldwide
has led to an acceleration in the emergence and global spread
of multidrug antibiotic resistant bacterial clones (Morgan et al.,
2011). The problem of antibiotic resistance is a complex one
requiring global coordination for antibiotic stewardship to
preserve the efficacy of current treatments. In much of the world
outside Europe and North America, lifesaving antibiotics are
sold without a prescription or oversight by health professionals
(Laxminarayan et al., 2013). In the period between 1940 and
1962, 20 new classes of antibiotics were introduced to the market;
however, since 1962, there has been a discovery void with only
two new classes reaching this stage (Coates et al., 2011). The
speed of development of resistance has been faster than the rate of
discovery (Kelly et al., 2016). The substantial public health threat
from antibiotic resistance includes jeopardizing effectiveness of
treatments in modern medicine from minor elective surgeries to
cancer therapy.

The ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
represent a key group of commonly occurring Multi-Drug
Resistant organisms at the heart of the antibiotic resistance
crisis (Schooley et al., 2017). Initiatives to develop new
therapeutic approaches with novel mechanisms of activity
against MDR bacterial pathogens include the potential use of
lytic bacteriophages (Summers, 2001; Czaplewski et al., 2016).
Lytic bacteriophages (phages) are viruses that infect and kill
bacteria, and they represent a promising approach to targeting
bacterial infections in a treatment known as phage therapy
(Alisky et al., 1998; Abedon, 2009; Abedon et al., 2011; Allen
et al., 2014). The specificity of bacteriophages and their potential
role in maintaining healthy microbiota makes them an attractive
alternative to employing antibiotics. Technical advances are
reducing the cost, processing and sequencing times of next-
generation sequencing (NGS), thereby allowing rapid culture
independent identification of disease causing bacteria (Toma
et al., 2014). These developments increase the opportunities for
using narrow spectrum antibiotics where the infection causing
bacterial agent is known, thereby opening-up the possibility of
employing phages for therapeutic purposes (Malik et al., 2017).
A number of recent studies in animals and humans have been
carried out to investigate the clinical safety and therapeutic or
prophylactic efficacy of phages against P. aeruginosa, S. aureus,
A. baumannii, Escherichia coli, and Salmonella enteritidis
(Wright et al., 2009; Lim et al., 2012; Sarker et al., 2016; Schooley
et al., 2017).

Limitations regarding the broad utility of phage therapy

for the treatment of bacterial infections include narrow host
ranges of individual phages and bacterial host resistance

leading to phage resistant mutant. There is some debate as
to whether bacteriophages would be able to diffuse across

eukaryotic cell membranes killing intracellular bacteria infecting
macrophages and other eukaryotic cells. Some recent in vitro
studies have shown free phage entry into macrophages and

other non-phagocytic eukaryotic cells however, the mechanisms
of entry remain unclear (Nieth et al., 2015b; Zhang et al.,
2017). Intracellular phage entry into eukaryotic cells has been
explained to occur either through phagocytosis of phage
infected bacteria or via bacterial induced endocytosis (Finlay,
1997). Important multi-drug resistant intracellular pathogens
include those causing chlamydia, salmonella, staphylococcal, and
mycobacterial infections, as well as infections due to Brucella
abortus, Burkholderia cenocepacia, K. pneumoniae, Legionella
pneumophilia, and Listeria monocytogenes (Nieth et al., 2015a;
Singla et al., 2016b). Use of phage cocktails permits broadening
of the host range whilst judicious selection of phages making-
up the cocktail targeting different receptors tends to reduce
the risk of resistance arising in host bacteria due to random
mutations (Tanji et al., 2005; Denou et al., 2009; Yen et al., 2017).
In chronic infections phage treatment may be compromised
by the adaptive host immune response (anti-phage antibodies)
leading to clearance of delivered phages lowering the phage
titer at the site of infection resulting in poor efficacy of
phage therapy (Dabrowska et al., 2005). Another considerable
challenge is associated with accessibility of phages to a wide
range of pathogenic bacteria residing within mucosa and
biofilms including highly resistant strains of Bordetella pertussis
(whooping cough), E. coli (diarrheas, meningitis, urinary
tract infections), Helicobacter pylori (ulcers, gastritis), Neisseria
gonorrhoea (gonorrhoea), Neisseria meningitidis (meningitis), P.
aeruginosa (infections in people suffering from cystic fibrosis),
S. aureus (wound associated infections e.g., diabetic foot
ulcers), streptococci (meningitis, otitis media, pharyngitis, scarlet
fever), etc.

Encapsulation of phages in liposomes may address some
of the challenges associated with the development of effective
phage therapy discussed above. Liposomes are composed of
phospholipids, which self-assemble and self-enclose to form
spheres of lipid bilayers with an inner aqueous core which
may be designed to contain therapeutic agents such as phages.
Liposomes may aid in shielding phages from the action of
the reticuloendothelial system thereby increasing the length
of time of circulation of phages instead of having to find
long-circulating mutant phage strains (Merril et al., 1996). A
previous study demonstrated that non-virulent Mycobacterium
smegmatis and Mycobacterium avium transiently infected with
the lytic phage TM4 were able to deliver the phage into
Mycobacterium tuberculosis infected macrophages in a “Trojan
Horse” approach (Broxmeyer et al., 2002). In a similar manner,
liposome encapsulated phages may permit phage access to
intracellular pathogens for the treatment of serious infections,
such as those caused by M. tuberculosis, S. aureus, and E. coli
(Nieth et al., 2015b).

Liposomes have been used to encapsulate a vast variety of
cargos, like hydrophilic and hydrophobic drugs, proteins, living
cells, nanoparticles, quantum dots, plasmid DNAs (Pattni et al.,
2015). Ideally, liposome encapsulation techniques should allow
full control over liposome formulation composition (e.g., for
regulatory safety compliance) as well as control over vesicle
size and size distribution which are important factors as they
affect the encapsulated dose as well as in vivo circulation times
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and pharmacokinetics of the encapsulated active ingredient
and its biodistribution (Sawant and Torchilin, 2012b). The
liposome production process needs to be scalable and have
a low environmental impact (Torchilin, 2005). Since their
discovery in the 60s, several methods for the preparation
of liposomes have been developed (Sawant and Torchilin,
2012a). However, classical techniques (e.g., thin film hydration,
sonication, solvent dispersion, detergent removal, dilution) as
well as sophisticated/innovative ones (e.g., use of supercritical
fluids) do not completely fulfill the requirements for an ideal
encapsulation process and lack adequate control over liposome
production. The choice of the manufacturing technique is
constrained by specific requirements and is quite often a
compromise. Recently, microfluidic approaches have been used
to address some of the constraints of other liposome production
methods (van Swaay and deMello, 2013). Microfluidic devices
offer many advantages over traditional liposome fabrication
methods, such as control over the average size of liposomes,
narrow particle size distribution, portability, integration and
automation possibilities, and small reagent consumption thereby
allowing rapid screening of formulations and production
parameters. Liposome size and size distribution affect crucial
characteristics including cargo release profile, loading capacity,
biodegradation rate, biodistribution, and liposome stability over
time.

There are relatively few published studies on phage
encapsulation in liposomes (Nieth et al., 2015a; Singla et al.,
2015, 2016a,b; Chibber et al., 2017; Leung et al., 2018).
Recent animal studies in chickens have shown that liposome
encapsulated Salmonella phages were significantly more stable
upon exposure to stomach acid and showed longer intestinal
retention times in comparison with free phages and this
resulted in better treatment outcomes (Colom et al., 2015).
Liposome encapsulated K. pneumoniae phage delivered via
intraperitoneal injection remained in the systemic circulation
of mice longer than the corresponding free phages (Singla
et al., 2015). Liposomal nanoparticles (NPs) may be able to
penetrate deep into the intestinal mucosa to reach infection
sites, thereby improving the efficacy of phage therapy by
targeting pathogenic bacteria residing in these difficult to
access niches (Takeuchi et al., 2005). The residence time
of NPs has been found to be longer compared to larger
particles. For instance, chitosan coated sub-micron liposomes
showed longer residence times in the GI tract than larger
multilamellar vesicles attributed to their high penetration
ability into the mucosa (Takeuchi et al., 2005; Thirawong et al.,
2008).

The aim of this study was to investigate the use of a novel co-
flow microfluidic glass capillary device for the encapsulation of
bacteriophages in sub-micron sized liposomes. Previous studies
have typically employed a thin-film hydration method for
liposome preparation which does not afford precise control over
the resulting liposome size and phage encapsulation. The effects
of lipid composition, phage titer and experimental procedures
related to encapsulation of two model phages, an E. coli T3
podovirus and a myovirus Staphylococcus phage K, have been
investigated.

MATERIALS AND METHODS

Bacteria and Phage Strain and Propagation
Bacterial host strains used were S. aureus ATCC 19685 and E.
coli ATCC 11303 strain B. Both strains were sourced from LGC
standards, United Kingdom (UK). S. aureus bacteriophage K
ATCC 1985-B1 (family Myoviridae) and E. coli bacteriophage
ATCC R© 11303-B3 (family Podoviridae, T3) were also sourced
from LGC standards, UK.

S. aureus bacterial host strain and phage were propagated
in liquid culture using Brain Heart Infusion (BHI, Oxoid, UK).
Luria Broth (LB, Oxoid, UK) was used to grow E. coli. For
S. aureus phage propagation, a single colony from a streaked
overnight culture on a BHI agar plate was used to inoculate
fresh BHI broth and left shaking overnight at 37◦C. The culture
was diluted to O.D. 0.05 and regrown to log phase between 0.2
and 0.3 O.D. (λ = 600 nm) for all phage work. To evaluate
actual MOI a 10 µl sample was withdrawn and serially diluted
to measure the CFU/ml of the sample at the point prior of
addition of a known quantity of phage. Previously, growth curves
were measured where both the O.D. and corresponding CFU/ml
measurements were obtained under identical growth conditions;
the measurements were reliably repeatable (data not shown).
The correspondence between growth curve CFU/ml and O.D.
values gave us confidence that using O.D. values between 0.2
and 0.3 for both S. aureus and E. coli corresponded to ∼108

CFU/ml prior to phage addition. At this point bacteriophages
of known titer were added to the culture at a multiplicity of
infection (MOI) of ∼0.01. Once the culture had cleared (∼6 h
later) the lysate was centrifuged at 2,000 g for 15min at 4◦C
and the supernatant filtered using a 0.22µm pore size in-
line syringe filter (Millipore, USA). Hundred kilo Daltons of
MWCO tangential flow ultrafiltration cassettes (MerckMillipore,
UK) were used for exchange of lysate media with SM buffer
(50mM of Tris-HCl, pH of 7.5, 100mM NaCl, 10mM MgSO4,
all chemicals purchased from Fisher Scientific, UK) and if needed
to concentrate the phage titer. All phage samples were stored in
SM buffer at 4◦C until further use.

To titer the phage samples, phage solutions were serially
diluted and spotted (six replicates) on a double layer agar plate
(Adams, 1959). The plate was dried near a flame and then
incubated overnight at 37◦C. On the following day plaques were
counted to determine the phage titer and expressed as plaque
forming units PFU ml −1.

Reagent Chemicals
Phospholipid DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine) was purchased in dry powder form from
BACHEM (Bubendorf, Switzerland) and was used without any
further purification. Cholesterol ≥99%, Chloroform anhydrous
≥99%, Isopropanol anhydrous 99.5%, and Triton X-100 were
purchased from Sigma-Aldrich, UK. Ethanol 99.5% (extra dry)
was purchased from Fisher Scientific, UK.

Co-flow Microfluidic Device Fabrication
The co-flow microfluidic (MF) device used for liposome
formation was fabricated in-house following the procedure
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reported earlier (Vladisavljevic et al., 2014). The main body
of the MF device consisted of two coaxial borosilicate glass
capillaries glued onto a microscope glass slide. To assemble the
device, a round tapered-end borosilicate glass capillary (Intracel,
Royston, UK) with a 1mm outer diameter, 0.58mm inner
diameter, and 100–200µm orifice diameter was inserted halfway
into an outer square glass capillary (1mm inner dimension,
AIT Glass, Rockaway, US) and aligned (see Figure 1). A P-97
Flaming/Brown micropipette puller (Sutter Instrument Co.,
USA) was used to produce a sharp capillary tip of about 20µm in
diameter. The orifice size of inner capillary was then increased by
sanding the tip against sand paper until the orifice with a required
size and smooth rim was obtained. The orifice size was controlled
using a Narishige’s MF-830 microforge microscope (Intracel Ltd.,
Stephenson, UK). Two syringe needles (BD Precisionglide R©,
Sigma–Aldrich, O.D. 0.9mm) and PTFE tubing (I.D. 0.8mm)
were used to deliver the organic phase and the aqueous phage
solution.

Generation of Liposomes
Liposomes were produced using the MF device described
above (Figure 1) and the method of direct co-flow alcohol
injection (Vladisavljevic et al., 2014). Lipid solutions (with
different DSPC:cholesterol ratios) were prepared by dissolution
of lipids in chloroform in a round bottom flask. The lipids
were dried using a rotary evaporator for 2 h to obtain a thin
film, and subsequently further dried overnight under vacuum.
Isopropanol (IPA) was used to solubilize the film of lipids to a
final concentration of 10mg ml−1. The organic lipid solution
and the aqueous buffer solution were delivered, respectively,
through the inner tapered round capillary and the outer square
capillary by means of Vici Model M6 microfluidic pumps (Valco
Instruments Co. Inc.,). The flow rates of the organic phase,
Qo and the aqueous phase, Qa were adjusted to control the
degree of hydrodynamic focusing and the width of the central
stream, thus controlling the IPA/buffer micromixing process.
The flow rate ratio (FRR= Qa:Qo) between the outer aqueous
phase and the inner organic phase of 2:1 was used. The MF
device was immersed in a water bath and allowed to reach
thermal steady state under experimental conditions to ensure
the experiments were performed under constant temperature.
The IPA solution was filtered through 0.1µm PVDF syringe
filters (Fisher Scientific, UK) prior to pumping through the MF
device. Liposomes were collected in sterile glass vials (Fisher
Scientific, UK).

Nanoencapsulation of Bacteriophage in
Vesicles
Bacteriophages were encapsulated in liposomes as per the
procedure outlined above. Purified concentrated bacteriophages
in SM buffer were prepared at titers >1011 PFU/ml. This
concentrated phage stock was diluted to the appropriate working
concentration by mixing with SM buffer prior to use in the
MF device if lower concentrations of phage were used for
encapsulation (working concentrations were varied as needed in
the range 109-1010 PFU/ml). The aqueous phage solution was

delivered through the outer capillary, while the organic lipid
solution was injected through the inner capillary.

Determination of Encapsulated
Bacteriophage K Titers
Separation of Free S. aureus Phage K From

Liposome Suspensions
The S. aureus phage K product stream collected from the MF
device containing a mixture of free and encapsulated phages
was dialyzed (Visking Dialysis Membranes, Molecular Weight
Cut-off 3,500 Da) overnight against SM buffer (pH 7.5) to
remove residual isopropanol. Free K phages were separated from
liposomes using a 0.22µm MidGee hoop ultrafiltration hollow
fiber tangential flow cartridge with a 1ml hold-up volume (GE
Healthcare, UK). Themembrane flux was 2 l/m2.h and run for 8 h
until no further change in retentate phage titer was recorded. The
liposomes were retained in the retentate and free phage removed
in the permeate.

Removal of Liposome Bound S. aureus Phage K
To evaluate the binding of free K phages to liposomes, empty
liposomes (formulation described previously) at a concentration
of 1010 liposomes/ml were gently mixed with phage K solution
(final concentration in liposome solution ∼1010 PFU/ml). The
total volume was 1ml. The empty liposomes were left in contact
with K phages for 15min at either 4, 25, or 37◦C to allow the
phages to adsorb to the liposomes. Liposomes were separated
from unbound free phages by centrifugation at 13,000 g for 3min
and phage titer in the supernatant was measured using double
overlay plaque assay technique.

To evaluate the inactivation of liposome bound phages, empty
liposomes were left in contact with K phages for 15min at 37◦C to
allow the phages to adsorb to the liposomes (as described above).
The solution was then dialyzed against SM buffer (pH 2.75)
for 60min. The solution was subsequently neutralized with
NaOH (0.1M) followed by measurement of the phage titer by
double overlay plaque assay technique. All phages were rendered
unviable.

Inactivation of phage K adsorbed to the liposome bilayer
membrane was undertaken to evaluate the encapsulated phage
K titer. Liposomes containing K phages were exposed to pH
2.75 to inactivate the liposome adsorbed phages. Phage K were
prepared in a pH 5.5 SM buffer and were encapsulated using
the microfluidic device as per the procedure described above.
The lower pH of the buffer was used to reduce the proton
concentration gradient and therefore the proton flux across
the membrane to minimize pH change within the liposome
compartment (Deamer, 1987). Encapsulation at pH 7.5 was
found to result in complete inactivation of phage K in the
liposomes exposed to pH 2.75 hence lowering of the internal
pH to pH 5.5 was undertaken which resulted in viable phage
recovery. Phage K titer was stable over a period of 24 h in pH
5.5 buffered solution. Phage K was completely inactivated (10 log
reduction) at pH 4 (data not shown).

Free phage K (titer ∼1010 PFU/ml) was dialyzed against SM
buffer (pH 2.75) for 60min. The solution was subsequently
neutralized with NaOH (0.1M) followed by measurement of the
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FIGURE 1 | Schematic showing the microcapillary micromixing device for the production of liposomes. (A) 3D model of the co-axial glass capillary device. Solutions

were pumped using two microfluidic pumps using a total flow rate of ∼1ml h−1 and a flow rate ratio (FRR) of aqueous to organic phase (Qa:Qo) of 2:1. (B) The round

capillary was inserted into a square capillary that delivered the aqueous phase containing phages. The internal round capillary delivered the lipid dissolved in IPA

solution. (C) Once the organic phase mixes with the aqueous phase, the phospholipids experience a highly polar environment that leads to self-assembly of lipids into

bilayer discs. The latter grow in the radial direction by collision with other discs or through addition of phospholipid molecules from solution. When the disc bending

energy is overcome by the energy gain when the edge around the bilayer disc is removed, the planar bilayer closes upon itself resulting in a spherical structure

entrapping the surrounding solution and any phages in the vicinity of the bilayer.

phage titer by double overlay plaque assay technique. All free
phages were rendered unviable.

The liposome samples containing encapsulated phages was
dialyzed against SM buffer (pH 2.75) for 60min, subsequently
neutralized with NaOH (0.1M) followed by measurement of the
phage titer by double overlay plaque assay technique to ensure
that all remaining free phages were rendered unviable. The pH
in the dialysis bag was measured and attained at pH 2.75 within
30min. Encapsulated phages were then released by disrupting the
liposomes with Triton X-100 according to a previously described
protocol (Patra et al., 1998). The final concentration of both
Triton X-100 and (NH4)2SO4 in the liposomal dispersion was
5mM. The sample was left in a water bath at 40◦C for 1 h and
the phage titer after disruption of the liposomes was assessed by
plaque assay.We found that at 40◦C there was no change in phage
titer for both phage K and T3 phages (data not shown).

Determination of Encapsulated
Bacteriophage T3 Titers
Separation of Free E. coli T3 Phages From Liposome

Suspensions
E. coli T3 bacteriophages were encapsulated in liposomes as
per the procedure outlined above. The titer of phages in the
liposome collection vial was evaluated to give an indication of
the inactivation of T3 phages due to exposure to IPA. Free T3
phages were separated from liposomes by centrifugation at 9,000
× g for 5min. The liposome pellet was resuspended in SM buffer
at pH 7.5, this procedure was repeated three times to remove free

T3 phages and titer of phages measured. Encapsulated phages
were then released by disrupting the liposomes with Triton X-100
according to a previously described protocol.

To evaluate the effect of phage T3 titer on encapsulation yield,
three different initial titers of phage T3 (109, 1010, 1011 PFU/ml)
were used for encapsulation. The process of encapsulation was
identical to the method described above. Following separation
of free phages from liposomes by centrifugation (details
above), encapsulated T3 phages were released by disrupting the
liposomes with Triton X-100 (described above) and encapsulated
phage titer was assessed by plaque assay.

Characterization
Liposome Size and Size Distribution
A NanoSight LM10 (Malvern Instruments Ltd., UK) using
nanoparticle tracking analysis (NTA) was used to determine
the average size and size distribution of both liposomes and
bacteriophages. NTA measurements were performed in a sample
chamber equipped with a 640 nm laser to track the NPs.
Typically, a 10 µl aliquot was taken from each sample and
diluted 102-103 fold in order to achieve a particle concentration
of 107-1010 particles ml−1. The sample was injected into the
sample chamber using a sterile syringe and sample flow was
maintained through the chamber until all air bubbles were
removed. The temperature was registered with a thermometer
(RTD Pt100, OMEGA, UK) and temperature correction was
carried out. The software used for capturing and analyzing the
data was NTA 3.0 (Malvern Instruments Ltd., UK). Data for each
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sample was captured over a period of 60 s and each measurement
was repeated five times. The focus was set to achieve a uniform
perfect spherical particle view. Before capturing the video, the
camera had to set-up to ensure all the particles in the sample were
clearly visible with no more than the 20% saturation. The single
gain mode was used throughout the whole measurement process.
Statistical analysis was carried out using the NTA software.

Cryo-Transmission Electron Microscopy
(Cryo-TEM)
An 8 µl aliquot of sample was pipetted onto a carbon coated
copper grid (HC300Cu, Holey Carbon film on Copper 300 mesh,
EM Resolutions, UK). Excess liquid was blotted away with filter
paper (Whatman number 1) and the grid was plunge-frozen in a
liquid mixture of ethane/propane cooled by liquid nitrogen. The
sample was then kept at liquid nitrogen temperatures throughout
the analysis. TEM images were taken on a JEOL 2200FS TEM at
200 keV using a Gatan K2 Summit and Gatan 914 cryo-holder.

RESULTS

Increasing the concentration of added cholesterol in the liposome
formulation resulted in an increase in the liposome mean
size and broadening of the size distribution (Figure 2A). NTA
measurements indicated that the mean size of the liposomes
increased with the amount of added cholesterol from 134 ±

13 nm for pure DSPC, to 206 ± 28 nm for a DSPC:cholesterol
molar ratio of 5:1 and finally 301± 32 nm for a DSPC:cholesterol
molar ratio of 1:1.

The morphology and size of phage T3 (Podoviridae family;
phage dimensions ∼65 nm) and phage K (Myoviridae family,
capsid head ∼80 nm and phage tail length ∼200 nm) were
visualized using cryo-TEM (Figure 3). Concentrated purified
phages in SM buffer were initially prepared at high phage
titers of ∼1010 PFU ml−1 on the premise that there would be
an increasing likelihood of phage encapsulation in liposomes
resulting in higher phage encapsulation yield, but high phage
titers promoted phage aggregation. Phage aggregation into
larger clusters was observed for T3 at relatively low phage
concentrations, as low as 107 PFU ml−1. However, phage K
showed noticeable aggregation only when phage titers were
∼1010 PFU ml−1 (Figure 3). T3 phages were more susceptible
to aggregation due to the compact shape of their tail-free heads.
Phage K began to aggregate only at high concentrations due to
steric hindrance imposed by the long tails of these phages.

The clusters of both phages were found to be stable at
high phage concentrations irrespective of ionic strength of
the solution, since the presence of various salts at different
concentrations did not affect the size of the clusters (data not
shown). Dilution of phages resulted in a reduction in the average
cluster size suggesting the aggregation process was reversible
(Figure 3). The average size of phage clusters is dictated by the
dynamic equilibrium between the rate of aggregation due to
attractive Van der Waals forces acting between the phages and
the rate of disaggregation due to their thermal motion. The rate
of phage aggregation increases with an increasing rate of phage

collisions in the solution, which is proportional to the phage
concentration. Therefore, phages in more concentrated solutions
are more prone to aggregation. The size of the aggregates formed
at high phage concentrations was similar to the average size
of the liposomes formed using the microfluidic device thereby
limiting the likelihood of phage encapsulation in the formed
liposomes. We found increasing the T3 phage titer did not
yield correspondingly higher titers of encapsulated phages in
liposomes (discussed later).

The morphology and structure of the liposome-encapsulated
phages were visualized using cryo-TEM (Figure 4). The
liposomes were typically found to be unilamellar with a
high proportion of empty liposomes and large numbers of
unencapsulated phages (Figure S1). Unilamellar vesicles are
usually prepared using significant energy inputs supplied by
sonication or extrusion through a membrane at high pressure.
Here, unilamellar vesicles were formed using a low energy
method. The thickness of the bilayer membrane on cryo-TEM
images is 4–5 nm, which corresponds to the thickness of the
DSPC bilayer ∼4.2 nm estimated from small angle neutron and
X-ray scattering data (Kučerka et al., 2011).

Due to the relatively large head and long tail, phage K
were found encapsulated only in large liposomes (∼500 nm
or bigger) which were formed using DSPC:cholesterol molar
ratio of 5:1. Encapsulated liposomes contained typically one and
sometimes two phages per liposome (Figure 4A). Verification
of the encapsulation of phage K within the liposome was
achieved through tilting of the sample during observation
using tomography and reconstruction of the three dimensional
structure of the liposome encapsulated phage (tomography
reconstruction and extended looped video provided as
Supplementary Materials). The tomography image shows
layer-by-layer reconstruction of phage K located within the
liposome. Multiple phage K tails were observed to frequently
interact with the lipid bilayer and bind to the outside wall of
the fully formed liposomes as well as lipid bilayer fragments
(Figures 4B,C). Schematic representations of encapsulated and
externally bound phages are also shown (Figures 4A.1–C.1).

Liposome suspensions containing encapsulated phage K
prepared using the formulation with a DSPC:cholesterol molar
ratio of 5:1 were tittered for free phages before [sample mean
2.1 × 107 PFU/ml, 95% Confidence Interval (CI) 1.1 × 107-
3.2 × 107 PFU/ml] and after disruption of the liposomes
(sample mean 4 × 107 PFU/ml, 95% CI 2.1 × 107-5.9 × 107

PFU/ml) following treatment with Triton X-100 to disrupt the
liposomes (Figure 5A). Disruption of the liposomes did not
result in a statistically significant change in measured phage titers
(p = 0.068). The phages remained viable following treatment
with Triton X-100 (this was also the case for T3 phages, data not
shown). Liposome suspensions containing free and encapsulated
K phages were then exposed to pH 2.75 to inactivate free and
liposome bound phages. Acid exposure of liposomes (containing
K phages at pH 5.5) resulted in a significant reduction in phage
titer (sample mean 2.6× 104 PFU/ml, 95% CI 1.3× 104-4× 104

PFU/ml). Acid exposed liposomes were subsequently disrupted
with Triton X-100 to release any viable K phages remaining inside
the liposomes. Disruption of liposomes resulted in a significant
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FIGURE 2 | NanoSight measurements of the size distributions of liposomes formed using different DSPC:cholesterol molar ratios: (A) DSPC only (dotted line), 5:1

DSPC:cholesterol molar ratio (dashed line), and 1:1 DSPC:cholesterol molar ratio (solid line). Liposomes were prepared at room temperature (∼20◦C) using aqueous

to organic phase volumetric flow rate ratio FRR of 2:1 and the total volumetric flow rate of ∼1ml h−1. (B) Inset showing average mean sizes, error bars indicate one

standard deviation. *Indicates significance (p < 0.05) using 2-sample t-test.

increase in phage titer (sample mean 2.4 × 105 PFU/ml, 95%
CI 1.8 × 105-3 × 105 PFU/ml). The 95% CI for the increase in
phage titer upon liposome disruption was 1.5 × 105-2.7 × 105

PFU/ml which is indicative of the yield of encapsulated phage
K in the liposomes. It was not possible to quantify the loss (if
any) in titer of encapsulated phage K due to acid exposure. When
the same experiment was carried out with the pH inside the
liposomes kept at pH 7.5 and liposomes subsequently exposed to
pH 2.75, no viable phages were recovered. Encapsulating phage
K using a pH 5.5 buffer allowed us to have a lower pH inside
the liposome which reduced the pH gradient across the liposome
membrane bilayer to less than 1pH 3 and hence reduced the
driving force for proton flux (Deamer, 1987). A reverse of this
approach has been used previously to load liposomes with drugs
in response to transmembrane pH gradients (Mayer et al., 1990).
The reduction in phage titer following acid exposure to pH
2.75 may be attributed to inactivation of both free phages and
phages externally bound to the liposomes which was confirmed
separately (Figure 5C).

Empty liposomes prepared using the formulation with a
DSPC:cholesterol molar ratio of 5:1 were gently mixed with free
phage K for 15min at 4, 25, and 37◦C. A considerable amount
of phages adsorbed to the outer surface of empty liposomes
resulting in a significant decrease in phage titer of the supernatant
for all investigated temperatures (Figure 5B). Exposure to pH
2.75 of the K phages bound to empty liposomes resulted in no
recovery of viable phages (Figure 5C), suggesting that K phages
bound to the outside of the liposomes were not protected from
acid exposure and were inactivated. In addition, free phages

present in solution without the presence of any liposomes
were also completely inactivated after exposure to pH 2.75
(Figure 5C). On the other hand, phages truly encapsulated in
liposomes were able to withstand acid exposure. This procedure
provided a means of discriminating between free phages, phages
externally bound to liposomes and phages actually encapsulated
within the liposomes.

The encapsulation process resulted in a significant reduction
in phage T3 titer upon exposure to IPA during the liposome
formation process (Figure 6A). The phage titer fell from
2.4× 109 PFU/ml (95% CI 1.1 × 109-3.7 × 109 PFU/ml) to
8.7 × 107 PFU/ml (95% CI 4.5 × 107-1.3 × 108 PFU/ml).
Removal of free phages by centrifugation and resuspension in
SM buffer resulted in phage T3 titer reduction from 8.7 × 107

to 2.1 × 107 PFU/ml (95% CI 1.3 × 107-2.8 × 107 PFU/ml).
Disruption of the liposomes with Triton X-100 resulted in a
significant increase in phage titer to 8.1 × 107 PFU/ml (95%
CI 3.1 × 107-1.3 × 108 PFU/ml) (Figure 6A). The difference
in means was 6.1 × 107 PFU/ml (95% CI 1 × 107-1.1 × 108

PFU/ml) which is an estimation of the phage T3 encapsulation
yield.

Increasing free phage T3 titers used in the MF device
for encapsulation from ∼109 to ∼1010 PFU/ml resulted in a
significant increase in encapsulated phage yield from 8.1 × 107

PFU/ml (95% CI 3.1 × 107-1.3 × 108 PFU/ml) to 3.5 × 109

PFU/ml (95% CI 1.9 × 109-5.2 × 109 PFU/ml) (Figure 6B).
Increasing the free phage T3 titers further to ∼1011 PFU/ml
resulted in a lower encapsulated phage yield with sample mean
falling to 1.5× 109 PFU/ml (95%CI 7.5× 107-2.8× 109 PFU/ml)
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FIGURE 3 | NanoSight NTA measurements of size distributions of purified T3 phage (left) and phage K (right), respectively, at 107, 108, 109 and 108, 109, 1010

PFU/ml. Insets show CryoTEM images of observed phage aggregates and the schematized depiction of phage cluster sizes as a function of phage titer. Some heads

on the lower CryoTEM images are transparent (empty), probably due to denaturation of DNA during encapsulation or loss of DNA during CryoTEM imaging.

(Figure 6B). The encapsulated phage yield was lower for the
sample prepared using higher phage titer of ∼1011 PFU/ml
compared with∼1010 PFU/ml.

DISCUSSION

Micromixing of the lipid-containing organic phase with the
aqueous buffer resulted in self-assembly of lipid bilayers in
the collection channel of the MF device. This process is
driven by hydrophobic effects in order to minimize entropically
unfavorable interactions between the hydrophobic acyl chains
and the surrounding aqueous buffer phase (Carugo et al.,
2016). The lipid-in-alcohol stream was sheathed by a coaxial
aqueous stream resulting in hydrodynamic flow focusing of
the core fluid (Vladisavljevic et al., 2014). Microfluidic flow
focusing permitted mixing of the two phases under low Reynolds
number flow conditions (Re ∼1) and diffusion dominated mass
transfer (Peclet number <1) resulting in controlled production
of nanoscale liposomes (Jahn et al., 2004). A 3D geometry
of the MF device allowed radially symmetric interdiffusion of
IPA-solvated lipids, alcohol, and water across the alcohol-water
interface which offers advantages including low polydispersity
and higher production rates (Hood et al., 2014). The cross-
sectional area of the core solution may be tuned by adjusting the
orifice size of the injection capillary and the FRR of the outer

(aqueous) and inner (organic) phases (Jahn et al., 2010). At low
Reynolds and Peclet numbers used in this work laminar flow

conditions prevailed in the downstream capillary and liposome

formation was dominated by diffusion rather than advection.

The microfluidic micromixing process allowed predictable and
repeatable mixing across fluid interfaces and the continuous

synthesis of liposomes of narrow size distributions and controlled

size which could be modulated by controlling FRR, the total flow
rate and composition of the lipids. The addition of cholesterol

makes the assembled bilayers more rigid and therefore, more
energy and time is required for their closure (Sawant and

Torchilin, 2012a). Liposome formation in microchannels at low
temperatures has been shown to result in larger liposomes

compared with those produced under identical conditions

albeit at higher temperatures (Wi et al., 2012). Increasing the
proportion of organic phase to aqueous phase results in a
shallower lipid concentration gradient and has previously been
shown to result in larger liposomes for the same formulation
(Jahn et al., 2010; Leung et al., 2018). We employed a FRR of 2:1
and a low total flow rate of∼1ml h−1 which resulted in liposome
sizes of the same order as those reported elsewhere under similar
hydrodynamic conditions (Wi et al., 2012; Carugo et al., 2016;
Leung et al., 2018).

Evidence of disc-like non-equilibrium lipid aggregates in a
region close to the immediate mixing zone of the two phases
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FIGURE 4 | Cryo-TEM images showing (A) encapsulation of phage K, and (B,C) interaction between phage K tails and the outer leaflet of the bilayer membrane of

formed liposomes (DSPC:cholesterol molar ratio was 5:1), some tails look contracted. (A1–C1) Schematized depiction showing encapsulation of phage K within the

liposome (favored outcome) and interaction of phage K with the outer surface of unilamellar liposome membrane and lipid bilayer (unfavorable outcome). (D) Chemical

structure of DSPC and (E) chemical structure of teichoic acid (phosphate groups highlighted in red).

in a microfluidic channel was recently shown using cryo-
ultramicrotomy and cryo-SEM (Jahn et al., 2013). Time is needed
for lipid molecules to diffuse and aggregate; the concentration
gradient of alcohol has a significant effect on the liposome
formation process with gentle gradients (low FRR) favoring large
liposome formation (Jahn et al., 2013). The closure of lipid
bilayers may incidentally trap any bacteriophages in the vicinity
of the enclosing lipid membrane and the number of phages
encapsulated per vesicle is dictated by Poisson statistics. Parabolic
velocity profile in pressure driven laminar flows results in the
velocity decreasing toward the capillary wall which affects axial
and radial concentration profiles and the distribution of liposome
sizes formed. A number of factors may be responsible for the
observed polydispersity of the liposomes formed (Figure 2). The
rate of mass transfer of the lipids is affected by the velocity
distribution along and across the channel resulting in variations
in mixing times across and along the microcapillary affecting the
size distribution of the liposomes formed. Our intention in this
work was not to study these effects which have been considered
in detail elsewhere (Fernandez-Puente et al., 1994; Zook and
Vreeland, 2010; Carugo et al., 2016).

A number of previous studies have noted albeit briefly that
encapsulation of phages in liposomes prepared using either the
thin film hydrationmethod ormicrofluidic micromixing resulted
in empty liposomes and noted that phages were attached to
the outside of the liposomes (Colom et al., 2015; Nieth et al.,

2015a; Leung et al., 2018). However, to the best of our knowledge
none of these studies went further to quantify and decouple
the proportion of phages truly encapsulated in the liposomes
and those that were externally bound to the lipid membranes.
Previous studies have used high titers of phages (1010-1011

PFU ml−1) in order to achieve high reported yields of what are
thought to be “encapsulated phages” (Colom et al., 2015; Chadha
et al., 2017; Leung et al., 2018). However, consideration needs
to be given to phage aggregation, which is more significant at
higher phage concentrations. The resulting phage clusters may be
too big to be physically encapsulated within formed liposomes.
We found increasing the phage T3 titer from 109 to 1010 PFU
ml−1 initially increased the encapsulated phage yield. Increasing
the phage titer further to 1011 PFU ml−1 resulted in lowering
of the phage T3 encapsulation yield (Figure 6B). This may be
attributed to the formation of large phage T3 aggregates at high
phage titers that are either too big to encapsulate in the liposomes
or diffuse too slowly and are not in the vicinity of closing bilayers
and therefore are not trapped in the liposomes (Figure 3). Other
studies have reported phage aggregation and formation of cluster
rosettes (Serwer et al., 2007; Bourdin et al., 2014). Methods for
dispersion of phage aggregates may help in this regard (Szermer-
Olearnik et al., 2017).

Our results suggest that the actual encapsulation yield of
S. aureus K phages inside the liposomes may be considerably
overestimated unless externally bound phages are accounted
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FIGURE 5 | (A) S. aureus phage K encapsulation in DSPC:cholesterol liposomes. Phages were encapsulated at FRR of 2:1 at room temperature. Phage titer of

liposome encapsulated phages prior to and after acid exposure at pH 2.75 (with and without Triton X-100 disruption). *Indicates significance (p < 0.05) using

2-sample t-test. (B) The titer of free phages in the supernatant before and after incubation with empty liposomes at 4, 25, and 37◦C for 15min. After incubation,

liposomes were separated by centrifugation at 13,000 × g for 3min and the phage titer in the supernatant was measured. The difference in the titer occurred due to

phage adsorption onto the outer leaflet of bilayer membranes. The maximum phage adsorption was observed at 4◦C, which caused the highest phage titer reduction

in the supernatant at 4◦C. The adsorption was still highly significant at 37◦C. *Indicates significance (p < 0.05) using 2-sample t-test of each sample compared with

controls. (C) pH stability for free (non-encapsulated) phage K exposed to pH 2.75 and free phage K incubated with pre-made empty liposomes for 15min at 37◦C

and subsequently dialyzed at pH 2.75 for 60min. Error bars represent one standard deviation.

for. S. aureus phage K may bind to the lipid bilayers due to
electrostatic interactions between negatively charged phosphate
groups on the phospholipid head (shown in red in Figure 4D)
and positively charged residues on the tail fibers of the phages.
This interaction resembles a reversible interaction between
phages and their hosts via wall teichoic acids, e.g., glycopolymers
present in Gram-positive bacterial cell membranes (Figure 4E)
(Xia et al., 2011). The reported encapsulation efficiencies have
ranged between 40 and 80% which for large tailed phages may
be attributed to phages externally bound to the lipid bilayers
(Colom et al., 2015; Chadha et al., 2017; Leung et al., 2018). The
adsorption process is reversible leading to a dynamic equilibrium
between bound and unbound phages (Baptista et al., 2008;
Xia et al., 2011). In a previous study, a 60min exposure of
liposome encapsulated Salmonella phages (prepared using thin
film hydration technique) to simulated gastric fluid (pH 2.8)
resulted in a significant reduction in phage titer (by 4–5 orders of
magnitude) which mirrors the results reported here (Figure 5A)
(Colom et al., 2015). In an effort to minimize acid induced
phage inactivation within the internal liposome compartment

we reduced the transmembrane pH gradient between the
liposome core and the external solution to minimize proton
permeability across the DSPC-cholesterol lipid membrane (Biloti
et al., 2003). Phage encapsulated liposomes exposed to pH 2.75
showed a significant fall in phage titer to 104 PFU ml−1 with
a statistically significant increase of ∼1 log in phage K titer
upon liposome disruption with Triton X-100 indicating that
some or perhaps all encapsulated phages survived the acid
treatment. The encapsulated phage K titer was however quite
low ∼105 PFU ml−1. Following liposome formation external
phages may subsequently bind to the outer liposome membrane.
Cryo-TEM images suggested that only one or two phages were
encapsulated in each liposome. A 1 log increase in phage titer
upon liposome disruption suggests that removal of free phages
and inactivation of bound phages followed by disruption of
the liposomes provides a means for evaluating the titer of
encapsulated phages.

We only observed phage K bound to the outside of
the formed liposomes and not when they were encapsulated
inside the aqueous core. This may be due to the rate of
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FIGURE 6 | E. coli T3 phage encapsulation in DSPC:cholesterol liposomes.

T3 phages were encapsulated at FRR of 2:1 at room temperature. Free

phages were separated by centrifugation for 10min at 13,000 × g and

re-suspended in SM buffer, the process was repeated three times to remove

unencapsulated phages. Liposomes were disrupted with Triton X-100 and

phage titer assessed by plaque assay. (A) Phage T3 titers following

encapsulation, after removal of unencapsulated free phages (following three

wash steps) and after liposome disruption with Triton X-100. (B) Phage

encapsulation yield using different initial phage titers and after encapsulation,

free phage removal by centrifugation (as above) and then liposome disruption

with Triton X-100. *Indicates significance (p < 0.05) using 2-sample t-test.

formation of liposomes being much faster than the rate of
interaction of phage K with the formed bilayer structures.
The considerably faster interdiffusion of small molecules e.g.,
IPA and water may result in liposome formation in a zone
close to the organic-aqueous interface. We hypothesize that
due to their considerably larger size and hence much slower
diffusion, phages may not be able to get near the vicinity
of a large majority of rapidly forming bilayer discs in time
to be encapsulated when the bilayers close resulting in low
phage encapsulation yield. Aggregation of phages even at low
phage titers compounds this effect making it problematic. Future
efforts need to consider strategies to overcome these inherent
difficulties if microfluidic approaches are to be successfully
employed to encapsulate large entities such as bacteriophages in
nanostructured materials.

CONCLUSIONS

We have demonstrated the controlled microfluidic production
of liposomes with a mean size in the range of 100–300 nm.
The size of the liposomes may be controlled by incorporating
different amounts of cholesterol in a formulation containing the
phospholipid DSPC and regulating the hydrodynamic conditions
within the microfluidic micromixing device, in particular the
FRR of aqueous to organic phases. We show that the yield
of T3 encapsulated phages may be adversely affected by
aggregation which limited the maximum attainable yield of
encapsulated T3 phages ∼109 PFU/ml. S. aureus phage K was
found to adsorb to the external lipid membranes resulting in
large numbers of phages bound to the outside of the formed
liposome instead of being trapped inside them. We developed a
method that permitted inactivation of liposome-bound K phages
whilst retaining the activity of phages encapsulated within the
liposomes. This allowed estimation of the encapsulated phage
K yield which was found to be low ∼105 PFU/ml. Inactivation
of encapsulated phage K due to acid exposure cannot be ruled
out and needs further work. Previous studies on tailed phage
encapsulation in liposomes may therefore have overestimated
the yield of encapsulated phages which may affect the efficacy
of phage dose delivered at the site of infection. In the case of
treatment of gastrointestinal infections externally bound phages
may be inactivated due to the stomach acidity.
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Figure S1 | Cryo-TEM images showing non-encapsulated S. aureus phage K and

E. Coli T3 phages and empty unilamellar liposomes. (a) Phage K (yellow arrow)

and a unilamellar liposome (red arrow) (b) T3 phages (yellow arrows), some of

them with empty heads and unilamellar liposomes (red arrows). Images presented

for formulation (DSPC:cholesterol molar ratio was 5:1), FRR 2:1.

Video S1 | Visualization of S. aureus phage K encapsulation in liposomes by

Cryo-TEM tomography - extended video.

Video S2 | Visualization of S. aureus phage K encapsulation in liposomes by

Cryo-TEM and tomography reconstruction.
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Nanoconjugated antibiotics can be regarded as next-generation drugs as they possess
remarkable potential to overcome multidrug resistance in pathogenic bacteria. Iron oxide
nanoparticles (IONPs) have been extensively used in the biomedical field because of their
biocompatibility and magnetic properties. More recently, IONPs have been investigated
as potential nanocarriers for antibiotics to be magnetically directed to/recovered from
infection sites. Here, we conjugated the “last-resort” glycopeptide antibiotic teicoplanin
to IONPs after surface functionalization with (3-aminopropyl) triethoxysilane (APTES).
Classical microbiological methods and fluorescence and electron microscopy analysis
were used to compare antimicrobial activity and surface interactions of naked IONPs,
amino-functionalized NPs (NP-APTES), and nanoconjugated teicoplanin (NP-TEICO)
with non-conjugated teicoplanin. As bacterial models, differently resistant strains of three
Gram-positive bacteria (Staphylococcus aureus, Enterococcus faecalis, and Bacillus
subtilis) and a Gram-negative representative (Escherichia coli) were used. The results
indicated that teicoplanin conjugation conferred a valuable and prolonged antimicrobial
activity to IONPs toward Gram-positive bacteria. No antimicrobial activity was detected
using NP-TEICO toward the Gram-negative E. coli. Although IONPs and NP-APTES
showed only insignificant antimicrobial activity in comparison to NP-TEICO, our data
indicate that they might establish diverse interaction patterns at bacterial surfaces.
Sensitivity of bacteria to NPs varied according to the surface provided by the bacteria
and it was species specific. In addition, conjugation of teicoplanin improved the
cytocompatibility of IONPs toward two human cell lines. Finally, NP-TEICO inhibited the
formation of S. aureus biofilm, conserving the activity of non-conjugated teicoplanin
versus planktonic cells and improving it toward adherent cells.

Keywords: antibiotic resistance, iron oxide nanoparticles, glycopeptide antibiotics, antimicrobial activity,
teicoplanin, Staphylococcus aureus biofilm

INTRODUCTION

According to a recent survey of the World Health Organization (WHO, 2017), antibiotic resistance
represents one of the greatest threats to global health today and contributes significantly to longer
hospital permanence, higher medical costs, and increased mortality. At least 700,000 people die
annually because of infections caused by resistant bacteria. This number is predicted to increase up
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to 10 million by 2050 and is consequentially associated with
a social and economic burden. This public health threat
is exacerbated by the paucity of novel antibiotics expected
to enter clinical use in the near future (Fedorenko et al.,
2015). A corollary to acute illness is the increased number of
chronic bacterial infections due to the prevalence of biofilm
colonization (Arciola et al., 2018). Currently, medical device-
related infections account for more than 60% of all the hospital-
acquired infections in the United States (Weiner et al., 2016).
Biofilms are complex, three-dimensional bacterial communities
living in a self-produced extracellular matrix. The biofilm-
forming bacteria survive better than their free-living (planktonic)
counterparts in hostile environments; they are 10 to 100 times less
susceptible to antimicrobial agents and are protected against the
host immune system, making the treatment of these infections
quite challenging (Davis, 2003; Venkatesan et al., 2015).

One promising approach in the field of antimicrobial therapy
is the use of nanotechnology-tailored agents for preventing and
treating infections caused by resistant bacteria. Unique and
well-defined features distinguish nanoparticles (NPs) from their
bulk counterparts, such as large surface area-to-volume ratio
and dimensions that are comparable to those of biomolecules,
effectively providing a platform with a high number of
functional sites and possible interactions with bacterial cells
and biofilms. Of all the NPs tested for antimicrobial activity
thus far, silver NPs (AgNPs) have been studied most intensively
(Natan and Banin, 2017). Although researchers have widely
agreed that the broad-spectrum antibacterial activity of AgNPs
can be predominantly ascribed to the release of Ag ions,
AgNPs demonstrate unique properties because they adhere to
the bacterial surface, altering membrane properties and thus
delivering Ag ions more effectively to the bacterial cytoplasm and
membrane (Durán et al., 2016). Consequently, the antibacterial
effect of AgNPs is observed at concentrations with a 10-
fold lower magnitude than those used for bulk Ag ions. The
antibacterial activity of AgNPs is reported to be mediated by
a multiplicity of still-not-completely understood mechanisms
following their interaction with the bacterial surface, which act
in parallel (i.e., oxidative stress, membrane depolarization, and
protein and DNA interaction), thus explaining why bacterial
resistance does not easily arise (Hajipour et al., 2012; Natan and
Banin, 2017; Baranwal et al., 2018). Very recent studies (Xiang
et al., 2017; Xie et al., 2017, 2018) show that the antibacterial
activity of AgNPs may be successfully exploited in preparing
nanocomposite materials to be used as antibacterial coatings of
titanium-based metallic implants and poly(ether ether ketone)
medical devices, which are both widely employed in dentistry and
orthopedic applications. Entrapping AgNPs in graphene oxide
nanosheets wrapped with a thin layer of collagen (Xie et al.,
2017), in hybrid polydopamine/graphene oxide coatings (Xie
et al., 2018), or in biocompatible polymers such as poly(lactic-co-
glycolic) acid (Xiang et al., 2017) endows medical implants with a
long-lasting self-antibacterial activity. In vivo studies using these
innovative coatings in animal models confirm that combining the
unique properties of different nanomaterials prevents bacterial
infection and provides a good cytocompatibility of the medical
devices (Xie et al., 2017, 2018).

A synergic, but as yet less exploited strategy when developing
nano-based antimicrobial agents involves using NPs as
nanocarriers for antibiotics, taking advantage of the high
surface-to-volume ratio platform that they offer for attaching
a large number of molecules. The advantages of using NPs
in this way depend on the nature of both the NPs and the
drugs under consideration, as recently reviewed (Natan and
Banin, 2017). These advantages might include (i) protecting
the nanoconjugated drug from degradation and oxidation;
(ii) increasing drug solubility, antimicrobial activity, and
biodistribution; (iii) delivering the antibiotic to the site of the
infection; and (iv) enhancing drug penetration into biofilms,
facilitating the killing of encased bacteria. As antibiotic
nanocarriers, iron oxide nanoparticles (IONPs) have recently
attracted increased interest thanks to their unique magnetic
properties (Dinali et al., 2017). In fact, IONPs can be guided
by an external magnetic field to a targeted organ/biofilm and
specifically localized at the site of infection (Wu et al., 2015;
Stepien et al., 2018). In addition, IONPs are easily produced and
functionalized, and they possess a high drug-loading capacity,
low cell toxicity, and high biocompatibility (Ali et al., 2016;
Dinali et al., 2017). In the last decade, relatively few studies
have investigated the potential of surface-modified IONPs as
antibacterial agents in depth. Core-shell Fe3O4-AgNPs were
tested as antimicrobial agents against Gram-positive and Gram-
negative bacteria where the silver shell was responsible for
antimicrobial action (Chudasama et al., 2009). Biocompatible
polyvinyl alcohol-coated IONPs were used in biomedical
applications and reported to be active against Staphylococcus
aureus in a dose-dependent manner (Tran et al., 2010).
Similarly, chitosan-coated IONPs were shown to have a higher
antimicrobial activity than naked IONPs due to the positive
surface potential, which interacted better with negatively
charged bacterial cell surfaces (Arakha et al., 2015a). According
to other authors (Huang et al., 2010; Ebrahiminezhad et al.,
2014), IONP surface functionalization with (3-aminopropyl)
triethoxysilane (APTES) elicited an antimicrobial effect by
creating a high density of amino groups, which could interact
with negatively charged sites on the bacterial cells through
electrostatic interactions. The well-developed surface chemistry
of IONPs made it possible to incorporate a variety of commonly
used antibiotics such as the β-lactam amoxicillin, penicillin,
and ampicillin, the aminoglycoside streptomycin, and the
glycopeptide vancomycin (Chifiriuc et al., 2013; Grumezescu
et al., 2014; Hussein-Al-Ali et al., 2014; El Zowalaty et al., 2015;
Wang et al., 2017), providing evidence that biocompatible
magnetic NPs might enable site-specific antibiotic delivery.
Vancomycin-carrying, folic acid-tagged chitosan NPs were
successfully used to deliver vancomycin to bacterial cells
(Chakraborty et al., 2010, 2012), and vancomycin-modified
mesoporous silica NPs were used for selective recognition and
killing of Gram-positive bacteria over macrophage-like cells
(Qi et al., 2013). An alternative use of IONPs functionalized
with vancomycin – an antibiotic that binds to bacterial cell
walls – was to apply them as ligands for the affinity capture
of a wide range of bacteria from biological samples, including
Gram-positive bacteria such as S. aureus and Gram-negative
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bacteria such as Escherichia coli (Gu et al., 2003; Lin et al.,
2005; Kell et al., 2008). Because of the magnetic properties
of vancomycin-functionalized IONPs, vancomycin-captured
bacteria can be magnetically separated and concentrated from
large volumes into much smaller volumes, allowing bacterial
analysis and detection based on, for example, genomic DNA
(Kell et al., 2008; Zhu et al., 2015).

In this work, we employed IONPs as carriers of the
lipoglycopeptide antibiotic teicoplanin, which has been used
in clinical practice since 1988 in Europe and 1998 in Japan.
Teicoplanin is considered a drug of “last resort” for treating
severe infections by multiresistant Gram-positive pathogens,
including the methicillin-resistant S. aureus (MRSA) and
the anaerobe Clostridioides difficile (Marcone et al., 2018).
Teicoplanin is a complex molecule with a peptide core of seven
aromatic amino acids tailored with sugar residues, chlorine
atoms, methyl groups, and a lipid chain. It forms five specific
hydrogen bonds with the D-alanyl-D-alanine terminus of the
peptidoglycan precursors of the bacterial cell wall, blocking its
synthesis and consequently causing cell lysis (Binda et al., 2014).
The antibacterial spectrum of teicoplanin activity against Gram-
positive bacteria is similar to that of vancomycin, but teicoplanin
shows an increased potency, particularly against some resistant
clinical isolates belonging to Staphylococcus, Streptococcus,
and Enterococcus genera (Van Bambeke, 2006). In addition,
teicoplanin is active on vancomycin-resistant enterococci with
VanB-phenotype (Van Bambeke, 2006; Binda et al., 2014).
The superior antimicrobial potency of the lipoglycopeptide
teicoplanin in comparison to the glycopeptide vancomycin is
due to the in vivo membrane anchoring of the hydrophobic
tail of teicoplanin, which strengthens the bond to membrane-
localized peptidoglycan precursors and promotes synergic back-
to-back dimerization of antibiotic molecules (Allen and Nicas,
2003; Treviño et al., 2014). In addition, lipidation seems to
represent the key functional difference between vancomycin and
teicoplanin, which is related to their differing abilities of inducing
glycopeptide antibiotic resistance response in enterococci and
actinomycetes (Dong et al., 2002; Binda et al., 2018). To the
best of our knowledge, this is the first study exploring the
feasibility of conjugating teicoplanin to IONPs and testing the
potential of nanoconjugated teicoplanin as a promising tool for
treating bacterial infections caused by resistant bacteria.

MATERIALS AND METHODS

Materials
All chemical reagents, including acetonitrile (CH3CN),
ammonium formate (HCOONH4), ammonium hydroxide
(NH4OH), APTES, boric acid (H3BO3), crystal violet
(C25N3H30Cl), 2′,7′-dichlorodihydrofluorescein (DCFH-
DA), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC), ethanol (C2H6O), ferric nitrate
[Fe(NO3)3 × 9H2O], formaldehyde (CH2O), glutaraldehyde
(C5H8O2), iron dichloride (FeCl2 × 4H2O), iron trichloride
(FeCl3 × 6H2O), N-hydroxysuccinimide (NHS), nitric acid
(HNO3), osmium tetroxide (OsO4), phosphate-buffered

saline (PBS), sodium cacodylate (C2H7AsO2), sodium
chloride (NaCl), sodium hydroxide (NaOH), sodium 2-(N-
morpholino)ethanesulfonic acid hemisodium salt (MES), and
teicoplanin, were purchased from Sigma-Aldrich, Milan, Italy.
The LIVE/DEAD BacLight fluorescence assay kit was purchased
by Thermo Fisher Scientific, Monza, Italy. Epon-Araldite 812
was purchased from Electron Microscopy Sciences, Hatfield,
PA, United States. All the chemical reagents were used without
additional purification.

Microbial Strains and Culture Conditions
Escherichia coli ATCC 35218, Bacillus subtilis ATCC 6633,
S. aureus ATCC 6538P (methicillin susceptible S. aureus, MSSA),
S. aureus ATCC 43300 (MRSA), Enterococcus faecalis ATCC
29212, and E. faecalis ATCC 51299 (VanB phenotype) were
obtained from the American Type Culture Collection (ATCC).
E. faecalis 9160188401-EF-34 (VanA phenotype) is a clinical
isolate, which was kindly provided by Laboratorio Microbiologia
Clinica – Ospedale di Circolo, Varese, Italy. E. coli and B. subtilis
were propagated overnight in Luria Bertani medium (LB, 2%
tryptone, 2% yeast extract, and 1% NaCl), and the S. aureus
and E. faecalis strains in Müller Hinton broth 2 (MHB2, 0.3%
beef infusion solids, 1.75% casein hydrolysate, and 0.15% starch)
with continuous shaking at 200 rpm and 37◦C. For exponential
growth, overnight cultures were transferred to fresh medium:
inocula were prepared to start the cultures with an optical density
at 600 nm (OD600 nm) of 0.1 in the final medium. For long-
term preservation, bacterial cultures were stored at−20◦C in 20%
glycerol. Media were acquired from Sigma-Aldrich, Milan, Italy,
unless otherwise stated.

Synthesis of the IONPs
Iron oxide (Fe2O3) NPs were synthesized using the
coprecipitation method reported by Balzaretti et al. (2017).
Briefly, under vigorous stirring for 30 min, 8.89 g of
FeCl3 × 6H2O and 3.28 g FeCl2 × 4H2O were mixed in
380 mL of water, while slowly adding 1.5 mL of HCl (37%)
dropwise into the solution to completely dissolve the salts.
Following this step, 25 mL of NH4OH (25%) was added. Particles
were washed several times with Milli-Q water and 40 mL of
2 M HNO3 was added and heated at 90◦C for 5 min. Then,
particles were separated by a magnet from the reaction mixture;
subsequently, 60 mL of 0.34 M solution of Fe(NO3)3 × 9H2O
was added. The suspension was heated at 90◦C for 30 min. The
supernatant was removed and IONPs were collected by a magnet,
suspended in Milli-Q water, and left in dialysis overnight. IONPs
were stored at 4◦C.

Functionalization With APTES
To prepare functionalized IONPs, a standard protocol (Balzaretti
et al., 2017) was followed: a 1.5 M solution of APTES in
ethanol was added to 150 mg of IONPs and stirred for 1 h
at room temperature. Then, the temperature was increased to
90◦C and the solution was stirred for an additional hour. The
amino-modified IONPs (NP-APTES) were collected by a magnet,
washed several times, and suspended in Milli-Q water.
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Teicoplanin Conjugation to NP-APTES
To prepare teicoplanin-conjugated NPs (NP-TEICO), a solution
containing teicoplanin (500 µg), 13 mM EDC, and 26 mM NHS
was prepared and added to the NP-APTES (4 mg/mL) dispersed
in 30 mM MES buffer at pH 6.0 in a final volume of 1 mL. The
reaction was mixed for 6 h at room temperature. NP-TEICO were
washed twice and resuspended in fresh 30 mM MES buffer at
pH 6.0.

Characterization of NPs
The shape, size, and size distribution of IONPs, NP-APTES,
and NP-TEICO were investigated by transmission electron
microscopy (TEM) using a JEOL 1010 electron microscope
(Tokyo, Japan). Samples for TEM were dispersed in Milli-Q water
on carbon-coated copper grids and dried at room temperature.
The hydrodynamic diameter size and polydispersity index (PDI)
of IONPs, NP-APTES, and NP-TEICO were measured in 0.9%
NaCl. Zeta potential was measured on samples diluted in
1 mM KCl at 25◦C. Measurements were performed at 25◦C
using a 90 Plus Particle Size Analyzer (Brookhaven Instruments
Corporation, NY, United States).

HPLC Analysis
Teicoplanin was measured by HPLC according to the method
previously reported in Taurino et al. (2011). HPLC analyses
were performed on a 5-µm particle size Symmetry C18
(VWR International LCC, Radnor, PA, United States) column
(4.6 mm× 250 mm). The column was eluted at a 1 mL/min flow
rate with a 30-min linear gradient from 15 to 65% of Phase B,
followed by 10 min with 100% Phase B. For Phase A we used
a 32 mM HCOONH4, pH 7.0:CH3CN 90:10 (v/v) mixture, and
for Phase B a 32 mM HCOONH4, pH 7.0:CH3CN 30:70 (v/v)
mixture. Chromatography was performed with a model 1100
HPLC system (Elite Lachrom Hitachi LLC, VWR, Milan, Italy)
and UV detection was at 236 nm.

Agar Diffusion Test
Antimicrobial activities of IONPs, NP-APTES, and NP-TEICO
were tested against E. coli ATCC 35218, B. subtilis ATCC 6633,
and S. aureus ATCC 6538P by employing an agar diffusion
assay (Finn, 1959). Briefly, bacterial cultures were grown in
MHB2 until an OD600 nm of 0.4 was reached and then used
to prepare agar plates containing Müller-Hinton Agar (MHA).
10 µL of IONPs, NP-APTES, NP-TEICO (4 mg/mL loaded with
500 µg/mL of teicoplanin in the case of NP-TEICO), and of
teicoplanin (500 µg/mL) in 30 mM MES buffer, pH 6.0, were
loaded manually onto the inoculated plates. The plates were
incubated at 37◦C for 24 h. The diameters of the zones of bacterial
growth inhibition surrounding the droplets were measured.

Determination of Minimum Inhibitory
Concentration and Minimum Bactericidal
Concentration
Minimum inhibitory concentrations (MICs) of non-conjugated
and nanoconjugated teicoplanin were determined toward
B. subtilis, S. aureus, and E. faecalis strains by applying the

broth dilution method using MHB2, as recommended by the
Clinical and Laboratory Standards Institute guidelines (CLSI,
2018). About 5 × 105 exponentially growing bacterial cells were
inoculated into MHB2 containing increasing concentrations of
teicoplanin and NP-TEICO in 30 mM MES buffer, pH 6.0,
and shaken for 16–20 h at 37◦C. NP-TEICO concentrations
to be added were calculated considering the amount of
teicoplanin loaded onto IONPs (nanoconjugated teicoplanin)
under the reaction conditions described above. MICs were the
minimal concentrations of nanoconjugated and non-conjugated
teicoplanin at which no turbidity could be detected.

To evaluate the minimum bactericidal concentrations
(MBCs), 100 µL of bacterial cultures used for the MIC test were
plated onto MHA and incubated at 37◦C for 24 h. MBCs were the
minimal concentrations of nanoconjugated and non-conjugated
teicoplanin at which no growth could be detected. The tolerance
level of each tested bacterial strain toward nanoconjugated and
non-conjugated teicoplanin was determined according to May
et al. (1998) using the following formula: Tolerance = MBC/MIC.

Growth Kinetic Analysis
Growth kinetics of B. subtilis ATCC 6633, S. aureus ATCC 6538P,
and E. coli ATCC 35218 populations were followed by measuring
OD600 nm using an UV-Vis V-560 Spectrophotometer (JASCO,
MD, United States) at regular time intervals. Preinocula were
prepared from overnight cultures in LB or MHB2 at 37◦C and at
200 rpm. Experiments were conducted in 50-mL tubes containing
a final volume of 10 mL of LB or MHB2 added after 1 h of growth
from inocula with equivalent volumes of IONPs, NP-APTES,
and NP-TEICO preparations (4 mg/mL) previously resuspended
in 30 mM MES buffer, pH 6.0, or with the teicoplanin control
solution (500 µg/mL).

Viability Assay
Viable counts (expressed as colony-forming units per mL,
CFU/mL) were estimated by employing the plate count
technique. For CFU measurement, a standard volume (10 µL)
of undiluted or serially diluted samples collected from stationary
phase cultures on treatment with teicoplanin, IONPs, NP-APTES,
and NP-TEICO, as reported above, were plated on nutrient agar.
Plates were incubated for 24 h at 37◦C to evaluate the viable cells.

Fluorescence Microscopy Analysis
To investigate the effect of IONPs, NP-APTES, and NP-TEICO
on bacterial cells, the LIVE/DEAD BacLight fluorescence assay
was used (L7007, Molecular probes, Thermo Fisher Scientific).
Following the manufacturer’s protocol, bacteria were cultivated
overnight at 37◦C and agitated at 200 rpm, appropriately diluted,
and treated for 5 h with 4 mg/mL of IONPs, NP-APTES, and NP-
TEICO and teicoplanin (500 µg/mL). From these cultures, 10 mL
of each bacterial solution was centrifuged at 7000 rpm for 15 min.
The supernatants were discarded and the pellets were suspended
in saline solution (0.9%). The samples were incubated at room
temperature for 1 h (mixing every 15 min) and then washed
twice with saline solution. Finally, the pellets were resuspended
in an equal volume of saline solution (0.9%). Then, 3 µL of
dye mixture was added to each 1 mL of the prepared bacterial
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samples and incubated in the dark for 15 min after properly
mixing the bacterial suspensions. Fluorescence images were taken
by trapping 5 µL of stained bacterial samples between a slide and
a cover slip. For imaging the samples, an optical microscope with
appropriate filters was employed (Axiophot; Carl Zeiss, Milan,
Italy). ImageJ (Schneider et al., 2012) was used to quantify total
fluorescence intensity of the bacteria. Intensities were expressed
as percentage (%) relative to the saturation fluorescence within
the field; red and green fluorescence stains corresponded to live
or dead bacteria, respectively (Borcherding et al., 2014; Arakha
et al., 2015a,b).

Transmission Electron Microscopy
Analysis
The interaction pattern of NPs with bacteria was also studied
by TEM. After 5 h of exposure to 4 mg/mL IONPs, NP-APTES,
NP-TEICO, or teicoplanin (500 µg/mL), pellets were washed
with PBS and fixed in Karnovsky solution (4% formaldehyde,
2% glutaraldehyde, 0.1 M sodium cacodylate, pH 7.2) overnight
at 4◦C. The samples were washed three times with 0.1 M
sodium cacodylate for 10 min and postfixed in the dark for
1 h with 1% osmium tetroxide in 0.1 M sodium cacodylate
buffer, pH 7.2, at room temperature. After dehydration with a
series of ethyl alcohol, the samples were embedded in an Epon-
Araldite 812 1:1 mixture. Thin sections (90 nm), obtained with a
Pabisch Top-Ultra ultramicrotome (Emme 3 S.r.l., Milan, Italy),
were observed with a Morgagni electron microscope (Philips,
Eindhoven, Netherlands) operated at 80 keV.

Biofilm Assay
S. aureus ATCC 6538P cultures, grown overnight in LB,
were diluted in fresh medium to reach a cell density of 107

CFU/mL and dispensed in 24-well plates, adding increasing
concentrations of nanoconjugated or non-conjugated teicoplanin
(2.5, 5, and 10 µg/mL) and of naked IONPs or NP-APTES
(20, 40, and 80 µg/mL). The amounts of NPs to be added took
into account the teicoplanin loaded on NPs under the reaction
conditions described above. Following incubation at 37◦C for
24 h, the adherent biomass was quantified by crystal violet (CV)
staining. Biofilms were stained with CV 0.1% for 20 min, washed
twice with PBS, and air dried overnight at room temperature;
the CV was then dissolved in 33% acetic acid for 10 min. The
amount of solubilized dye was spectrophotometrically measured
at 595 nm (Infinite 200 PRO; TECAN, Männedorf, Switzerland).
To assess the effect of teicoplanin and of NP preparations on the
cell viability of planktonic and adherent cell subpopulations, cells
from the planktonic phase were collected and adherent cells were
recovered by scraping the wells and then suspended in 1 mL of
phosphate buffer. Cultures were diluted and CFU were estimated
by plate counting in MHA plates. Viable counts of planktonic cells
were expressed as CFU/mL and adherent cells as CFU per well
(CFU/well).

To test the effect of teicoplanin and NP preparations on
biofilm dispersal, biofilms were prepared as indicated previously
and incubated at 37◦C for 48 h before adding nanoconjugated
or non-conjugated teicoplanin (5, 25, and 50 µg/mL) and naked

IONPs or NP-APTES (40, 200, and 400 µg/mL). Following
24-h incubation at 37◦C, biofilm biomass was evaluated by CV
staining and the cell viability of adherent and planktonic cells was
estimated by applying the viable count technique, as previously
described.

Cell Cultures
Two different cell lines were used to evaluate NP-TEICO in vitro
cytotoxicity: a tumor model SKOV-3 cell line from ovarian
adenocarcinoma and a non-tumor cell line, hASCs (human
adipose-derived stem cells). SKOV-3 cells were cultured as
reported in the literature (Cappellini et al., 2015). hASCs were
isolated and cultured as previously reported (Palombella et al.,
2017).

Cytotoxicity Test
Cell cytotoxicity was determined by measuring ATP content
using the RealTime-GloTM MT Cell Viability Assay (Promega,
Milan, Italy) according to the manufacturer’s instructions.
Briefly, 500 cells were plated in 96-well plates in 200 µL of
cell medium (RPMI for SKOV-3 and DMEM/DMEM F12 1:1
for hASC). After 24 h, the cells were exposed to increasing
concentrations of nanoconjugated or non-conjugated teicoplanin
or to the corresponding concentrations of NPs (considering the
teicoplanin loaded per mg of NPs) and then a solution 2× the
substrate and NanoLuc R© Enzyme were added. The cells were
incubated at 37◦C and in 5% CO2-humidified atmosphere, and
luminescence was read every 24 h using the Infinite F200 plate
reader (Tecan Group, Männedorf, Switzerland).

Statistics
All experiments were repeated at least three times on separate
dates. Mean and standard deviation (SD) calculations were
performed using Microsoft Excel 2003 (Microsoft Corporation,
Redmond, WA, United States). Data were analyzed by means
of one-way analysis of variance (Origin_7.0 SR0; Origin lab
Corporation, Northampton, MA, United States). Significant
effects of treatments were estimated (p < 0.05, p < 0.01, and
p < 0.0001).

RESULTS

Characterization of Synthetized NPs
Numerous methods for synthesizing IONPs have been reported
in the literature (Wu et al., 2015). In this study, we used
the coprecipitation method previously optimized by Balzaretti
et al. (2017), by which IONPs with good stability and size
distribution and no tendency to aggregation could be produced.
We confirmed that the NPs obtained had a spherical shape
and an average diameter of 10.5 ± 4 nm, as shown by TEM
micrograph (Figures 1A,D). The functionalization protocol, used
to introduce amino groups on the IONPs (Figure 2), led to an
insignificant increase in the diameter of NP-APTES, which was
10.6 ± 3.6 nm (Figures 1B,E). Teicoplanin was conjugated by
following a slightly modified protocol, which was previously used
for enzyme conjugation (Armenia et al., 2017): carboxylic groups
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FIGURE 1 | TEM images and size distribution of IONPs (A,D), NP-APTES (B,E), and NP-TEICO (C,F).

FIGURE 2 | Synthetic route for teicoplanin conjugation to IONPs (not in scale). The first step is functionalization of the IONPs with APTES, followed by the conjugation
of teicoplanin by covalent bonding of the terminal carboxylic groups of the antibiotic molecules with the amino groups of NP-APTES via EDC/NHS cross-linking.

of teicoplanin molecules reacted with the amino groups on the
surface of NP-APTES after EDC/NHS antibiotic activation (see
below, Figure 2). Teicoplanin conjugation led to a more irregular
shape of the particles and a slight tendency to aggregation.
It is known that correctly conformed teicoplanin molecules
tend to dimerize back-to-back in aqueous solutions and that
dimerization plays an important role in their biological activity
(Treviño et al., 2014). However, this phenomenon was not strong
as no NP precipitation occurred. NP-TEICO had an average
diameter of 13.6 nm (Figures 1C,F).

Transmission electron microscopy observations were
complemented by measuring dynamic light scattering (DLS) of
the hydrodynamic size of IONPs (Table 1); their diameter was
estimated to be 14.2 ± 0.5 nm with an average size distribution
(PDI) of 0.127, indicating a slight polydispersity typical for the

coprecipitation synthesis (Wu et al., 2015). For NP-APTES, an
increase in the hydrodynamic diameter (26.8 ± 0.2 nm) due
to the presence of the APTES shell around the NP core was
registered. The hydrodynamic diameter of NP-TEICO was much
larger (568.2 ± 0.6 nm) (Table 1), probably due to aggregate
formation in the medium used for DLS analysis and to the effect
of the glycopeptide side chains and their tendency to dimerize,
which might slow down particle diffusion and increase their
apparent size (Szpak et al., 2013; Table 1). The difference in NP
sizes measured by DLS versus TEM is generally attributed to the
formation of extra hydrate layers in aqueous solutions (De Palma
et al., 2007; Gonçalves et al., 2017). In addition, antibiotic shells
conjugated to NPs are usually not sufficiently electron dense to
be visible under the electron microscope. The measurement of
zeta potential (Table 1) showed that the superficial charge of
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TABLE 1 | Physical parameters of synthesized IONPs, NP-APTES, and NP-TEICO.

Baseline Polydispersity Diameter (nm) Conductance (µS) Mobility Z potential (mV)

IONPs 9.9 0.127 14.2 ± 0.5 421 1.5 11.0 ± 0.8

NP-APTES 9 0.18 26.8 ± 0.2 373 1.9 22.5 ± 0.5

NP-TEICO 9 0.189 568.2 ± 0.6 400 1 12.8 ± 0.6

NP-APTES was twofold higher than for IONPs, that is, 22.5± 0.2
versus 11 ± 0.8 mV, due to the presence of the amino groups of
APTES. A reduction in the surface charge was indeed observed
after teicoplanin conjugation: NP-TEICO zeta potential was
12.8 ± 0.6 mV, indicating that NP-APTES were successfully
loaded with teicoplanin.

Preparation of NP-TEICO
Teicoplanin was conjugated to NP-APTES using standard
EDC/NHS chemistry: EDC reacted with the carboxylic group of
the antibiotic, forming an active O-acylisourea intermediate that
could be displaced by the nucleophilic attack of the amino groups
present on the NP-APTES surface (Figure 2; Hermanson, 2013).
Different reaction conditions (reaction medium, EDC/NHS ratio,
teicoplanin concentration, time, and temperature of reaction)
were explored to improve teicoplanin conjugation on NP-APTES.
The quantity of teicoplanin bound to the surface of NP-APTES
was estimated by subtracting the unreacted teicoplanin present
in the supernatant from the added total antibiotic amount.
Teicoplanin was quantified by reverse-phase HPLC as previously
reported (Taurino et al., 2011). First trails in water, PBS, and MES
buffer indicated that the latter, at pH 6.0, was the most preferable
medium for the conjugation reaction (data not shown). As
reported in Table 2, HPLC analyses confirmed that under the best
experimental conditions tested so far, that is, 4 mg/mL of NP-
APTES in 30 mM MES buffer, pH 6.0, 13 mM EDC, 26 mM NHS,
500 µg/mL of teicoplanin, the teicoplanin conjugation yield was

TABLE 2 | Reaction conditions tested for teicoplanin conjugation to NP-APTES
via EDC/NHS chemistry in 30 mM MES, pH 6.0.

Teicoplanin
(µg/mL)

EDC
(mM)

NHS
(mM)

Temperature
(◦C)

Time
(h)

Yield (%)

100 26 13 4 2 10 ± 0.7

100 26 13 4 4 10 ± 1.5

100 26 13 4 6 12 ± 1.0

100 26 13 25 2 25 ± 0.5

100 26 13 25 4 30 ± 0.4

100 26 13 25 6 65 ± 0.8

100 13 26 25 2 70 ± 1.7

100 13 26 25 4 85 ± 1.4

50 13 26 25 6 100 ± 1.2

100 13 26 25 6 100 ± 0.7

500 13 26 25 6 90 ± 0.9

1000 13 26 25 6 50 ± 0.5

NP-APTES were used at a concentration of 4 mg/mL. Conjugation yield was
calculated by estimating the amount of residual teicoplanin in the reaction medium
by HPLC.

approximately 90%. Under these conditions, more than 100 µg
of teicoplanin was loaded per mg of NP-APTES.

NP-TEICO prepared in this way remained chemically stable
when stored at pHs ranging from 5.5 to 7.1 and temperatures
from−20 to 25◦C. Under these conditions, release of teicoplanin
from NP-TEICO was measured by HPLC analysis of incubation
buffer; 100% of the antibiotic remained fully attached to NPs
for 1 week and decreased by approximately 10% in 1 month
(data not shown). Consistently, the antimicrobial activity of NP-
TEICO – measured by the antimicrobial susceptibility test versus
S. aureus ATCC 6538P and B. subtilis ATCC 6633 (see below) –
was also maintained. After 3 weeks, NP-TEICO maintained
from 70 to 90% of its initial antimicrobial activity. Under the
same conditions, a water solution of teicoplanin (500 µg/mL)
maintained 90% of its initial antimicrobial activity.

Antimicrobial Activity of NP-TEICO
Antibacterial activity of NP-TEICO was initially investigated by
comparing the growth inhibitory effects of two commonly used
representative species of Gram-positive bacteria, that is, S. aureus
ATCC 6538P and B. subtilis ATCC 6633, and the Gram-negative
E. coli ATCC 35218, using an agar diffusion assay. Figure 3
reveals that NP-TEICO inhibited the growth of S. aureus and

FIGURE 3 | Agar diffusion assay for measuring the antimicrobial activity of
IONPs, NP-APTES, NP-TEICO, and non-conjugated teicoplanin versus the
two Gram-positive bacteria S. aureus ATCC 6538P (A) and B. subtilis ATCC
6633 (B), and versus the Gram-negative E. coli ATCC 35218 (C).
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B. subtilis, whereas no inhibition halos were observed for E. coli,
thus demonstrating that NP-TEICO maintained the typical
activity and spectrum of action of teicoplanin. Sizes of inhibition
halos for the nanoconjugated teicoplanin were not comparable
with the ones determined by the non-conjugated teicoplanin,
as expected, considering the probably slower diffusion rate of
NP-loaded antibiotic in agar medium. Conversely, IONPs and
NP-APTES did not show any inhibition halos toward either the
Gram-positive or the Gram-negative bacteria. These data indicate
that the antimicrobial activity measured by the agar diffusion
assay was conferred to NP-TEICO by the conjugation of the
antibiotic and that it was not an intrinsic feature of IONPs.

Table 3 reports the MICs of nanoconjugated and non-
conjugated teicoplanin toward clinically relevant strains of
S. aureus and E. faecalis. Although the potency of nanoconjugated
teicoplanin was slightly reduced in comparison with the
non-conjugated antibiotic, NP-TEICO maintained a valuable
antibiotic activity against MRSA and on vancomycin-resistant
E. faecalis with a VanB phenotype. MICs and MBCs, and
consequently the tolerance levels of NP-TEICO toward B. subtilis,
S. aureus, and E. faecalis, showed the same trend as those
measured for non-conjugated teicoplanin. NP-TEICO and non-
conjugated teicoplanin were inactive toward the Gram-negative
E. coli and toward the vancomycin- and teicoplanin-resistant
E. faecalis clinical isolate with a VanA phenotype (Van Bambeke,
2006; Binda et al., 2014).

Effects of NPs on Bacterial Growth
Kinetics and Cell Viability
As the antimicrobial activity of IONPs and their derivatives is
a matter of intensive debate (Auffan et al., 2008; Chatterjee
et al., 2011; Borcherding et al., 2014; Arakha et al., 2015a; Ansari
et al., 2017), we further investigated the effects of IONPs, NP-
APTES, and NP-TEICO on bacterial cell viability, by adding
our NP preparations at the log phase of the growth kinetics
of S. aureus ATCC 6538P, B. subtilis ATCC 6633, and E. coli
ATCC 35218 populations. Cultures with no added NP or to

which only teicoplanin was added were used as negative and
positive controls. Figure 4 indicates that the three bacterial
species responded differently to NP interaction. S. aureus growth
kinetics (Figure 4A) were dramatically affected by the addition
of NP preparations and, as expected, by the treatment with
teicoplanin. Albeit with a slightly different kinetics, cell density
appeared equally reduced by two-thirds on 5 h of incubation.
Indeed, NP-TEICO and non-conjugated teicoplanin drastically
reduced the population growth of B. subtilis, whereas the effects
of IONPs and NP-APTES were clearly less relevant (Figure 4B).
Finally, teicoplanin was completely inactive toward the Gram-
negative E. coli, whereas the addition of IONPs, NP-APTES, and
NP-TEICO halved the population growth in a comparable mode
(Figure 4C).

Significantly, CFU measurements at the end of the growth
kinetics reported in Figure 5 clearly indicate that exposure of
Gram-positive bacteria to teicoplanin and NP-TEICO cleared
the bacteria population, confirming the comparable antibiotic
activity of the nanoconjugated versus the non-conjugated
antibiotic (Figure 5). As expected, teicoplanin and NP-TEICO
were ineffective against E. coli cells, which conforms to the
antimicrobial spectrum of the antibiotic. In addition, exposure
to IONPs and NP-APTES was not bactericidal for any of the
tested strains as the cells survived quite well, and in some cases
(E. coli) even better than the untreated cultures. Thus, we can
conclude that NP-TEICO retained an antibiotic activity that was
comparable to that of the non-conjugated teicoplanin, whereas
IONPs and NP-APTES showed a species-specific transient
interaction with bacterial cells, which slowed down population
growth but did not kill bacterial cells. This phenomenon merits
further investigation.

Interaction Patterns of NPs With
Bacterial Cells
To shed light on the interaction pattern at the IONPs-, NP-
APTES- and NP-TEICO-bacteria interfaces, we investigated the
effect of adding NP on bacterial cell integrity by using the

TABLE 3 | Comparison of MICs, MBCs, and tolerance levels between non-conjugated and nanoconjugated teicoplanin.

MIC (µg/mL) MBC (µg/mL) Tolerance level

Non-conjugated
teicoplanin

Nanoconjugated
teicoplanin

Non-conjugated
teicoplanin

Nanoconjugated
teicoplanin

Non-conjugated
teicoplanin

Nanoconjugated
teicoplanin

B. subtilis ATCC 6633 2 2 >128 >128 >64 >64

S. aureus ATCC 6538P
(MSSA)

1 2 128 128 128 64

S. aureus ATCC 43300
(MRSA)

0.5 2 64 >128 128 >64

E. faecalis ATCC 29212 0.5 1 32 32 64 32

E. faecalis ATCC 51299
(VanB)

0.5 2 64 >128 128 >64

E. faecalis
9160188401-EF-34 (VanA)

>128 >128 >128 >128 − −

E. coli ATCC 35218 >128 >128 >128 >128 − −

The values represent the average of the data from three independent experiments.
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FIGURE 4 | Population growth kinetics of S. aureus ATCC 6538P (A),
B. subtilis ATCC 6633 (B), and E. coli ATCC 35218 (C) exposed to teicoplanin
(orange), IONPs (red), NP-APTES (green), and NP-TEICO (violet). Cultures
without any addition (blue) were used as controls. Growth was recorded for
5 h. Black arrows indicate the addition (after 1 h of growth) of NP preparations
and of teicoplanin to the bacterial populations. Triplicate experiments were
conducted for each condition: standard errors were lower than 5%.

LIVE/DEAD BacLight fluorescence assay. According to the assay
principle and as shown in Figure 6, viable cells having an intact
cell membrane were stained green by the Syto9 fluorescence
dye, whereas non-viable cells with deformed cell membranes

FIGURE 5 | Bacterial cell viability of S. aureus ATCC 6538P, B. subtilis ATCC
6633, and E. coli ATCC 35218 measured as CFUs after 5-h growth (see
Figure 4) in the presence of IONPs (black bar), NP-APTES (gray bar),
NP-TEICO (light gray bar), and teicoplanin (white bar) compared to the
untreated control populations (lined bar). Triplicate experiments were
conducted for each condition, and the error bars represent the standard
errors. One-way ANOVA analyses, ∗p < 0.05 and ∗∗∗p < 0.0001.

were stained red by propidium iodide fluorescence dye (Arakha
et al., 2015a). As shown in Figures 6A–C, untreated cells of
S. aureus ATCC 6538P, B. subtilis ATCC 6633, and E. coli ATCC
35218 exhibited green fluorescence, indicating the presence
of 99% viable cells. Figures 6D–L show that both Gram-
positive and Gram-negative bacteria tended to aggregate on NPs
when present. In the presence of IONPs and NP-APTES, the
S. aureus population exhibited almost 90% of green viable cells
(Figures 6D,G), whereas more than 50% cells turned to red
fluorescence on exposure to NP-TEICO (Figure 6J). On the other
hand, the B. subtilis population exposed to IONPs (Figures 6E,H)
exhibited the presence of 75% green viable cells, whereas the 95%
of B. subtilis cells treated with NP-TEICO were red (Figure 6K),
indicating that nanoconjugated teicoplanin caused a severe loss
of membrane integrity and cell viability. Control populations of
S. aureus and B. subtilis treated with non-conjugated teicoplanin
exhibited 98% of red non-viable cells (Figures 6M,N). In the
presence of IONPs, NP-APTES, NP-TEICO, and teicoplanin,
the fraction of red fluorescent E. coli cells was insignificant
compared to untreated cells (Figures 6F,I,L,O). Once again, these
observations confirm that the three bacterial species responded
as expected to nanoconjugated and non-conjugated teicoplanin
antibiotic action. They also suggest that naked IONPs and
NP-APTES interacted with the different bacteria in a species-
specific mode, likely depending on the diverse bacterial surface
composition, as already suggested by other authors (Huang et al.,
2010; Ebrahiminezhad et al., 2014; Arakha et al., 2015a; Dinali
et al., 2017).

Transmission electron microscopy images
(Figures 7A,D,G,J,M) indicated that the exposure of S. aureus
ATCC 6538P cells to IONPs, NP-APTES, NP-TEICO, and
teicoplanin significantly altered cell morphology in comparison
to the untreated cells. IONPs, NP-APTES, and, to a significantly
greater extent, NP-TEICO interacted with the cell wall of
this Gram-positive species. In the presence of NP-APTES,
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FIGURE 6 | Fluorescence microscopy images of live and dead cells of S. aureus ATCC 6538P [first column on the left: (A,D,G,J,M)], B. subtilis ATCC 6633 [middle
column: (B,E,H,K,N)], and E. coli ATCC 35218 [column on the right: (C,F,I,L,O)] in the absence and presence of different NP preparations and of teicoplanin. (A–C)
untreated cells; (D–F) cells treated with IONPs; (G–I) cells treated with NP-APTES; (J–L) cells treated with NP-TEICO; (M–O) cells treated with teicoplanin. Scale
bar: 12 µm.

NP-TEICO, and teicoplanin, an increasing percentage of cells
without cell walls, so-called ghost cells, became detectable
(Figures 8A,B). Lysed cells, too, which presented damage
in cell walls with cytoplasmic content leaking out, were
visible within NP-APTES- and NP-TEICO-treated cells
(Figures 8A,C). Furthermore, in the presence of NP-APTES
and NP-TEICO, intracellular spherical membrane-layered,
mesosome-like structures could be detected inside the cells
(Figures 8A,B). Mesosomes were previously described by

other authors (Shimoda et al., 1995; Hartmann et al., 2010),
as a consequence of cell membrane damage in S. aureus cells
treated with antimicrobial peptides such as defensins and
gramicidin S.

Conversely, most of the B. subtilis ATCC 6633 cells
(Figures 7B,E,H) exposed to IONPs and NP-APTES showed the
same morphology as untreated cells, with undamaged structures,
although a few dead or dying cells were detected, characterized
by a rough surface and by an interrupted cell membrane. Indeed,
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FIGURE 7 | TEM images of S. aureus ATCC 6538P [first column on the left: (A,D,G,J,M)], B. subtilis ATCC 6633 [middle column: (B,E,H,K,N)], and E. coli ATCC
35218 [column on the right: (C,F,I,L,O)] cells in the absence and presence of different NP preparations and of teicoplanin. (A–C) untreated cells; (D–F) cells treated
with IONPs; (G–I) cells exposed to NP-APTES; (J–L) cells exposed to NP-TEICO; (M–O) cells treated with teicoplanin. Scale bars: 1 µm.

the effect of NP-TEICO and teicoplanin on cell integrity was
dramatic (Figures 7K,N). Cells treated with NP-TEICO and
teicoplanin lost their envelope integrity as a consequence of the
antibiotic action (Figures 8D,E).

No specific alteration in cell morphology was observed in
NP- or antibiotic-treated cells of E. coli in comparison to the
untreated ones (Figures 7C,F,I,L,O). Interestingly, in this case,

IONPs and, to a much greater extent, NP-APTES tended to
stick to the microorganism envelope, whereas the presence of
NP-TEICO impeded this interaction. This observation seems to
confirm the occurrence of an unspecific electrostatic interaction
between positively charged NP-APTES and the negatively
charged external cell membrane of this Gram-negative strain,
which was previously suggested by other authors (Kell et al., 2008;
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FIGURE 8 | TEM images of S. aureus ATCC 6538P (A–C) exposed to NP-APTES (A), NP-TEICO (B), teicoplanin (C), and B. subtilis ATCC 6633 (D,E) exposed to
NP-TEICO (D) and teicoplanin (E). Scale bar: 500 nm. Iindicates ghost cells; ∗ indicates lysed cells; white arrows indicate mesosome-like structures.

Huang et al., 2010; Ebrahiminezhad et al., 2014; Arakha et al.,
2015a; Dinali et al., 2017).

Effect of NPs on S. aureus Biofilm
Because of the clinical relevance of biofilm infections, the effect
of our NP preparations was tested on S. aureus ATCC 6538P
biofilm formation and eradication. As shown in Figure 9A,
non-conjugated teicoplanin and nanoconjugated teicoplanin
inhibited significantly the biofilm formation at a concentration
of 2.5 µg/mL (p = 8.03 × 10−5) and 5 µg/mL (p = 0.002),
respectively. No inhibitory effect on biofilm formation was
observed after adding IONPs or NP-APTES in comparison
to the untreated condition. In the same experimental setting,
investigating the effect of IONPs, NP-APTES, NP-TEICO, and
teicoplanin on the bacterial viability of adherent and planktonic
cell subpopulations gave further information. It was confirmed
that IONPs and NP-APTES did not influence the viability of
the two subpopulations. Conversely, nanoconjugated and non-
conjugated teicoplanin inhibited in a dose-dependent manner
the cell viability of both planktonic (Figure 9B) and adherent
(Figure 9C) cells. Teicoplanin at 5 µg/mL caused the decrease
of approximately 5 log units in the survival of planktonic
cells in comparison to the untreated control cells, whereas
the NP-TEICO addition showed a comparable antimicrobial
effect at the highest tested concentration of nanoconjugated
teicoplanin corresponding to 10 µg/mL (Figure 9B). Increasing
concentrations of non-conjugated teicoplanin caused a reduction
of 2–3 log units in the survival of adherent cells, whereas, notably,
the effect of nanoconjugated teicoplanin toward adherent cells
was more pronounced (a reduction of 5 log units) than that of
non-conjugated teicoplanin at 10 µg/mL and it was statistically

significant (p = 0.010) (Figure 9C). Conversely, neither non-
conjugated teicoplanin nor nanoconjugated teicoplanin showed
any dispersal effect on 48-h-old biofilms (data not shown), as
expected, taking into account that this glycopeptide antibiotic
inhibits cell wall synthesis in exponentially growing bacterial cells
and is not active on bacterial cells entering into the stationary
phase (Binda et al., 2014; Marcone et al., 2018).

Cytotoxicity of NP-TEICO
Cytotoxicity of NP-TEICO was evaluated using two different
human cell lines, the well-established immortalized tumor cell
line (SKOV-3) (Cappellini et al., 2015) and primary mesenchymal
stem cells extracted from human adipose tissue, which are
particularly sensitive to nanomaterials (Palombella et al., 2017).
Results shown in Figure 10 indicate that teicoplanin did not exert
any effect on the cell viability of either of the human cell lines at
any of the tested concentrations. Conversely, both SKOV-3 cells
and hASC responded to the exposure of IONPs and NP-TEICO
in a concentration-dependent manner. No significant decrease
in cell viability was observed after adding nanoconjugated
teicoplanin in the range of teicoplanin antibacterial MICs
(0.78 µg/mL) (Figures 10A,B). The corresponding amounts
of carrying NPs did not influence cell viability significantly
(Figures 10A,B). At a concentration threefold higher than the
antibacterial MICs of NP-TEICO (6 µg/mL), the effects of
nanoconjugated teicoplanin and of the carrier NPs significantly
differed from that of the free antibiotic. Naked IONPs reduced
cell viability by more than 60% (after 24 h of exposure) to 50%
(after 96 h) in SKOV-3 cells (Figure 10C), and by 50% (after 24 h)
to 70% (after 96 h) in hASC (Figure 10D). NP-TEICO were less
cytotoxic, reducing cell viability by 40% (after 24 h) to 20% (after

Frontiers in Microbiology | www.frontiersin.org 12 October 2018 | Volume 9 | Article 227032

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02270 October 15, 2018 Time: 19:27 # 13

Armenia et al. Nanoconjugated Glycopeptide Antibiotics: The Case of Teicoplanin

FIGURE 9 | Effect of increasing concentrations of teicoplanin, NP-TEICO,
IONPs, and NP-APTES on S. aureus ATCC 6538P biofilm formation. In the
case of NP preparations, the amounts to be added were defined considering
the teicoplanin loaded on IONPs under the conditions defined in the Materials
and Methods. Effect on adherent biomass following crystal violet staining (A).
Effect on planktonic (B) and adherent (C) cells exposed to teicoplanin
(orange), IONPs (red), NP-APTES (green), and NP-TEICO (violet) on viability
assay. The values are expressed as mean ± SD of three independent
experiments. One-way ANOVA analyses, ∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.0001.

96 h) in SKOV-3 cells (Figure 10C) and by less than 30% (after
24 h) to 20% (after 96 h) in hASC (Figure 10D). Interestingly,
conjugation of antibiotic molecules to IONPs surface tended to
reduce their intrinsic cytotoxicity, as already reported by other
authors who demonstrated that covering the NP surface shields
toxicity and improves biocompatibility (Javed et al., 2017; Xiang
et al., 2017; Xie et al., 2017, 2018).

DISCUSSION

In the era of antibiotic resistance, the lipoglycopeptide
teicoplanin is an extremely important antibiotic used for
the prophylaxis and treatment of serious infections caused
by Gram-positive bacteria, including MRSA and E. faecalis
(Van Bambeke, 2006; Marcone et al., 2018). It is used to
treat endocarditis, bacteremia, and bone and joint infections.
Because of its efficacy and safety, it is used in pediatrics, too.
Its spectrum of antibacterial action is similar to that of the
previously discovered glycopeptide vancomycin, but teicoplanin
has several advantages over vancomycin in the treatment
of serious infections: longer half-life, lower nephrotoxicity
and ototoxicity, and lack of requirement for serum assays in
treated patients. Because of its better stability in vivo, it can
be administered once a day or with an alternate daily dosage
and by intravenous bolus or by intramuscular injection. Oral
administration of teicoplanin has also been demonstrated to
be effective in the treatment of pseudomembranous colitis and
C. difficile-associated diarrhea. In addition, teicoplanin is active
on some of the vancomycin-resistant enterococci, which are
increasingly spreading in hospitals (Binda et al., 2014).

Notwithstanding these important features, to the best of
our knowledge, this is the first report of using teicoplanin to
functionalize NPs. The teicoplanin molecule has an addressable
functional group (the N-terminal carboxylic group of the
heptapeptide chain) that we used to covalently bind the amino-
activated IONPs. Although there are few published data on
optimizing the fabrication of nanoconjugated antibiotics onto
IONPs (Lin et al., 2005; Hussein-Al-Ali et al., 2014; Zhu et al.,
2015; Dinali et al., 2017), we succeeded in anchoring more than
100 µg of teicoplanin per mg of NP-APTES in this work. The
antimicrobial potency of nanoconjugated teicoplanin was slightly
lower than that of the non-conjugated counterpart, particularly
toward resistant clinical isolates, but NP-TEICO conserved the
teicoplanin antimicrobial spectrum of activity toward Gram-
positive bacteria and it was particularly active in controlling
S. aureus biofilm formation. The external membrane of Gram-
negative bacteria covering the peptidoglycan layer remained
highly impenetrable to both NP-TEICO and teicoplanin,
impeding their interaction with the molecular target (Binda et al.,
2014). One of the positive features of NP-TEICO prepared in
this way was that the formulation maintained chemical stability
and antimicrobial activity for at least 1 month. This aspect is
relevant, considering that one main advantage of using magnetic
antibiotic nanocarriers in vivo could be that they can be recovered
and recycled after single uses, reducing local dose administration
and potential side effects and decreasing the risk of selective
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FIGURE 10 | Cell viability of SKOV 3 (A,C) and hASC (B,D) after different times of exposure to IONPs (black), NP-TEICO (gray), and teicoplanin (white). Cell viability
is expressed as a percentage of viable cells compared to the untreated sample, set as 100%. Here, 0.78 µg/mL of non-conjugated or nanoconjugated teicoplanin or
6.24 µg/mL of carrying NPs were added in (A,B); 6 µg/mL of non-conjugated or nanoconjugated teicoplanin or 48 µg/mL of carrying NPs were added in (C,D). In
the case of NP preparations, the amounts to be added were defined considering the teicoplanin loaded on IONPs under the conditions defined in the Materials and
Methods. The values are expressed as mean ± SD of three independent experiments. One-way ANOVA analyses, ∗p < 0.05 and ∗∗p < 0.01.

pressure on resistant strains. In addition, their targeted delivery
to the site of infection/biofilm by using an external magnetic field
might increase their in situ concentration, potentiating their local
efficacy. For this reason, we consider the fact that NP-TEICO
inhibited S. aureus biofilm formation, conserving the activity
of non-conjugated teicoplanin versus the planktonic cells and
improving it toward the adherent cells, to be promising. Different
non-specific interactions such as electrostatic, hydrophobic, and
van der Waal interactions are responsible for adhesion of bacteria
on any material surfaces creating biofilms. Thus, it is possible that
NP-TEICO anti-biofilm activity is potentiated (in comparison to
the non-conjugated antibiotic) by intercepting these non-specific
interactions, although in our experiments IONPs and NP-APTES
had no effect on biofilm formation.

Unfortunately, S. aureus has dramatically re-emerged
as a clinically relevant pathogen due to its resistance to
antibiotics and the increased use of indwelling clinical devices.
Millions of indwelling medical devices are implanted every
year, and S. aureus is the major culprit for infections and
failure of these devices (Arciola et al., 2018). S. aureus
biofilms are also implicated in chronic wound infections
such as diabetic foot ulcers, venous stasis ulcers, and pressure
sores, which are quite resistant to antibiotic treatments.
Teicoplanin carried by magnetically driven NPs can more
easily reach deep tissue infections, which are difficult to treat
using topical antibiotics due to the poor tissue penetration,
and better penetrate the diffusion barriers that biofilms
produce.
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In the last decade, a certain level of intrinsic antimicrobial
and cytotoxicity activity has been controversially attributed to
the IONPs themselves. Although IONPs and NP-APTES have
shown some antibacterial effect against diverse Gram-positive
and Gram-negative bacteria, the real extent of this phenomenon
and the underlying mechanism has hitherto not been well
understood (Baranwal et al., 2018). Ansari et al. (2017) reported
a dose-dependent antibacterial activity of IONPs against Bacillus
cereus and Klebsiella pneumoniae. In contrast, Auffan et al. (2008)
indicated that chemically stable IONPs were not toxic to E. coli
at 700 mg/L, whereas Chatterjee et al. (2011) reported a dose-
dependent effect on E. coli cells. Borcherding et al. (2014) showed
that IONPs had a positive effect in promoting the growth of
Pseudomonas aeruginosa. Arakha et al. (2015a) published an
illuminating study and demonstrated, by combining a complete
set of microbiological and biophysical methods, that IONPs did
not show any significant antimicrobial activity toward B. subtilis
and E. coli. Coating IONPs with positively charged chitosan,
instead, conferred them with an increased so-called antimicrobial
propensity against B. subtilis and E. coli, which depends on
the interfacial interaction between NPs and bacterial surfaces
(Arakha et al., 2015a,b).

In the present work, we compared the antimicrobial activity of
NP-TEICO with that shown by IONPs and NP-APTES by using
a set of methods (agar diffusion assay, BacLight fluorescence
assay, bacterial growth kinetics, CFU measurement, and TEM
observations) comparable to those previously used by Arakha
et al. (2015a,b). Thus, we could conclude that the antibiotic
activity of nanoconjugated and non-conjugated teicoplanin
differed dramatically from the phenomenon described as
antimicrobial propensity, which is based on an electrostatic
attraction between cationic NPs and anionic bacterial cell surfaces
(Arakha et al., 2015a,b). Electrostatic attraction promotes
unspecific adhesion of NPs onto the cell wall of Gram-positive
bacteria and the external cell membrane of the Gram-negative
bacteria (Qi et al., 2013; Baranwal et al., 2018). This adhesion
likely represents the mechanism by which IONPs and, to a
greater extent, the positively charged NP-APTES impaired the
growth of S. aureus, B. subtilis, and E. coli in our experiments of
bacterial growth kinetics. This interfacial effect was transient and
reversible, differing from the specific killing activity of teicoplanin
and NP-TEICO toward the Gram-positive bacteria. Nevertheless,
TEM observations suggested that we cannot completely rule
out that cell adhesion of IONPs and of NP-APTES might
provoke cytosolic shrinkage and cell membrane detachment (and
eventually cell rupture), as observed in S. aureus and, with a lower
frequency, in B. subtilis. In any case, this phenomenon was again
sporadic, probably depending on surface composition and on the
physiological state of single bacterial cells, as indicated by Dinali
et al. (2017).

Although IONPs have been increasingly proposed for a wide
range of biomedical applications, such as drug delivery, magnetic
resonance imaging, thermal ablation therapy, and treatment of
iron-deficient anemia, our understanding of their interaction
with animal cells and animal models is still relatively limited
(Natan and Banin, 2017; Feng et al., 2018). Recent studies showed
that physicochemical properties, including particle size, PDI,
surface charge, oxidation state of iron, and different surface

coatings, greatly influence their biological effect in vitro and
in vivo (Feng et al., 2018; Wang et al., 2018). Among the
super magnetic NPs, IONPs were generally preferred because
they are less toxic than those based on nickel and cobalt
(Gornati et al., 2016). However, it was recently demonstrated
that IONPs can enter eukaryotic cells not only by endocytosis,
but also by diffusion through the plasma membrane, gaining
direct access to the cytoplasm (Zanella et al., 2017). In
addition, the intrinsic catalase-like activity of IONPs might
antagonize the accumulation of toxic reactive oxygen species
they have induced and thereby modulate the extent of cellular
oxidative stress, autophagic activity, and programmed cell
death (Wang et al., 2018). In this complex framework, a
complete evaluation of the cytocompatibility of our NP-TEICO
preparation in vitro and in vivo systems lies outside the scope
of this work, although it would represent a future interesting
extension of the study. Here, we demonstrated that at the
concentrations that encompass the teicoplanin antibacterial MIC
values, teicoplanin coating of IONPs reduced their intrinsic
cytotoxicity toward two human cell lines, thus improving their
potential biocompatibility. Further intensive in vitro and in vivo
investigations are needed to develop an NP-TEICO-based drug
formulation that could be administered systemically or topically
to treat deep tissue infections and/or cover medical devices to
prevent biofilm formation. Our results indicate that combining
synergistically the unique properties of different nanomaterials
would represent a good strategy, in this way providing a novel
route to prevent and treat bacterial infections and, at the
same time, reduce the intrinsic cytotoxicity of NPs, as already
indicated by other authors (Xiang et al., 2017; Xie et al., 2017,
2018).
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Synbiotics, which are the combination of probiotics and prebiotics, have recently
attracted attention because of their synergistic net health benefits. Probiotics have been
used as alternatives to antibiotics. Among the probiotics, Lactobacillus plantarum (LP)
has shown strong antimicrobial activity against Escherichia coli K99, a major livestock
pathogen. In this study, we aimed to investigate the antimicrobial activity of phthalyl
pullulan nanoparticle (PPN)-treated LP. Interestingly, when PPNs were added to LP,
the PPNs were internalized into the LP through an energy-dependent and galactose
transporter-dependent mechanism. Additionally, more plantaricin, a natural antibacterial
peptide, was secreted from PPN-treated LP than from untreated or pullulan-treated
LP. Furthermore, antimicrobial activity against Gram-negative Escherichia coli K99 and
Gram-positive Listeria monocytogenes by PPN-treated LP was higher than those of
untreated or pullulan-treated LP. It is thought that the enhanced antimicrobial properties
of the PPN-treated LP are due to intracellular stimulation. Overall, this research provides
a new method of producing plantaricin in LP through intracellular stimulation by
internalized PPNs.

Keywords: probiotics, prebiotics, pullulan nanoparticles, internalization, plantaricin

INTRODUCTION

According to the World Health Organization (WHO), the use of antibiotics as growth promoters
for livestock is a major cause of antibiotic resistance. Antibiotic resistance affects not only livestock
health but also human health (World Health Organization, 2000). Therefore, finding alternatives
to antibiotics and addressing drug resistance have become important issues for scientists (de
la Fuente-Nunez et al., 2012; Allen et al., 2014). Recently, several studies have demonstrated
the potential of probiotics are potential candidates as antibiotic alternatives due to their ability
to inhibit bacterial colonization on the gut barrier or to directly kill pathogens through their
secreted bacteriocins (Gillor et al., 2008). Therefore, there have been many attempts to increase
the production of bacteriocins, including biological and physical methods. A biological engineering
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strategy as one of biological methods enhanced production
of bacteriocins in probiotics with higher stability and good
characteristics (Papagianni and Anastasiadou, 2009); however,
the method is very complex, and consumers are increasingly
concerned about genetically modified products. The physical
methods used to optimize the production of bacteriocins
include changing pH, temperature, pressure, oxygen content,
and incubation time during probiotic culture (Arokiyamary
and Sivakumaar.,2011). Interestingly, in our previous studies
(Cui et al., 2018; Kim et al., 2018), pediocin production in
Pediococcus acidilactici (PA) was markedly enhanced through
intracellular stimulation by internalized inulin nanoparticles used
as a synbiotic.

Among the probiotics, Lactobacillus plantarum (LP) is
a versatile and abundant microorganism found in several
environments ranging from food to animal gastrointestinal tracts
(de Vries et al., 2006). It is also known that some strains of LP are
capable of producing several natural antimicrobial substances,
such as bacteriocins and organic acids (lactic acid and acetic acid),
thereby inhibiting competitors in the same niche (Todorov et al.,
2011; Reis et al., 2012). It was previously reported that LP 177
isolated from pig intestines exhibited strong antibacterial activity
against E. coli K99, which can cause bacterial diarrhea in pigs
(Yun, 2007; Seo, 2012).

Prebiotics used as non-digestible food additives beneficially
affect the host by selectively stimulating the growth and/or
activity of a limited number of microorganisms in the colon
(Gibson and Roberfroid, 1995). Most prebiotics are inulin-based
fructose oligomers or galacto-oligosaccharides (Kneifel, 2000).
Among potential prebiotic compounds, pullulan has long been
applied to food additives (Cheng et al., 2011). Pullulan is an α-
1,6 linked polymer of maltotriose subunits and is secreted by
the fungus Aureobasidium pullulans (Catley et al., 1986). Due
to its high molecular weight and slow hydrolysis by α-amylase
and glucoamylase, pullulan is considered to be a non-digestible
carbohydrate (Leathers, 2003). It was previously reported that
pullulan fermented by the microbiota can alter the composition
of the intestinal microbiota (Sugawa-Katayama et al., 1994).

In recent years, many researchers have begun to synthesize
and apply drug delivery systems based on pullulan-based self-
assembled nanoparticles (Na et al., 2003; Jeong et al., 2006; Zhang
et al., 2010). By contrast, our synthetic PPN application is not a
drug or gene carrier but a new type of prebiotic.

One of the simplest ways to synthesize polymeric
nanoparticles is the self-assembly of hydrophobically modified
hydrophilic polymers. Self-assembled polymeric nanoparticles,
consisting of a hydrophobic core and a hydrophilic shell, have
been used as promising drug carriers because they can be rapidly
internalized by mammalian cells after loading drugs into their
hydrophobic cores (Zhang et al., 2008).

In this study, we are aimed to investigate the antimicrobial
activities of phthalyl pullulan nanoparticle (PPN)-treated LP.
We synthesized and characterized PPNs to develop a new
type of prebiotic for LP. In addition, we checked whether the
internalization of PPNs by LP led to enhanced antimicrobial
activity by LP against Gram negative bacteria Escherichia coli K99
and Gram positive bacteria Listeria.monocytogenes (LM) than LP

or pullulan alone by antimicrobial assays. We further validated
the mechanism of the antimicrobial activity of PPN-treated LP
by the internalization of PPNs by LP.

MATERIALS AND METHODS

Materials
Pullulan used in this study was purchased from Shandong
Freda Biotechnology Co., Ltd. (Shandong, China), and other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Lysogeny broth (LB), LB agar, De Man, Rogosa
and Sharpe agar (MRS) broth, MacConkey agar, and brain heart
infusion (BHI) broth were purchased from BD Difco (Sparks,
MD, United States) for bacterial culture.

Synthesis of PPNs
Phthalyl pullulan nanoparticles were synthesized according
to a previously described method,(Na and Bae, 2002) with
a slight modification. One gram of pullulan was dissolved
in 10 ml of dimethyl formamide (DMF), and 0.1 mol-%
dimethylaminopyridine per pullulan sugar residue was added
to the solution as a catalyst., and then phthalic anhydride
was added to the above solution at different molar ratios per
pullulan, including 6:1 (phthalic anhydride: pullulan) (named
PPN1), 9:1 (phthalic anhydride: pullulan) (named PPN2), and
12:1 (phthalic anhydride: pullulan) (named PPN3), to produce
PPNs with different degrees of substitution of phthalic groups.
The reaction was performed at 54◦C for 48 h under nitrogen. The
produced PPNs were dialyzed first in DMF to remove unreacted
phthalic anhydride and then in distilled water at 4◦C for 24 h
to form self-assembled nanoparticles of phthalyl pullulan. The
unreacted pullulan was removed after ultra-centrifugation of
prepared PPNs. Finally, the PPNs were freeze-dried and stored
at−20◦C until use.

Characterization of PPNs
The content of the phthalyl groups in PPNs was confirmed by
600 MHz 1H-nuclear magnetic resonance (NMR) spectroscopy
(AVANCE 600, Bruker, Germany). The surface topography of
PPNs was analyzed using a field-emission scanning electron
microscope (FE-SEM) with SUPRA 55VP-SEM (Carl Zeiss,
Oberkochen, Germany). The PPNs were mounted onto stubs
with adhesive copper tape and coated with platinum under
a vacuum using a coating chamber (CT 1500 HF, Oxford
Instruments, Oxfordshire, United Kingdom). The sizes of the
nanoparticles were measured with a dynamic light scattering
(DLS) spectrophotometer (DLS-7000, Otsuka Electronics, Japan).
The zeta potential of the nanoparticles was measured with an
electrophoretic light scattering (ELS) spectrophotometer (ELS-
8000, Otsuka Electronics, Japan).

Confirmation of Internalization of PPNs
by LP
First, the fluorescence isothiocyanate (FITC)-labeled PPNs were
prepared as follows. Five mg of FITC was mixed with 100 mg

Frontiers in Microbiology | www.frontiersin.org 2 February 2019 | Volume 10 | Article 14239

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00142 February 4, 2019 Time: 16:0 # 3

Hong et al. PPNs Enhanced Antibacterial Properties

PPNs or pullulan dissolved in 2 ml dimethyl sulfoxide (DMSO).
After stirring for 4 h in an opaque tube at room temperature, the
products were dialyzed against distilled water at 4◦C for 24 h.
Finally, FITC-labeled PPNs and pullulan were lyophilized and
stored at−20◦C until use.

To observe the internalization of PPNs and pullulan by
probiotics, LP 177 (2.0 × 106 CFU/ml) was inoculated into 1
ml of MRS broth, treated with 0.5% (w/v) FITC-PPNs or FITC-
pullulan, and incubated for 2 h at 37◦C. The samples were then
washed with PBS and analyzed by flow cytometry and confocal
laser scanning microscopy (CLSM) (SP8X STED, Leica, Wetzlar,
Germany). To confirm the internalization of nanoparticles into
the probiotics, LP treated with FITC-PPN3 was observed by
Z-section mode in CLSM.

To confirm the temperature-dependent internalization of
nanoparticles, three separate cultures of LP were treated with
0.5% (w/v) FITC-PPN3 and incubated at 4, 20, and 37◦C for
2 h. The samples were further washed with PBS and analyzed by
flow cytometry and CLSM. To confirm further the transporter-
dependent internalization of nanoparticles into probiotics, and
glucose, galactose, fructose and PPN3 were used as blocking
agents. LP (2.0 × 106 CFU/ml) was inoculated into 1 ml of
PBS and pre-treated with 10% (w/v) glucose, galactose, fructose
or PPN3 for 10 min at 37◦C before treatment with 0.5% (w/v)
FITC-PPN3. After 2 h of incubation at 37◦C, the samples were
washed three times with PBS, and the internalization of PPN3
was analyzed by flow cytometry and CLSM.

Bacterial Cultures
Escherichia coli (E. coli) K99 and Listeria monocytogenes (LM)
were used as representative Gram-negative and Gram-positive
pathogens, respectively. MRS, LB, and BHI broths were used for
LP 177, E. coli K99, and LM, respectively. All bacteria cultures
were incubated at 37◦C in a shaking incubator (250 rpm) for
24 h prior to experimental procedures or stored at−70◦C in 15%
glycerol for further use.

Co-culture Assay and Agar Diffusion Test
for Antimicrobial Ability
Antimicrobial activity of LP against E. coli and LM was
determined using co-culture assays (Ditu et al., 2011) and agar
diffusion tests (Driscoll et al., 2012), with some modifications.
To compare the antimicrobial activity of LP against E. coli by co-
culture assay, 2.0 × 106 CFU/ml of E. coli was co-cultured with
2.0× 105 CFU/ml LP treated with or without 0.5% (w/v) PPNs or
pullulan in MRS broth for 8 h at 37◦C under aerobic conditions
in a shaking incubator (250 rpm). The antimicrobial activity was
determined by the survival rate of E. coli. The co-cultured samples
were spread on MacConkey agar and incubated for 24 h at 37◦C,
and the number of E. coli colonies was counted. The antimicrobial
activity of LP against LM was also determined by co-culture
assay. LP and LM were co-cultured in BHI broth under similar
conditions as described above. Finally, the co-cultured samples
were spread on Oxford agar, and the number of LM colonies was
counted.

The agar diffusion test was used to determine whether the
cultured medium of LP treated with or without PPNs and
pullulan was able to inhibit the growth of pathogens on an agar
plate. First, 100 µl E. coli stock (2.0 × 108 CFU/ml) was spread
onto LB agar. A paper disk was placed on the E. coli-spread plate,
then 120 µl 8 h-cultured LP media of LP treated with or without
(0.5% w/v) PPNs and pullulan was dropped onto the paper
disk. After drying at room temperature, the plate was cultured
overnight at 37◦C. The zone of inhibition of E. coli growth was
used as a direct measurement of antimicrobial activity. The same
protocols were followed to test the inhibitory effect of LP treated
with or without 0.5% (w/v) PPNs or pullulan on LM growth on
BHI agar plates.

To confirm plantaricin activity, agar diffusion tests of LP
against E. coli and LM were performed using the same protocols
described above after the culture medium was treated with 1
mg/ml proteinase K and incubated at 37◦C for 2 h, and then each
culture supernatant was heated at 100◦C for 30 min.

Analysis of the Growth Conditions of LP
After treatment of LP with or without PPNs or pullulan as
described above, the growth characteristics of the LP were
checked by measuring the pH of growth medium and viable cell
counts at the indicated time points.

Protein Isolation and Identification by
SDS–PAGE
Plantaricin was isolated and purified as described in a previous
study(Song et al., 2014) with some modifications. Supernatants
from the cocultured medium were stirred with ammonium
sulfate (80% saturation) for 2 h at room temperature. The
precipitated proteins, collected by centrifugation, was dissolved
in citrate phosphate buffer (50 mM) and desalted by dialysis
(1 kDa cut-off membrane, Spectrum Lab, United States). Proteins
were lyophilized and stored at 4◦C for further analyses.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS–PAGE) was used to observe the isolated plataricin.

Analysis of Stress Response and
Plantaricin Genes by Quantitative
Real-Time PCR
RNA extraction was performed using the TRIzol R© MaxTM

Bacterial RNA Isolation Kit purchased from Thermo-Fisher
Scientific Inc. (Waltham, MA, United States). Total RNA
extraction was conducted according to the manufacturer’s
instructions. LP was treated with or without PPNs or pullulan
as described above. After the isolation of RNA, cDNA was
synthesized from 1 µg RNA using ReverTra Ace R© qPCR RT
Master Mix with gDNA Remover purchased from TOYOBO
CO., LTD (Dojima, Osaka, Japan). Quantitative real-time PCR
(qRT-PCR) was performed with SYBR qPCR Mix using one-step
real-time PCR. The primers are listed in Table 1. Relative gene
expression was calculated using the−211Ct method. The target
gene expression was normalized to the relative expression of 16s
rRNA as an internal control in each sample.
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TABLE 1 | Primers used in this study.

Gene Primer sequence (5′-3′) Size (bp)

planS F:GCCTTACCAGCGTAATGCCC 450

R:CTGGTGATGCAATCGTTAGTTT

dnaK F:ATTAACGGACATTCCAGCGG 600

R:TTGGCCTTTTTGTTCTGCCG

dnaJ F:GGAACGAATGGTGGCCCTTA 474

R:CTAGACGCACCCACCACAAA

RESULTS

Synthesis and Characterization of PPNs
The reaction scheme of PPN synthesis is shown in Figure 1.
The degree of substitution of phthalic moieties in pullulan was
confirmed by 1H-NMR spectroscopy (Figure 2A) and calculated
by determining the ratio of phthalic acid protons (7.4–7.7 ppm)
to sugar protons (C1 position of α-1,6 and α-1,4 glycosidic
bonds, 4.68 and 5.00 ppm, respectively) as described by Tao
et al. (Tao et al., 2016). According to the degrees of substitution
of phthalic acid, the PPNs were named as follows: PPN1 (DS:
30.90 mol. −%), PPN2 (DS: 50.45 mol. −%) and PPN3 (DS:

68.50 mol. −%). Using SEM, PPN3 (Figure 2D) was determined
to be spherical and sized between 100 and 150 nm. The sizes
of nanoparticles measured by DLS were 140.0, 108.9, and
82.1 nm for PPN1, PPN2, and PPN3, respectively (Figure 2C),
indicating that the particles sizes decreased with an increase
in the number of conjugated phthalic acid groups in pullulan.
Furthermore, the surface charges of the PPNs, measured by
ELS, were −38.09, −38.45, and −33.84 mV for PPN1, PPN2,
and PPN3, respectively (Figure 2B). Due to the unreacted
carboxyl groups in phthalic acid, the PPNs showed negative zeta
potential.

Internalization of PPNs by LP
To confirm the internalization of PPNs by LP, PPNs were
conjugated to fluorescence isothiocyanate (FITC). The
internalization of FITC-PPNs by LP was analyzed by CLSM
and quantified by fluorescence-activated cell sorting (FACS). It
was observed by CLSM that FITC-PPNs and FITC-pullulan
were able to enter LP after incubation at 37◦C for 2 h
(Supplementary Figure S2A). The internalization of PPNs
into LP was not much different among the PPNs due to the
not much differences of the particle sizes of the PPNs, although
pullulan alone entered LP through a diffusion mechanism.
To further confirm whether the PPNs were located at the

FIGURE 1 | Chemical reaction scheme for the synthesis of PPNs (PPNs: phthalyl pullulan nanoparticles).
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FIGURE 2 | Characteristics of PPNs. Calculation of mol.-% phthalic acid in PPNs by 1H-NMR spectroscopy (A). Measurement of the zeta potential of PPNs by ELS
(B) and size by DLS (C). Morphologies of PPNs observed by SEM (D). Magnification: 100,00K, scale bar = 100 nm. (PPNs: phthalyl pullulan nanoparticles, H-NMR:
nuclear magnetic resonance, ELS: electrophoretic light scattering, DLS: dynamic light scattering, SEM: scanning electron microscope).

cell surface or were internalized by LP, LP was treated with
FITC-PPN3 and the location of FITC-PPN3 was identified
by Z-section mode of CLSM. As shown in Figure 3A, the
fluorescence intensity of FITC and DAPI was the highest at
the center of LP, indicating the internalization of PPNs by
LP. We also performed the experiment using a membrane
binding dye (FM4-64) as a negative control. As shown in
Supplementary Figure S1A, the fluorescence intensity of FITC
was the highest at the center of LP, and confirmed that the
FITC fluorescence appeared inside the bacteria (Supplementary
Figure S1B).

Further studies were performed to determine the effect
of incubation temperature and the role of sugar transporters
in the internalization of PPNs by LP. To determine if the

internalization of PPN3 by LP was temperature-dependent,
LP was treated with FITC-PPN3 at 4◦C, room temperature
or 37◦C for 2 h and subsequently analyzed by CLSM
and FACS. The internalization of PPN3 by LP was highest
at 37◦C, suggesting that the internalization of PPN3 was
energy-dependent (Supplementary Figure S2B). Furthermore,
to determine whether the internalization of PPN3 was via
a sugar transporter, LP was pre-treated with 10% (w/v)
glucose, galactose, fructose, and PPN3, and then treated with
0.5% (w/v) FITC-PPN3 for 2 h. The internalization was
then observed by CLSM and FACS (Figure 3B). The results
showed that the internalization of PPN3 was predominantly
dependent on the galactose transporter of LP because pre-
treatment with galactose blocked approximately 40% of the
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FIGURE 3 | Analysis of the internalization of PPNs by LP. FITC-PPNs are shown in green, and LP was stained blue with DAPI. The internalization of PPNs after 2 h of
treatment was quantified by FACS and statistically analyzed. Z-section images show the internalization of corresponding PPNs into LP (A). Analysis of the
internalization of PPNs by LP depending on transporters (B). LP, pre-incubated with 10% (w/v) glucose, fructose, galactose or PPN3 was treated with 0.5% (w/v)
FITC-PPN3 for 2 h at 37◦C, and internalization was observed by CLSM and FACS. Confocal and FACS data are representative of three independent experiments,
and the average values are presented as the mean ± SEM of three independent FACS experiments in a bar chart. Statistical significance was analyzed between
each group by one-way ANOVA and Tukey’s t-test (∗∗∗p < 0.001). Scale bar = 10 µm. (LP: Lactobacillus plantarum, PPN: phthalyl pullulan nanoparticle, CLSM:
confocal laser scanning microscopy, FACS: fluorescence-activated cell sorting, FITC: fluorescein isothiocyanate, DAPI: 4′,6-diamidino-2-phenylindole).

Frontiers in Microbiology | www.frontiersin.org 6 February 2019 | Volume 10 | Article 14243

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00142 February 4, 2019 Time: 16:0 # 7

Hong et al. PPNs Enhanced Antibacterial Properties

FIGURE 4 | Antimicrobial efficacy of LP/PPNs against E. coli and LM (A-D). LP treated with PPNs or pullulan were cultured with Gram-negative E. coli or
Gram-positive LM, and the growth inhibition was calculated by CFU for E. coli (A) and LM (C). Similarly, the diameters of the growth inhibition of E. coli (B) and LM
(D) on LB and BHI agar plates, respectively, were measured. Data are presented as the mean ± SEM of three independent experiments. Statistical significance was
analyzed between LP treated with P and LP treated with PPNs by one-way ANOVA and Tukey’s t-test (∗∗p < 0.01 and ∗∗∗p < 0.001). (LP: Lactobacillus plantarum,
PPN: phthalyl pullulan nanoparticle, P: pullulan, CFU: colony forming unit, LM: Listeria monocytogenes, LB: lysogeny broth, BHI: brain heart infusion).

internalization of PPNs by LP. And it was found that the
internalization of PPN3 was also blocked by pre-treatment of
PPNs.

Effects of PPNs on Antimicrobial Activity
To evaluate whether the internalization of PPNs by LP affected
its antimicrobial activity, LP was treated with three types of
PPNs or pullulan itself. The antimicrobial activity of PPN-treated
LP (LP/PPNs) was then tested against E. coli and LM and
compared with that of untreated or pullulan-treated (LP/P) LP.
The antimicrobial activity of the LP/PPNs groups was higher
than that of untreated LP or LP/P against both E. coli and
LM by co-culture assays (Figures 4A,C). Interestingly, stronger
antimicrobial activity was observed when LP was treated with

smaller nanoparticles. To determine whether the PPNs alone
had antimicrobial activity, E. coli and LM were treated with
PPNs. PPNs alone displayed no antimicrobial activity (data not
shown), indicating that the antimicrobial activity must be derived
from the internalization of the PPNs by LP. In addition, the
antimicrobial activity of LP/PPNs against E. coli and LM was
further evaluated by agar diffusion tests. The inhibition zone
was relatively larger when LP was treated with smaller PPNs
(Figures 4B,D), suggesting that the agar diffusion tests showed
similar antimicrobial patterns of LP/PPNs against E. coli and LM.

To test whether LP exerts its antimicrobial activity via
plantaricin, a natural peptide, we added proteinase K to the
medium of LP during agar diffusion tests. The antimicrobial
activity of the proteinase K-treated group was significantly
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FIGURE 5 | Analysis the mechanism of enhanced antimicrobial ability. Measurement of the growth of LP (A) and pH of the culture medium (B) among LP groups
with internalized PPNs or pullulan. Antimicrobial efficacy of LP/PPNs against E. coli (C) and LM (D) was measured after proteinase K treatment. Relative mRNA
expression levels of planS compared with 16S rRNA expression levels (E). The isolated plantaricin was determined by SDS–PAGE (F). The full length gel is presented
in Supplementary Figure S4. Data are presented as the mean ± SEM of three independent experiments. Statistical significance was analyzed between each group
by one-way ANOVA and Tukey’s t-test (∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001). (LP: Lactobacillus plantarum, PPN: phthalyl pullulan nanoparticle, P: pullulan, PK:
proteinase K, LM: Listeria monocytogenes, SDS–PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis).

reduced compared with the untreated group (Figures 5C,D),
suggesting the degradation of plantaricin by proteinase K.

Effect of PPNs on Growth and Lactic
Acid Production of LP
To test the growth of LP after treatment with PPNs or pullulan,
cell colonies were counted at different time points (Figure 5A).

The results showed no differences in LP growth with or without
PPNs or pullulan treatment. The pH of the culture media of
LP after treatment with PPNs or pullulan was also measured to
evaluate lactic acid production. Consistent with the growth curve,
the pH curve of the LP with or without PPNs or pullulan also
showed no significant changes between the groups (Figure 5B).
Therefore, the internalization of PPNs by LP had no negative
effects on the growth of LP.
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Effect of PPNs on Plantaricin Production
by LP
To determine the variations in the production of plantaricin
in LP by PPNs, the plantaricin from LP, LP/P, LP/PPNs was
isolated and observed by SDS–PAGE. As results, we believed
that molecular weight of isolated plantaricin was between from
2.5 to 6.5 kDa because it was already reported by Jimenez-
Diaz et al. (1993). Also, the SDS–PAGE showed that LP/PPNs
increased the production of plantaricin compared with the
LP and LP/P groups under the same isolation conditions
(Figure 5F).

Expression of Stress Response and
Plantaricin Genes by Quantitative
Real-Time PCR (qRT-PCR)
To evaluate production of plantaricin by PPN-treated LP at
the mRNA level, the expression level of plantaricin mRNA
in PPN-treated LP was compared with that of untreated LP
using qRT-PCR. The plantaricin gene planS was selected, and
16s rRNA was used for normalization. After treatment with
PPNs or pullulan for 8 h, the expression level of planS was
higher in PPN-treated LP than in untreated or pullulan-
treated LP (Figure 5E). The expression level of planS clearly
demonstrated the enhanced antimicrobial activity of PPN-
treated LP.

In our previous study, it was found that internalized inulin
nanoparticles induced a stress response in PA (Cui et al., 2018;
Kim et al., 2018). To verify whether similar behavior occurs in
LP, the expression levels of genes related to heat shock proteins,
dnaK and dnaJ, were determined. After treatment with PPNs or
pullulan for 8 h, the expression levels of dnak and dnaJ were
significantly higher in PPN-treated LP than those of untreated
LP (Figures 6A,B). The results suggested that the internalization
of PPNs by LP induced a stress response.

DISCUSSION

Many researchers have been interested in the use of probiotics
as a promising alternative for synthetic antibiotics because
synthetic antibiotics cannot only elicit negative side effects
but, with improper use, can also lead to antibiotic-resistant
bacteria (Witte, 1998). Prebiotics are generally defined
as non-digestible compounds that stimulate the activity
and/or growth of probiotics and other microorganisms in
the gastrointestinal (GI) tract and have favorable effects
on the health of the host (Gibson, 1999), which are often
mediated by short chain fatty acids (SCFAs) derived from the
metabolism of prebiotics by the gut microbiota (Gourbeyre et al.,
2011).

In this study, we developed PPNs as a new formulation of
prebiotics to increase the antimicrobial activity of probiotics.
The PPNs were prepared by self-assembled nanoparticles after
conjugation of hydrophobic phthalic anhydride to hydroxyl
groups in pullulan through hydrophobic interactions. It is
believed that the reaction occurs between the primary hydroxyl
groups of the pullulan and the carboxylic acids of phthalic
anhydride through esterification. Furthermore, increased
conjugation of phthalic groups resulted in smaller PPN sizes
due to the increased hydrophobic interactions among phthalic
moieties in the PPNs.

A large number of researchers have been interested in how
polymeric nanoparticles are internalized into mammalian cells
through endocytosis (Oh and Park, 2014). Because polymeric
nanoparticles can deliver therapeutic drugs to the necessary place
of action (Zhang et al., 2010) and can be used to overcome
cellular barriers when delivering hydrophobic drugs (Blanco
et al., 2015); however, research on the internalization of polymeric
nanoparticles by prokaryotes as a prebiotic, except for metal
nanoparticles, is still in an early stage. Thus far, much of
the research on prebiotics has focused on their fermentation

FIGURE 6 | Analysis of genes related to the stress response in LP treated with PPNs. The expression levels of dnaK (A) and dnaJ (B) relative to 16s rRNA was
quantified by qRT-PCR. Data are presented as the mean ± SEM of three independent experiments. Statistical significance was analyzed between LP and other
groups by one-way ANOVA and Tukey’s t-test (∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001). (LP: Lactobacillus plantarum, PPN: phthalyl pullulan nanoparticle, P:
pullulan, dnaK, dnaJ: heat shock proteins, qRT-PCR: quantitative real-time polymerase chain reaction).
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by the microbiota (Slavin, 2013). Although the internalization
of metal nanoparticles into pathogens occurs via electrostatic
interactions (Sanyasi et al., 2016), we sought to develop polymeric
nanoparticles as a prebiotic and to elucidate their internalization
by probiotics. Interestingly, it is assumed that PPNs enter
through galactose transporters on the cell surface of probiotics
because pretreatment with galactose significantly decreased the
internalization of PPN3 by LP, whereas glucose and fructose
inhibited internalization to a lesser degree.

The other goal of our research was to evaluate the effect
of prebiotics on the antimicrobial properties of probiotics.
Many studies have described the antimicrobial properties of
metal nanoparticles against pathogens due to their abrogation
of bacterial growth by ionic interactions with the bacterial
membrane (Sanyasi et al., 2016). However, metal nanoparticles
can cause serious side effects in the host (Roy et al., 2003)
and can inhibit both pathogens and beneficial microbes (Travan
et al., 2009). Hence, the treatment of LP with PPNs enhanced
its antimicrobial activity against both Gram-negative E. coli and
Gram-positive L. monocytogenes compared to pullulan or LP
alone although the effect of PPNs internalization in probiotics
on observed antimicrobial activities was mild and PPNs did
not show toxicity to the host. Particularly, LP/PPN3 showed
the highest antimicrobial activity. The results indicated that the
increased antimicrobial activity was dependent on the size of
the PPNs taken up by LP. Moreover, we made starch and inulin
nanoparticles using phthalic acid and the antibacterial activity of
these nanoparticles was compared with PPNs (Supplementary
Figure S3).

The advantages of probiotics as a food and feed additive
have been mostly focused on their antimicrobial properties,
suggesting that the enhancement of antimicrobial properties is
of importance to probiotics researchers. Plantaricin is a natural
peptide produced by LP and was reported to possess strong
antimicrobial properties (Nes and Hole, 2000). In this study,
treatment of LP with PPNs markedly increased the production
of plantaricin, which was confirmed by the mRNA expression
of planS. It is hypothesized that the internalization of PPNs
directly affected the production of plantaricin. Therefore, we
hypothesize that the internalization of PPNs by LP contributes
to the enhanced antimicrobial properties of LP via increased
expression of the plantaricin.

Notably, probiotics produce bacteriocins as their first defense
mechanism (Cleveland et al., 2001; Castro et al., 2015).
Several factors, such as culture pH, temperature, and pressure
(Kalchayanand et al., 1998; Castro et al., 2015), affect the
expression of bacteriocins by the upregulation of genes related
to heat shock proteins (HSPs) (Bove et al., 2013) and the stress
response. The mRNA expression levels of dnaK and dnaJ in
PPN-treated LP were significantly higher than those of untreated
LP. The results indicated that the internalization of PPNs by
LP induced a mild intracellular stress response to stimulate
antimicrobial activities without death of the host. Therefore, the
internalization of PPNs by LP enhanced the expression of the
plantaricin gene to activate the host’s defense system. Further
research is needed to determine the precise mechanism of the
internalization of PPNs by LP.

Ultimately, polymeric nanoparticles as prebiotics can exert
substantial effects on probiotics, which lead to the increased
production of an antimicrobial peptide that is powerful against
Gram-positive and Gram-negative pathogens. Therefore, our
study shows a new way to produce antimicrobial peptides
in probiotics through mild intracellular stimulation by the
internalization of PPNs into probiotics, suggesting that PPNs
have great promise as an alternative to synthetic antibiotics in
veterinary, dairy, and human applications.

AUTHOR CONTRIBUTIONS

LH designed and performed the experiments, analyzed the
data, and generated all the figures. LH wrote most of the
manuscript. W-SK and S-ML discussed the results and corrected
the manuscript. S-KK, Y-JC, and C-SC supervised the project.

FUNDING

This research was supported by the Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (No. 2016936920).
LH, W-SK, and S-ML were supported by the Brain Korea 21 Plus
program.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.
00142/full#supplementary-material

FIGURE S1 | Analysis of the internalization of PPNs by LP. Confocal images and
FACS analysis were performed after treatment of LP with 0.5% (w/v) FITC-PPNs
for 2 h at 37◦C. FITC-PPNs are shown in green, and membrane was stained red
with FM4-64. Z-section showed that fluorescence intensity of FITC was highest at
the center of LP (A). Confirmed that the FITC fluorescence appeared inside the
bacteria (B). (LP: Lactobacillus plantarum, PPN: phthalyl pullulan nanoparticle,
CLSM: confocal laser scanning microscopy, FACS: fluorescence-activated cell
sorting, FITC: fluorescein isothiocyanate, FM4-64: N-(3-triethylammoniumpropyl)-
4-(6-(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide).

FIGURE S2 | Analysis of the internalization of PPNs by LP. Confocal images and
FACS analysis were performed after treatment of LP with 0.5% (w/v) FITC-pullulan
and FITC-PPNs for 2 h at 37◦C. FITC-PPNs and FITC-pullulan are shown in green,
and LP was stained blue with DAPI. The internalization of pullulan and PPNs after
2 h of treatment was quantified by FACS and statistically analyzed (A). Next, LP
was treated with 0.5% (w/v) FITC-PPN3 at different temperatures (4, 20, or 37◦C)
for 2 h (B), and internalization was observed by CLSM and FACS. Confocal and
FACS data are representative of three independent experiments, and the average
values are presented as the mean ± SEM of three independent FACS experiments
in a bar chart. Statistical significance was analyzed between each group by
one-way ANOVA and Tukey’s t-test (∗∗∗p < 0.001). Scale bar = 10 µm. (LP:
Lactobacillus plantarum, PPN: phthalyl pullulan nanoparticle, CLSM: confocal
laser scanning microscopy, FACS: fluorescence-activated cell sorting, FITC:
fluorescein isothiocyanate, DAPI: 4′,6-diamidino-2-phenylindole).

FIGURE S3 | Antimicrobial efficacy of LP, LP/PSNs, LP/PINs, or LP/PPNs against
E. coli K99. LP treated with different kinds of nanoparticles were cultured with
Gram-negative E. coli. Statistical significance was analyzed between each group
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by one-way ANOVA and Tukey’s t-test (∗∗∗p < 0.001) (LP: Lactobacillus
plantarum, PPN: phthalyl pullulan nanoparticle, PSN: phthalyl starch nanoparticle,
PIN: phthalyl inulin nanoparticle, CFU: colony forming unit).

FIGURE S4 | The full length of SDS–PAGE gel. (M: marker, LP: Lactobacillus
plantarum, PPN: phthalyl pullulan nanoparticle, P: pullulan, SDS–PAGE: sodium
dodecyl sulfate polyacrylamide gel electrophoresis).
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of Biotechnology, Federal University of Uberlândia, Uberlândia, Brazil

Salmonella spp. is an important foodborne agent of salmonellosis, whose sources in
humans often include products of avian origin. The control of this bacterium is difficult
especially when Salmonella spp. is organized into biofilms. We hypothesized that the
novel nanocomposites of ZnO nanocrystals doped with silver (Ag) and silver oxide (AgO)
nanocrystals (ZnO:Ag-AgO) synthesized by the coprecipitation method could control
or prevent the formation of Salmonella Enteritidis (SE) and Salmonella Heidelberg (SH)
biofilm and its entry into turkey eggs. The diffraction characteristics of ZnO and AgO
showed sizes of 28 and 30 nm, respectively. The Zn to Ag substitution into the ZnO
crystalline structure was evidenced by the ionic radius of Ag+2 (1.26 Å), which is
greater than Zn+2 (0.74 Å). For the SE analyses post-biofilm formation, the ZnO:Ag-
AgO was not able to eliminate the biofilm, but the bacterial load was lower than that of
the control group. Additionally, SE was able to infiltrate into the eggs and was found in
both albumen and yolk. For the SH analyses applied onto the eggshells before biofilm
formation, the ZnO:Ag-AgO treatment prevented biofilm formation, and although the
bacterium infiltration into the eggs was observed in all treated groups, it was significantly
smaller in ZnO:Ag-AgO pre-treated eggs, and SH could not reach the yolk. There was
no difference in pore size between groups; therefore, the inhibition of biofilm formation
and the prevention of bacterium entry into the egg were attributable to the use of
ZnO:Ag-AgO, which was not influenced by the egg structure. Although the amount
of Ag and Zn in the shell of the ZnO:Ag-AgO group was greater in relation to the control,
this difference was not detected in the other egg components. In the search for new
measures that are effective, safe and viable for controlling microorganisms in poultry
farming, the application of a nanocomposite of Ag-doped ZnO and AgO nanocrystals
appears as an alternative of great potential to prevent Salmonella sp biofilms in eggshells
and other surfaces.
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INTRODUCTION

The control of microorganisms is a primordial action for poultry
production due to the potential risk of transmission of pathogenic
organisms to humans and other animals throughout the
entire food chain. Among the most important microorganisms,
Salmonella spp. may be considered one of the most important
foodborne agents in the European Union and the United States
(Center for Disease Control CDC, 2016; EFSA, 2017) and may
cause significant damage to the poultry industry as well as to
public health. Importantly, products of avian origin represent
47% of salmonellosis sources in humans (Center for Disease
Control CDC, 2016).

Control of the different serotypes of Salmonella spp. is requir-
ed throughout the entire poultry production cycle. Embryonated
eggs, equipment, facilities, vehicles and other materials involved
in the process must undergo an efficient disinfection to control
these microorganisms. Historically, formaldehyde has been
chosen as one the main disinfectant agent of eggs, however, its
use has been restricted (BRASIL, 2008), openning space to other
disinfectants, such as the peracetic acid (PA).

Current research has sought alternatives for the effective
biological control of avian products that are not only harmless
to humans, other animals and the environment, but also easily
applicable at a feasible cost. This scenario has introduced
nanoparticles as a potential alternative biocidal agent, due to their
ability to achieve intimate interactions with bacterial surfaces
conferred by their small size, a property that results in a high
surface-to-volume ratio, thus providing a high biocidal power
(Allaker, 2010).

Zinc oxide (ZnO) nanocrystals (NCs) are a biocompatible
materials, according to the U.S. Food and Drug Administration
(FDA); therefore, in this work we investigated this nanocrystal
doped with silver (Ag) and with silver oxide (AgO) nanocrystals.
ZnO nanocrystals (NCs) exhibit many important characteristics,
such as high catalytic activity, chemical and physical stability,
as well as ultraviolet (UV) absorption (Tankhiwale and Bajpai,
2012). The doping technique is employed to produce defects
aiming to increase the catalytic activity in ZnO NCs, and
consequently, the ability to induce oxidative stress in bacteria,
which is one of the main mechanisms of bactericidal action (Pati
et al., 2014). The catalytic activity is a property that induces the
generation of reactive oxygen species (ROS), leading to oxidative
stress and bacterial death (Espitia et al., 2012). The mixing of
NCs into nanocomposites (NC) can potentiate a certain physical
property or the presence of two interesting physical properties.
Thus, in the present work, we investigated the synergism of
Ag-doped ZnO with AgO NCs in the bactericidal action.

In order to ensure survival in harsh environments, Salmonella
spp., as well as other microorganisms, develop adaptation
mechanisms, such as biofilm formation (Steenackers et al.,
2012). Biofilm is the aggregation of sessile microorganisms
on a surface, followed by self-production of extracellular
matrix, composed of protein and exopolysaccharides (Donlan
and Costerton, 2002; Martínez and Vadyvaloo, 2014). This
mechanism confers to the bacteria capacities of persistence and
survival in adverse environments, and especially, resistance to the

action of biocides, since this physical barrier hinders the action of
the disinfectant agent (Nikolaev and Plakunov, 2007; Tomihama
et al., 2007; Flemming and Wingender, 2010). The formation
of biofilms is a great concern given their ability to remain in
environments, resisting sanitizers and antimicrobials, and give
rise to a constant source of microorganisms, favoring pathogen
propagation in production chains and, consequently, in foods
(Schlisselberg and Yaron, 2013).

Nanocomposites consist of a mixture of different nanocrystals
that may synergize and potentiate certain physical properties
due to the combination of two interesting and complementary
physical properties. Zinc oxide (ZnO) is generally recognized
as safe (GRAS) by the U.S. Food and Drug Administration
and may be used as food additives due to its antimicrobial
properties. ZnO nanoparticles present pronounced antimicrobial
activity due to their small size and high surface-to-volume
ratio of nanoparticles, showing selective toxicity to bacteria and
minimal effects on human cells (Reddy et al., 2007), most likely
due to disruption of the bacterial membrane and oxidative
stress (Xie et al., 2011; Espitia et al., 2012; Pati et al., 2014).
Another important nanoparticle with significant antimicrobial
effect is Silver Oxide (AgO). AgO has been used as cleaning and
preservative agents due to its high catalytic activity and selectivity
as catalyst in organic reactions, however, the antimicrobial
activity of AgO nanoparticles against bacteria depends on their
shape (Wang et al., 2010).

Considering the necessity and importance of controlling
microorganisms, especially Salmonella spp. in relation to avian
products, the present study aimed to verify the synergistic action
of nanocomposites composed of Ag-doped ZnO containing
AgO NCs (ZnO:Ag-AgO) on the control and prevention of
Salmonella Enteritidis (SE) and Salmonella Heidelberg (SH)
in biofilm formation in turkey embryonated eggshells, which
present a rough surface with many pores that allow bacterial
contamination during cleaning prior to consumption. Herein, we
apply for the first time a nanocomposite as an antimicrobial agent
on eggshells to prevent biofilm formation, which may have an
important impact on the poultry industry.

MATERIALS AND METHODS

Synthesis and Characterization of the
NCs of ZnO:Ag-AgO
The synthesis of the ZnO:Ag-AgO nanocrystals was performed at
the “Laboratory of New Insulating and Semiconductor Materials
(LNMIS)” at the Institute of Physics of the Federal University
of Uberlândia. ZnO:Ag-AgO NCs were synthesized by the
coprecipitation method, which is under a patent application
(BR 10 2018 007714 7). The physical properties of the NCs
were investigated by X-Ray Diffraction (XRD) and electronic
scanning microscopy (SEM). XRD patterns were measured by a
Shimadzu XRD-6000 diffractometer with a Cu-target radiation
(λ = 0.154 nm). The SEM images and EDS results were
obtained by scanning electron microscopy (SEM; Carl Zeiss SMT
Ltd., EVO MA 15). All characterizations were performed at
room temperature.
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GRAPHICAL ABSTRACT | Preventive treatment with ZnO:Ag-AgO novel nanoscomposite nanocrystals prevented the SH biofilms formation and it was more
efficient than peracetic acid to prevent the entry of bacteria into the eggs. The previous treatment with ZnO:Ag-AgO nanocomposite is a viable alternative to avoid
the formation of biofilms and to diminish the bacterial load.

Evaluation of the Concentration of
Ag-Doping for Inhibition of
Salmonella spp.
The biological studies and eggs’ incubation were performed,
respectively, in the Laboratory of Molecular Epidemiology and
Laboratory of Egg Incubation of the School of Veterinary
Medicine at the Federal University of Uberlândia. To determine
the activity of ZnO:Ag-AgO, we have used antibiograms
according to Bauer et al. (1966), which consisted of inoculating a
bacterial suspension (SE and SH) on Mueller Hinton agar plates,
followed by the application of filter paper disks impregnated
with 1.4 mg/mL of nanoparticles under three different dosages
of Ag-doping (5, 9, and 11%). Sulfonamide disks (300 µg;
LABORCLIN R©) were used as a control. We incubated the plates
for 20 h at 37◦C. After incubation, the growth or inhibition
pattern was analyzed around each disk, and the halos were
measured for the determination of the inhibition spectrum.

Efficiency of ZnO:Ag-AgO NCs in the
Elimination of SE and SH in Biofilm
Formation in Eggshell and Entry
Into Eggs
The eggs originated from a 35-week-old turkey breeder from an
industrial poultry business. The SE strain used in the study was
provided by the Instituto Oswaldo Cruz Foundation (FIOCRUZ)
and the SH strain was isolated in our laboratory from broilers,
where they were characterized and typed genetically.

The efficiency of the ZnO:Ag-AgO nanocomposite in the
control of SE and SH biofilms was evaluated in eggs. As to

SE, we divided 64 eggs into four groups, each group consisting
of 16 eggs and each sample unit consisting of two eggs. For
biofilm formation, three groups were submerged, separately
two by two, in a 100 mL suspension of TSB containing 105

CFU/mL of SE, for a period of 24 h at 25◦C. In the fourth
group (negative control - NC), the eggs were also submerged
for 24 h, but in sterile TSB. After this period (24 h) the eggs
were washed three times in ultrapure water to remove free
bacteria from the biofilms. The eggs were dried, after which the
disinfectant treatments were applied: (i) ZnO:Ag-AgO: Spraying
1.4 mg of ZnO:Ag-AgO nanocomposite diluted in water per
egg during 30 min; (ii) PA: Immersion in peracetic acid 2.5%
(25,000 ppm) for 15 s; (iii) PC (positive control): Spray of
ultrapure water, previously in contact with TSB containing
Bacteria; and (iv) NC (negative control): Spray of ultrapure water,
previously in contact with sterile TSB. After drying, the eggs were
opened in laminar flow, separated aseptically into shell, albumen
and yolk, and collected.

Bacterial Identification and
Counting for SH and SE
We evaluated a total of 10 g of each sample unit both
qualitatively and quantitatively. In the quantitative evaluation
of the shell, a total of 10 g of the sample was added to
90 mL of 0.9% NaCl solution, thoroughly homogenized and
submitted to serial dilutions for subsequent plating on TSA
agar surface incubated at 37◦C for 30 h for SE counting. At
the same time, the presence and absence of SE in the shell,
albumen and yolk were evaluated. A 10-gram sample of shell
and 1 mL of albumen and yolk were added to 90 mL and 9 mL
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of peptone water (Isofar R©), respectively, and separately. These
samples were incubated for 24 h at 37◦C; then a 1mL aliquot
of this was inoculated into Rappaport (Oxoid R©) culture medium
and 1mL in Tetrathionate (Merck R©) culture medium. After 24-h
growth, both were depleted in XLD. Colonies with morphological
characteristics of Salmonella were selected; three to five CFU
per plate were submitted to a conventional PCR reaction for
specie confirmation. As the eggs were only disinfected and
not sterilized, another microarray PCR assay was performed
to confirm serotypes. The multiplex ligation detection reaction
(LDR) generated collections of DNA molecules. Such DNA
molecules were subsequently amplified by means of a single pair
of amplimers through a PCR. The PCR products were then sorted
by hybridization by a low-density DNA microarray. Positive
hybridization was detected using a biotin label incorporated
in one of the PCR primers. Tubes were then inserted in the
single-channel ATR03 array tube reader upon completion of the
detection reaction, and images were acquired and interpreted
via the software supplied by the manufacturer (Check-Points,
Wageningen, Netherlands).

Efficiency of NCs of ZnO:Ag-AgO in
Prevention of SH Biofilm Formation in
Eggshell and Entry Into Eggs
The results of the SE experiments led us to make some
modifications to the experiments on SH. To evaluate the
efficiency of the nanoparticle in the control SH biofilms, the
same methodology for bacteria inoculation and eggs analysis
described above were used. However, two more groups were
added: (i) ZnO:Ag-AgO pre (preventive treatment with ZnO:Ag-
AgO): ZnO:Ag-AgO was applied twice, being approximately
1.4 mg/mL per egg in each application. A spray was performed
24 h before contact with the SH and another treatment 30 min
after the biofilm formation and the removal of the free forms
of the bacterium; (ii) ZnO:Ag-AgO post (treatment after biofilm
formation with nanocomposite of ZnO:Ag-AgO): ZnO:Ag-AgO
spray (1.4 mg per egg) was applied for 30 min after biofilm
formation and removal of free forms of the bacteria; (iii) PA
pre (preventive treatment) with peracetic acid: identical to NP
pretreatment but using 25,000ppm of peracetic acid per egg;
(vi) PA post (treatment after biofilm formation with peracetic
acid): identical to treatment NP post but using 25,000ppm
of peracetic acid per egg; (v) PC: Ultrapure water spray
24 h after biofilm formation; (vi) NC: Ultrapure water spray
24 h after immersion in sterile TSB. The same laboratorial
experiments carried out for SE identification and quantification
were conducted for SH.

Evaluation of Eggshell Pore Size
Considering the possibility that shell pore diameter may
influence the nanocomposite treatments applied before and
after SH contamination, we used confocal Raman microscopy.
Images obtained from the equatorial region of the eggshells
were evaluated by the program Gwyddion to obtain the
figures with measurements of shell roughness height and
pore diameter.

Scanning Electron Microscopy
The SH biofilm was evaluated by SEM, following the protocol
described by Brown et al. (2014) with modifications. Biofilms
formed in eggshells were fixed with 2.5% glutaraldehyde and
2.5% paraformaldehyde in 0.1 M buffer PBS (pH 7.4) overnight
at 4◦C. The fixed material was removed, and the samples were
washed three times with PBS buffer. The eggshell was fixed
again with 1% osmium tetroxide for 2 h and washed three
times with PBS buffer. The eggshell was then dehydrated several
times by using ethanol solutions at the following concentrations:
30, 40, 50, 60, 70, 80, and 90% and then three times at 100%
for 20 min at each concentration. The samples were dried in
Critical Drying Point (CPD; CPD 030, Baltec, Germany) using
liquid carbon dioxide as the transition fluid. The samples were
coated with a 20-nanometer-thick layer of gold (SCD 050, Baltec,
Germany) and visualized on SEM (VP Zeiss Supra 55 SEM FEG
operating at 5 kV).

Levels of the Ag and Zn in
Egg Components
A total of three samples of albumen, yolk and eggshell from
the NPpre and C (control -without nanoparticle) groups were
analyzed to identify the presence of Ag and Zn, and thus to
understand the invasiveness level of the nanoparticles in the eggs.
A total of 1 g of each sample was muffled at 600◦C for 3 h,
then cooled in a desiccator to obtain the dry matter. The samples
were then ground into a homogeneous powder form. Then 0.1 g
of each sample was weighed and added to 6 ml of a nitro-
perchloric solution, with the nitric and perchloric acid at the ratio
of 8:1. During the digestion of the samples, there was a controlled
variation of temperature: 15 min at 50◦C, 15 min at 75◦C, 30 min
at 120◦C, 40 min at 160◦C and finally at 60 min at 210◦C, to
finally obtain approximately 5 ml of translucent extract. After
cooling, 50 ml of water was added at 60◦C and homogenized.
The samples were filtered and submitted to Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES) and then the
concentrations of Ag and Zn were quantified.

Statistical Analysis
The analyses were performed with the aid of the software
GraphPad Prism, version 7.0. The quantitative biofilm formation
tests performed on the eggshells were analyzed by the Kruskal–
Wallis test followed by Dunn’s multiple comparisons test. For the
difference between percentages, the Chi-square test followed by
the Fisher–Irwin tests of two-by-two was used. ANOVA and the
Tukey test were employed to analyze the shell roughness height
and the Ag and Zn amounts we used. The confidence level was
95% for all reports.

RESULTS

Characterization of ZnO:Ag-AgO
Nanocomposites
The structural and morphological properties of the ZnO NCs and
NC were investigated by XRD and electronic SEM, respectively.
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FIGURE 1 | (A) X-ray patterns of ZnO nanocrystals (black line) and
nanocomposite (ZnO:5Ag; green line). (B) Amplification to investigate the
alterations of the ZnO main peak due to the incorporation of Ag.

Figure 1 shows the XRD characteristic diffraction patterns
of wurtzite ZnO nanocrystals (black line) and nanocomposite
(green line). An amplification was performed to investigate the
alterations of the ZnO main peak due to the incorporation of
Ag. (Figure 1B inset). Figure 1B shows a shift to smaller angles
relative to the ZnO peak (100), and this result confirms the
substitutional incorporation of silver in place of zinc into the
ZnO crystalline structure, since Ag+2 has an ionic radius (1.26 Å)
greater than Zn+2 (0.74 Å) and the peak characteristic diffraction
of AgO nanocrystals. The AgO NCs percentage formed was
calculated by XRD patterns and obtained 49.36%. These results
confirmed the formation of nanocomposite of Ag-doped ZnO
with AgO nanocrystals.

Figure 2A shows SEM image of nanocomposite (ZnO:5Ag)
confirming the rod-shaped Ag-doped ZnO nanocrystals with
diameter of 73 nm and length of 140 nm, as well as the
morphology of AgO NCs, which is a mixture of plates with
a sphere. Figure 2B shows EDS results that confirmed the
presence of Ag, Zn and O elements, which are the constituents of
Ag-doped ZnO and AgO NCs in excellent agreement with XRD
results (Figure 1). Figure 2C shows the quantitative elements in
weight %. The elements C and Au consist of the substrate and
metallization, respectively.

FIGURE 2 | (A) Scanning microscopy image of nanocomposite (ZnO:5Ag),
(B) EDS results, and (C) Quantitative elements in weight%.

The antibiogram results showed that 5% Ag-doping was
sufficient to inhibit SE and SH. Therefore, we have used this
percentage of doping.

ZnO:Ag-AgO NCs Were Not Able to
Decrease the Positivity of Biofilm
Formation in Eggs but Reduced
the Contaminant Load of SE
In the SE analyses, the biofilm was formed in all groups that
were exposed to the bacterium. Salmonella was able to advance
into the egg, being isolated in albumen and yolk. Figure 3A
shows that there was no statistical difference between the
percentages of contaminated eggs in eggshell, albumen or yolk
among the ZnO:Ag-AgO, PA and PC groups. Nanocomposite
of ZnO:Ag-AgO and PA were not efficient at decreasing the
percentage of eggs positive for the presence of biofilm on their
shells and the passage of the SE into the egg (Figure 3A).
However, nanocomposite of ZnO:Ag-AgO and PA caused a
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FIGURE 3 | Evaluation of the efficiency of ZnO:Ag-AgO in the manage the already formed SE biofilm. (A) Percentage of shell, albumen and yolk positive for SE
submitted to different types of disinfection. Different letters represent statistical differences in the presence of SE in the shell (a,b), albumen (c,d) or yolk (e,f) of the
eggs. NC: negative control; PA: Peracetic acid; PC: Positive control. (B) Bacterial load on SE biofilms formed in turkey eggs subjected to different types of
disinfection. ZnO:Ag-AgO and PA caused a significant drop in the contaminant load on SE biofilms formed in turkey eggs. NC: negative control; PA: Peracetic acid;
PC: Positive control.

FIGURE 4 | Evaluation of the efficiency of ZnO:Ag-AgO in the manage the already formed SH and in the prevention of SH biofilm formation. (A) Percentage shell,
albumen and yolk positive for SH submitted to different types of disinfection. Different letters represent statistical differences for the presence of SH in the shell (a,b),
albumen (c,d) or yolk (e,f) of the eggs. (ZnO:Ag-AgO) pre and PA pre prevented the biofilm formation. (ZnO:Ag-AgO) pre: preventive treatment with nanocomposite of
ZnO:Ag-AgO; PA pre: preventive treatment with peracetic acid; NC: negative control; (ZnO:Ag-AgO) post, treatment after biofilm formation with nanocomposite of
ZnO:Ag-AgO; PA post: treatment after biofilm formation with peracetic acid; PC: Positive control. (B) Bacterial load on SH biofilms formed in eggshell subjected to
different types of disinfection. (ZnO:Ag-AgO) pos and PA post caused a significant drop in the contaminant load on eggshell SH biofilms. (ZnO:Ag-AgO) pre and PA
pre prevented the biofilm formation. (ZnO:Ag-AgO) pre: preventive treatment with nanocomposite of ZnO:Ag-AgO; PA pre: preventive treatment with peracetic acid;
NC: negative control; (ZnO:Ag-AgO) post: treatment after biofilm formation with nanocomposite of ZnO:Ag-AgO; PA post: treatment after biofilm formation with
peracetic acid; PC: Positive control.

significant drop in the contaminant load (Figure 3B). Compared
to the PC group, the reduction caused in ZnO:Ag-AgO was
5.538 Log CFU.mL−1, whereas in PA it was 6.092 Log
CFU.mL−1 (Figure 3B).

ZnO:Ag-AgO NCs Prevent SH Biofilm
Formation in Eggshell and Decreased
the Entrance of the Bacterium Into the
Egg but Do Not Eliminate Previously
Formed Biofilm
There was no biofilm formation in eggshell in both preventive
treatments by means of ZnO:Ag-AgO and PA (denominated

(ZnO:Ag-AgO) pre and PA pre, respectively (Figure 4).
The passage of the bacterium into the eggs was noted
in all treated groups, being smaller in ZnO:Ag-AgO pre
(Figure 4A). In this group, the percentage of SH-positive
albumin was lower than in the other treated groups and
the bacteria did not reach the yolk (Figure 4A). Evaluating
the efficiency of the SH biofilm inhibition of on eggshell,
the nanocomposite of ZnO:Ag-AgO and peracetic acid post
treatment caused a significant drop in the contaminant
load (Figure 4B).

In order to verify whether the use of ZnO:Ag-AgO nano-
composite, either preventively or after the formation of biofilms,
was influenced by eggshell pore size, we used Confocal Raman
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FIGURE 5 | Formation of SH biofilms on an eggshell in PC, (ZnO:Ag-AgO) pre and NC groups. (A) PC – Typical SE biofilm matrix formation (as seen on the white
arrows), with invasion of bacteria as indicated by the black arrows. (B) PC – Biofilm of SH in stage of expansion, with visualization of the bacteria releasing the matrix.
(C) PC – Biofilm of SH and presence of free bacteria on the surface. Length measurement (2,245 µm). (D) PC – Biofilm of SH and presence of free bacteria on the
surface. Width measurement (703.1 nm). (E) (ZnO:Ag-AgO) pre – Structure similar to the SH biofilm matrix, however, it is unconfigured and bacteria are visualized in
different formats. (F) NC – Group of cells in different formats verified near the unconfigured matrix.

Microscopy (Supplementary Figure S1). As expected, when
we measured the size of the SH by SEM (Figures 5B,C), we
realized that the eggshell pore size allows passage of SH into
the eggs. There was no statistical difference in pore size between
groups (Table 1).

Through SEM analyses, we can elucidate the conformation
of SH biofilms in eggshells. In the group PC we observed
characteristic formation of biofilm as well as free bacteria on the

TABLE 1 | Measurements of pore diameters in eggs submitted or not to different
types of disinfection with nanoparticles.

NC (ZnO:Ag-AgO) post (ZnO:Ag-AgO) pre

Pore diameters (µm) 4.032 4.095 4.536

There was not statistical difference in the eggs pore size.

surface of these biofilms (Figures 5A–D). In groups (ZnO:Ag-
AgO) pre, AP pre, and NC, we observed a sparsity of matrix
that was incompatible with that presented by the group PC. We
observed some bacteria in NC but detected no bacteria similar to
PC in size and morphology (Figures 5E,F).

Small amounts of both matrix and other microorganisms were
expected in the NC since the eggshells were not sterilized. Most
of the bacteria found in the NC are probably environmental ones.
Furthermore, in the eggshells we detected the presence of organic
remnants, such as mucoproteins and other environmental
substances, including nest material and suspended feed powder.
However, our analysis detected greater differences between
negative and positive groups in relation to the matrix formation,
shape and bacterial amount. Figure 5 strongly confirmed that the
SH biofilm was not formed in the previously treated eggshell with
ZnO:Ag-AgO.
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TABLE 2 | Concentration of Ag and Zn (ppm) in shell, albumen or yolk of eggs
treated with ZnO:Ag-AgO and NC.

Shell Shell Albumen Albumen Yolk Yolk

NC ZnO:Ag-AgO NC ZnO:Ag-AgO NC ZnO:Ag-AgO

Ag 0,007a 0,100b 0,003a 0,010a 0.002a 0.001a

Zn 0.218a 0.797b 0.265a 0.232a 1.294c 1.295c

Different letters on the same line for same element means statistical difference.

Zn and Ag Ions Have Not Reached Into
the Eggs Treated With ZnO:Ag-AgO NCs
As expected, the Ag and Zn, quantified by inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES), showed a
large presence of Ag on the shell treated with ZnO:Ag-AgO
nanocomposite, but most important, Ag ions have not been
detected in the albumen and yolk (Table 2). Zinc was detected
in the shell, albumen and yolk samples. Although the amount of
Ag and Zn in the shell of the ZnO:Ag-AgO group was statistically
greater relative to the control, this difference was not observed in
the other egg components (Table 2).

DISCUSSION

In the present work, we have demonstrated that a novel
nanocomposite of Ag-doped ZnO and AgO nanocrystals has
been successfully used as a preventive measure to control biofilm
formation, and SE and SH infiltration into turkey eggs. This
new nanocomposite has shown diffraction patterns of both ZnO
and AgO, with respective sizes of 28 nm and 30nm. We have
also confirmed the Ag doping with substitution of Zn by Ag
into the ZnO crystalline structure, by demonstrating that the
Ag+2 has an ionic radius (1.26 Å) greater than Zn+2 (0.74 Å).
This doping strategy has increased the catalytic activity in ZnO
NCs, improving its ability to induce oxidative stress in bacteria
(Pati et al., 2014).

Salmonella control is a major concern for poultry producers
in Brazil since the country is the largest exporter of poultry meat
and eggs. The control of SH is quite difficult and highly prevalent
in Brazil (Voss-Rech et al., 2015). In poultry products Salmonella
spp. was the main cause of early warnings in the European
Union between January 2017 and May 2018 (RASFF, 2018). It is
possible that these bacteria remain in the farm environment as a
biofilm form.

We have also used the ZnO:Ag-AgO to control the SE
biofilms in eggs and its entry into albumen and yolk, but the
nanocomposite was not able to eliminate previously formed
biofilms, although has significantly reduced the bacterial load
in the egg surface. The presence of Salmonella into eggs
corroborates previous findings elsewhere (Gustin, 2003), in
which Salmonella spp. is able to enter the egg contents after 24 h
of contact with eggshells. However, we emphasize that the most
important finding was the use of ZnO:Ag-AgO before SH biofilm
formation, which not only protected from its formation, but also
demonstrated that it has effectively blocked the bacterial entry
into the albumen and yolk.

Eggshells present numerous pores that are sufficiently large to
act as gateways for microorganisms (Cardoso et al., 2001; Silva,
2005). Considering that the shell pore diameter may be involved
in the bacterial contamination and translocation into the egg,
which may also facilitate the entry of nanocrystals, we have
shown for the first time the pore size of turkey eggshells by
Confocal Raman, and we also showed that toxic Ag ions did
not reach the albumen and yolk, which was also successfully
demonstrated by ICP-OES, demonstrating that no ions were
internalized. Similar to Ag, higher Zn ion concentration was
only observed at the eggshell surface treated with ZnO:Ag-
AgO, demonstrating that although the ultra-small size of the
ZnO:Ag-AgO NCs would easily allow their entry into the egg,
they were not able to translocate to the inner side of eggs. We
hypothesize that probably the surface charges of both eggshell
and nanocrystals have favored the nanocrystals retention at the
shell surface.

It is worth to note that microorganisms are highly resistant
to disinfectants when structured as biofilms (Ziech et al., 2016).
In general, disinfectants are not capable of eliminating the entire
biofilm matrix, requiring further association with a mechanical
processes to disturb the matrix structure and to expose the
microorganisms to disinfectants (Maukonen et al., 2003; Srey
et al., 2013). Although complete elimination has not occurred
in the present study, the evaluated disinfectants significantly
reduced the microbial load of the biofilm on treated eggs by 5 to
6 logs. Again, the similar performance between the ZnO:Ag-AgO
and PA groups as control measures confirmed the potential of
the ZnO:Ag-AgO nanocomposite, since the dose of PA used was
much higher than the one recommended by the manufacturer.
Several studies have shown full or partial efficiency of ZnO
or AgO nanoparticles in inhibiting biofilm activity of different
microorganisms in polystyrene wells or another material (Sinisa
et al., 2015; Singh et al., 2016, 2018; Melo et al., 2017), but none
has shown nanocrystals behavior in eggshells and their activity at
the surface and within the egg components. Therefore, this is the
first time an Ag-doped ZnO-AgO nanocomposite is successfully
used as a preventive measure to protect eggs from Salmonella spp
infection and biofilm formation.

Briefly, in our search for new effective, safe and viable
measures to control microorganisms in the poultry farming,
we have synthesized a novel nanocomposite that may become
an alternative of great potential to effectively prevent Salmonella
biofilm formation and infection of eggs. Moreover, since eggshells
have a rough surface, we believe this in an excellent experimental
model for biofilm formation, which reinforces its use on other
surfaces. Besides its successful activity against the most important
bacterial problem in the poultry industry, it is a harmless
substance. Other studies should be performed to ascertain the
best administration and control of other microorganisms.
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Indian biodiversity is a hub for medicinal plants. Extensive research has been carried
out to select plants with numerous properties which can be used for human welfare.
Present research is about Cymbopogon citratus, an economically valuable medicinal
plant. In this study Cymbopogon citratus was elected as a subject plant over
the five selected plants (Azadirachta indica, Plumeria obtuse, Sapindus mukorossi,
Capsicum annuum and Phyllanthus emblica) on the basis of antibacterial effect against
dominating pathogenic species of gram positive (Bacillus cereus, Bacillus licheniformis)
and gram negative (Pseudomonas aeruginosa, Escherichia coli) bacteria. Further,
bioactive agents behind antibacterial potential of Cymbopogon citratus was analyzed
using analytical method (Phyto-chemical, FTIR, NMR and GC-MS). Due to the broad
antimicrobial spectrum, silver nanoparticles have turned into a noteworthy decision for
the improvement of new medication. Therefore, this investigation further elaborated in
the development of Cymbopogon citratus silver nano-particles (CNPs). Antibacterial
potential of CNPs examine in a range of C25–C150 (µg/ml) through minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) where, C25 (µg/ml)
concentration of CNPs were recorded as the MIC for all bacterial species and C25

(µg/ml) and C50 (µg/ml) noted as the MBC for Pseudomonas aeruginosa, Escherichia
coli and Bacillus cereus, Bacillus licheniformis, respectively. In agar disk diffusion assay
of CNPs, maximum diameter of zone of inhibition was observed for C150 (µg/ml)
concentration Bacillus cereus (20.12 ± 0.42), Bacillus licheniformis (22.34 ± 0.4),
Pseudomonas aeruginosa (35.23 ± 0.46) and Escherichia coli (31.87 ± 0.24).
Involvement of bioactive component as a reducing and capping agent can be confirmed
through FTIR spectrum of CNPs. Moreover XRD, EDXRF and SEM showed crystalline
and cuboidal nature of CNPs with ∼35 nm sizes. Prominently, cytotoxic analysis was
conducted to understand the toxic effect of CNPs. This research highlights the potential
of CNPs due to the bioactive components present in Cymbopogon citratus extract:
Polyphenols (phenol; 1584.56 ± 16.32 mg/L, Flavanoids) and mixture of terpenoids
(Citral, Myrcene, Farnesol, β-myrcene and β –Pinene)

Keywords: Cymbopogon citratus, analytical analysis, Cymbopogon citratus silver nanoparticles, pathogenic
species, minimum inhibitory concentration
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INTRODUCTION

More than half of the world population use plants for their
basic health needs. They are bestowed for humanity. From
the millennia they have been used as a potent medicinal
treatment against various kinds of diseases and ailment.
Plant resides wide range of bioactive components/secondary
metabolites viz Phenols, Tannins, Saponin, Steriods, Alkaloids,
Flavanoids, Carbohydrates and Glycosides which are responsible
for antimicrobial activity (Nascimento et al., 2000; Ewansiha
et al., 2012; Chaudhary et al., 2017; Elish et al., 2017) therefore
the discovery of extraction of bioactive components from
plants have proved to be one of the important research
for human kind. Due to the negative impact of chemically
designed antimicrobial drugs as compared to natural drugs
on human health and environment; treatment with natural
constituents has increased potentially these days (Wu et al.,
2013). Many reports cited numerous plants with antimicrobial
activity; C. citratus is one of them commonly referred
as lemon grass.

Cymbopogon citratus is an aromatic, perennial and
economically valuable plant. Studies indicate that this plant
have a strong lemon like aroma due to the presence of citral,
which is a potent bioactive constituent having antimicrobial
activity (Korenblum et al., 2013) and therefore in common
language, C. citratus called by lemongrass. The component
present in plant is conventionally used in variety of human
therapy (Han and Parker, 2017). Traditionally aqueous extract
of its dried leaves use to treat digestive disorders, diabetes,
nervous disorders and cancer (Francisco et al., 2011). According
Thangam et al., 2014 findings C. citratus polysaccharides has
important role in turning off the genes that suppresses the tumor
growth and act as a potent novel anti-cancer drugs. C. citratusis
widely applicable in field of medicine, cosmetic (Perfumes, soap
etc) and brewing (non-alcoholic like tea) (Ekpenyong et al.,
2014). Because of the immense benefit to human kind, C. citratus
has been used to conduct several of studies for investigation of its
valuable potential.

Different physio-chemical methods have been opted for
synthesizing nanoparticles with expensive cost and detrimental
effects (Oves et al., 2013). Recently, production of plant
nanoparticles is in high demand; due to the versatile nature
of plant to be used as an antimicrobial agent. Attention
of researchers has been diverted toward plants nanoparticle
(PNPs) because of their eco-friendly and non-pathogenic nature.
They have provided an environmentally suitable solution in
bio-medicinal sector, as a green approach (Jain and Mehata, 2017;
Oves et al., 2018). In general; a particle which range between 1
and 100 nm is referred to as nanoparticle (Baranwal et al., 2018).
Due to the reduced size of synthesized nanoparticles, high surface
to volume ratio was noticed by scientist which is a remarkable
feature for obliterating bacterial density (Oves et al., 2017). For
the production of nanoparticles noble metals like Silver (Ag),
Gold (Au) and Platinum (Pt) have been used (Rai et al., 2015).
Silver (Ag) used enormously among all metals, as researcher
reported its use in broad sense as an anti-microbial agent like
anti-bacterial, anti-fungal, anti-inflammatory, anti-cancerous

and anti-viral (Goudarzi et al., 2016; Oves et al., 2017; Qayyum
et al., 2017; Yugal et al., 2017). Therefore synthesizing silver
nanoparticle through plant extract has been recognized as
efficient biological approach in controlling the pathogenic
microbes (Qayyum et al., 2017).

The study has focused on (i) Screening of potent plant from
six different selected plants (Azadirachta indica, Plumeria obtuse,
Cymbopogon citratus, Sapindus mukorossi, Capsicum annuum
and Phyllanthus emblica) using antibacterial assay against
dominating pathogenic gram positive (Bacillus cereus, Bacillus
licheniformis) and gram negative (Pseudomonas aeruginosa,
Escherichia coli) bacterial species.(ii) Characterization of
bioactive components present in selected potent plant
(Cymbopogon citratus) through phytochemical (qualitatively
and quantitatively) and analytical (FTIR, NMR and GC-MS)
analysis. (iii) Development of synthesized nanoparticles from
Cymbopogon citratus referred as CNPs and further analyzed using
FTIR, XRD, EDXRF, SEM, MIC/MBC and cyto-toxicity assay.

MATERIALS AND METHODS

Collection of Plant Material
Leaves of A. indica, C. citrates, and P. obtuse were collected
from the institutional area of TERI-gram (Gurugram, India)
in the month of June-July (2016). Seeds of S. mukorossi, C.
annuum, and P. emblica obtained from raw fruits, commercially
available. Study materials were stored at cold room (4

◦

C) till
further analysis.

Preparation of Plant Extracts
To prepare plant extract, leaves and raw fruits were first
surface sterilized with distilled water followed by 70% ethanol
(Merck Ltd) for removal of dust and unwanted particles.
Seeds were obtained from raw fruits by removing the pulp
and sterilized with 70% ethanol (Merck, Ltd). Sterilized plant
material (leaves and seeds) were sun-dried and then powdered
with mechanical grinder. For extraction, soxhlet method was
opted, were methanol (Fisher Scientific, Ltd) served as a
solvent. For each plant, different conditions such as ratio of
solvent (ml): plant material (g) and time were optimized.
Extracted samples were further concentrated using Rota-
evaporator (Rotavac Heidolph).

Testing Microorganism
In the present study, for examining the antimicrobial
activity; B. cereus (ATCC- BAA-512), E. coli (ATCC- 11775),
P. aeruginosa (ATCC- 19429) and B. licheniformis (DSMZ-8059)
bacteria were selected. For inoculum preparation loop
full of bacterial culture from agar plates were transferred
to Muller Hinton broth (HiMedia). Obtained bacterial
suspension was incubated for 24 h at 37◦C, further for
antibacterial assay bacterial growth were adjusted to 0.5
MacFarland standard turbidity (Clinical and Laboratory
Standards Institute [CLSI], 2012) approx 1.5 × 106

CFU/ml bacterial cultures.
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Antibacterial Activity of Plant Extracts
(Agar Disk-Diffusion)
For determination of antibacterial activity, agar disk-diffusion
method was performed as per EUCAST (2019) Guidelines.
Using Spread plate technique, Mueller-Hinton agar (HiMedia
Laboratories Pvt. Ltd) plates were inoculated with selected
microorganism. Sterile disk (6 mm diameter, HiMedia
Laboratories Pvt., Ltd.) was dipped in different plant extracts
(Azadirachta indica, Plumeria obtuse, Cymbopogon citratus,
Sapindu smukorossi, Capsicum annuum and Phyllanthus
emblica) solutions in selected concentration (100 µg/ml)
made in methanol. Plates were incubated at 37◦C for 24 h.
The clear zone was noted in mm, which signifies the Zone of
inhibition. From this investigation, C. citratus was selected for
further examinations.

Qualitative and Quantitative Analysis of
C. citratus Extract
Bioactive compounds present in C. citratus extract were assessed
both qualitatively and quantitatively (TPC: Total phenolic
compound). The standard protocols were used for determination
of compounds such as carbohydrate, Saponin, Steroid, Phenols,
Tannin, Flavonoids, Glycosides, Terpenoids, and Alkaloids
(Ewansiha et al., 2012). Total phenolic content of the plant extract
was determined through Folin-Ciocalteu reagent (Alhakmani
et al., 2013).500 µl extract (1 mg/mL) mixed with 2 ml
of 10% Follin-Coiocalteu (2N) (Sigma-Aldrich) and 4 ml of
7.5%NaHCO3 (Sigma-Aldrich) solution. Mixture was incubated
for 30 min at room temperature. Absorbance was measured at
wavelength 765 nm. Standard curve (Supplementary Figure S1)
was prepared using gallic acid. Total Phenolic content was
expressed in mg/g of dry weight.

Analytical Investigation of C. citratus
Extract
Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy spectrum of C. citratus
extract was obtained using FTIR spectrophotometer (Perkin
Elmer). FTIR used for chemical identification as each molecule
and chemical structure creates a unique spectra. The IR spectra
were accounted in % transmittance. The wave number region
for analysis was 4000–400 cm−1 (mid-infrared range.) with
resolution of 0.15 cm−1 having 64 scans per spectrum.

Nuclear Magnetic Resonance (NMR)
Nuclear magnetic resonance spectroscopy was performed to
obtain 1H-NMR spectra of C. citratus extract, which was
recorded using NMR (BrukerAvance III) spectrophotometer with
operating frequency of 400 MHz at 289K temperature, the spectra
obtained of 12 ppm width. To acquire high-quality spectra;
sample run for 64 scans and chemical shifts were reported in parts
per millions (ppm).

Gas Chromatography-Mass Spectrometry (GC-MS)
The extract of C. citratus was analyze using GC-MS (Agilent
5975C) equipped with DB-WAX capillary column. Helium was
used as carrier gas. Temperature ranges between 230 and 325◦C.

Initially, column temperature was set at 70◦C and further
increased to 325◦C. Dilute sample (1/50 in methanol) of 0.1 µl
was used. The components were identified on the basis of
their mass spectra using National Institute for Standards and
Technology [NIST] Mass Spectrometry Data Center (2018)
library data of GC-MS system.

Development, Characterization and
Surface Analysis of C. citratus Silver
Nano-Particle (CNPs)
Preparation of Silver Nano-Particle
The nanoparticle synthesized from C. citratus was mentioned
as CNPs. Silver nanoparticle was prepared by mixing plant
extract in ratio of 1:9 10 ml plant extract and 90 ml of 1 mM
(AR grade AgNO3, Sigma-Aldrich, India). This was incubated
at 37◦C for 24 h in dark condition. Colloidal suspension was
obtained which was further centrifuged two times at 4000 rpm for
30 min; collected pellet was washed with distilled water with same
condition for removal of any absorbed substances. The obtained
nanoparticles were lyophilized and used as stock (Simon et al.,
2017). From stock, working solution (in methanol) with varying
range (C25-C150µg/ml) was prepared.

X-Ray Diffraction (XRD), Energy Dispersive X-Ray
Fluorescence (EDXRF) and Fourier Transform Infrared
Spectroscopy (FTIR) Analysis of CNPs
The prepared CNPs were characterized by; X-ray diffraction
(XRD), energy dispersive X-ray fluorescence spectrometry
(EDXRF) and Fourier transform infrared (FT-IR) spectroscopy.
Analysis of lyophized powder of synthesized CNPs was carried
out in a Rigaku Mini-Flex II XRD machine to determine the
phase crystallinity using Cu-κα radiation. XRD analysis was
executed with in the 2θ scanning range of 3◦–90◦ with speed
4.00 deg/min in continuous mode. The EDXRF was executed
using DX-700HS spectrometer (Shimadzu) for the purity of
silver. The XRF study has been carried out in Helium atmosphere,
at suitable voltage and current intensity. FT-IR spectra were
recorded over the range of 400–4000 cm−1 using a FT-IR Perkin
Elmer spectrophotometer.

Scanning Electron Microscopy (SEM) of CNPs
Interactions between bacterial species and silver nanoparticle
were studied by Scanning Electron Microscopy (Carl Zeiss)
(Hayat, 2000). Under aseptic conditions sample was immersed
2 to 4 h in 2.5% glutaraldehyde solution. Primary washing was
done by 0.1M phosphate buffer with pH 7.2 and dehydrated
with ethanol solution in series of 10–100% followed by acetone.
Samples were air dried overnight, which were further coated with
thin layer of metal (gold and palladium).

Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) of CNPs
Minimum inhibitory concentration were performed using broth
dilution technique, value which shows the 99.9% of bacterial
inhibition after 24 h of incubation at 37◦C were considered
as a MIC. For determination of MBC a small portion of
liquid was aliquots from the MIC wells and spread on agar
plates for 24 h at 37◦C, no visible bacterial growth after
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sub-culturing was considered as MBC (French, 2006). Under
aseptic condition MIC was conducted using Muller Hinton broth
(MHB) medium, purchased from HiMedia Laboratories Pvt Ltd.
Potential of CNPs were tested in a range from 25 to 150 µg/ml
placing with positive and negative controls. Positive control
was a bacterial suspension in MHB broth whereas negative
controls were wells containing only MHB and MHB with CNPs.
Experiment was incubated for 24 h at 37◦C, appearance of
visible solution in treated wells with reference to positive and
negative control reflected as the MIC value of CNPs against
test organism.

Cytotoxicity Assay of C. citratus and CNPs
The cytotoxicity assay was performed according to Ishida
et al. (2006). The RBCs suspension was treated with several

concentrations of both plant extract and synthesized CNPs
in range of 10–150 µg/ml for 48 h where Triton X-114
(Sigma-Aldrich), utilized as a marker for hemolysis. Incubation
executed for 2 h at 37◦C on experimental cells. The RBCs were
centrifuged at 2000 for 10 min, and estimation of hemolysis was
done by taking the supernatant part, using a spectrophotometer
at 540 nm. The outcomes were communicated as the percentage
of hemolysis cytotoxicity test was conducted at National
Toxicology Institute, Pune, India.

Statistical Analysis
The experimental results were expressed as mean
standard deviation of three replicates. Microsoft Excel
2010 statistical package was used for all analyses. The
data were subjected to one-way analysis of variance

FIGURE 1 | Antibacterial activity depicted in various plant extracts A (Phyllanthus emblica), B (Azadirachta indica), C (Capsicum annuum), D (Sapindus mukorossi), E
(Plumeria obtuse), F (Cymbopogoncitratus). Cymbopogon citratus displayed highest antibacterial activity. Mean values are significantly differ from each other
according to statistical one way ANOVA (P ≤ 0.05).

FIGURE 2 | Schematic representation of analytical analysis of Cymbopogon citratus and lethal effect of synthesized silver nano-particles (CNPs).
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TABLE 1 | Qualitative analysis of phytochemical constituent present in C. citratus
extract.

S. No. Phytochemical test Methanolic
extract of
C. citratus

1 Carbohydrates +

2 Saponin −

3 Steriod +

4 Phenols +++

5 Tannins +

6 Flavanoid ++

7 Alkaloid +

8 Terponoid +++

9 Cardiac glycoside +

“+++” Highly present; “+” moderate present; and “–” absent.

TABLE 2 | Quantitative analysis of phytochemical constituent present in C. citratus
extract.

Phytochemical test mg/ggallic acid
equivalent

Total phenolic content (TPC) 1584.56 ± 16.32

±signify the Standard Deviation (SD) value.

(ANOVA) to determine the significant difference among
variables. Difference was considered statistically significant
at p ≤ 0.05.

RESULTS AND DISCUSSION

Selection of Potent Plant on the Basis of
Antibacterial Potential
Antimicrobial assay was performed to select the potent plant
among the six selected plants. According to Ishida et al. (2006)
plants inherent with medicinal properties which were studied

for antimicrobial activities. Our finding signifies the importance
of C. citratus among all selected plants; C. citratus gave the
highest zone of inhibition against all the test microorganisms.
The diameter of zone of inhibition recorded were 10.23 ± 0.08
for B. cereus, 13.1 ± 0.3 for B. licheniformis, 15.2 ± 0.5 for E. coli
and 18.0 ± 0.12 for P. aeruginosa (Figure 1 and Supplementary
Table S1). Therefore, C. citratus selected and subjected for further
analysis in order to identify its bioactive components responsible
for its antibacterial nature and potential of synthesized silver
nanoparticle against test microorganisms (Figure 2).

Qualitative and Quantitative Analysis
Previous reports of Matouschek and Stahl (1991), Chisowa et al.
(1998), Negrelle and Gomes (2007), Aftab et al. (2011), and
Lawal et al. (2017) on C. citratus suggested that geographical
origin is responsible for variation in chemical composition of
plant extract, though presence of sugar, steroid, phenols, tannins,
alkaloid, flavanoid and terpenoid is well-known. Results of
preliminary phytochemical screening confirmed the presence of
similar chemical classes (Table 1). Existence of these chemicals
in plant can act as bioactive components for plant, which are
responsible for antimicrobial activity (Shah et al., 2011). Phenolic
compounds are ubiquitous in nature and they exert several
functions on plants such as such as plant growth, reproduction,
development and disease resistance. These compounds were
considered as the vital bioactive moiety for plant and produced
by shikimate pathway (Lin et al., 2016). Several reports were
suggesting that phenolic compound including terpenoid and
flavonoid are anti-microbially bioactive components reside
in plants (Parveen et al., 2010; Bhat et al., 2011; Voon
et al., 2012; Wu et al., 2013). Quantitative finding of present
research for the concentration of phenol was estimated to
be 1584.56 ± 16.32 mg/g (Table 2). According to Mirghani
et al. (2012) study, high amount of phenol is reported in
C. citratus. Previously reported data on phenolic compounds
including flavonoids validate that, these compounds contain
polar hydroxyl groups which were responsible for antioxidants,

FIGURE 3 | (A) FTIR spectra of Cymbopogon citratus (methanolic extract), and (B) FTIR of CNPs.
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FIGURE 4 | 1H-NMR spectrum of Cymbopogon citratus (methanolic extract).

FIGURE 5 | GC-MS chromatogram obtained from Cymbopogon citratus (methanolic extract); depicted the molecule peak eluted at particular retention time.
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FIGURE 6 | Illustrated the fragmentation pattern of Citral molecule present in Cymbopogon citratus (methanolic extract).

free radical scavenger, anti-bacterial and anti-inflammatory
actions (Cheel et al., 2005; Compean and Ynalvez, 2014; Pratiwi
and Elin, 2016). Researcher additionally believed that inhibitory
impact of bioactive component (terpenoids and phenols) is due
to the interaction and disruption of enzymes and proteins useful
for microbial metabolism (Ashraf et al., 2016).

Analytical Analysis
To obtain the reliable statistical data, analytical analysis of
C. citratus was executed through FTIR, NMR and GC-MS; CNPs
through XRD, EDXRF and FTIR. Further, comparative analysis
of FTIR spectra of C. citratus and CNPs were illustrated.

FTIR Analysis of C. citratus and CNPs
For analyzing surface functional groups in plant extract and
CNPs, FTIR technique was used as represented in Figures 3A,B.

The spectra obtained for C. citratus (plant) extract and CNPs
exhibited well defined spectral regions varied in the range of
400–4000 cm−1. While comparing FTIR spectra of plant extract
with CNPs, peaks of CNPs spectra observed at 693.529, 1070.741,
1381.988, 1620.7, 2849.921 and 2923.029 was found to be almost
similar with minor shifts, indicates the role of plant extract
as a capping agent to the silver nanoparticles (Ahmed and
Ikram, 2015). According to Jain and Mehata (2017) plant extract
contains the responsible agent for the reduction of silver ions into
the formation of nanoparticles. Further, spectrum lying in range
between 3600 and 3200 was assigned to -OH stretching of alcohol.
The peaks in the region of 1700–1600 denotes the C = O and
weak C = C stretching of aldehyde and ketone. C-H stretching of
alkane was observed at 2923.029 (CNPs), 2925.80 (Plant extract)
corresponding to an alkyl saturated aliphatic group. Peak at
2849.921 (CNPs), 2854.73 (Plant extract) related to symmetric

Frontiers in Microbiology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 28266

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00282 February 25, 2019 Time: 18:28 # 8

Basera et al. Potential of Cymbopogon citratus on Pathogenic Species

FIGURE 7 | Illustrated the fragmentation pattern of Farnesol, Myrcene, and Pinene molecule present in Cymbopogon citratus (methanolic extract).

and asymmetric stretching of CH2, presence of similar carbon
stretch was reported by Wany et al. (2014) and Jamuna et al.
(2017). Observed spectra within 1400–1000 range correspond
to N-H stretch of amines (1◦ and 2◦) and C-O stretch (groups
of polyphenols like flavanoid, terpenoids and polysaccharides)
(Vankar and Shukla, 2012). The FTIR results confirmed the
presence of –N-H, –OH, C = C, and C-H groups, which indicated
that the plant extract containing the hydroxyl and amine groups
that evidence the presence of flavonoids and terpenoids. Further,
presence of flavonoids was responsible for reducing Ag+ to Ag0

and an amino group stabilized the synthesized nanoparticles
(Balashanmugam and Kalaichelvan, 2015). Overall, biological
agent resides in plants are responsible for capping and stabilizing
the synthesized silver nanoparticles.

1H-NMR Analysis of C. citratus
1H-NMR is effective technique for metabolites study in plant
extract, as it analyzes all the metabolites present in extract (Kim

et al., 2010; Heyman and Meyer, 2012). Figure 4 illustrated
the 1H-NMR spectrum of C. citratus extract. Chemical shift
obtained from 1H-NMR spectra can be due to proton on
carbon or proton on Oxygen/Nitrogen. Chemical shift procured
from proton on carbon is shown by signal at δ0.897,1.292 and
7.416 ppm which correspond to methyl, methylene and aromatic
groups, respectively. The value range between δ 2–2.3 shows the
presence of carbonyl group. Single range between δ4.043–7.416
and δ0.5–5 due to the shift for proton on Oxygen/Nitrogen which
account for the presence of alcohol in the extract. Occurrence
of allylic group in extract, is due to the shift acquired between
δ 1.686–2.047. The Peak Fabrics obtained form NMR profile
illustrated that C. citratus extract comprising of mixture of
terpenoids and flavanoids.

GC-MS Analysis of C. citratus
GC-MS was performed to validate the data acquired from
FTIR and NMR of C. citratus. GC-MS spectroscopy has
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FIGURE 8 | (A) XRD and (B) EDXRF graphs depicted the crystalline nature of
CNPs with ∼ 35 nm.

TABLE 3 | MIC and MBC values of CNPs synthesized from C. citratus.

S. No. Test organism Positive
control

Negative
control

MIC and MBC
CNPs (µg/ml)

MIC MBC

1 Bacillus cereus + − 25 50

2 Bacillus
licheniformis

+ − 25 50

3 Escherichia coli + − 25 25

4 Pseudomonas
aeruginosa

+ − 25 25

(−): Clear solution, (+): Turbidity.

been widely used as a powerful structural characterization
technique. Analysis of C. citratus extract revealed the presence
of α-citral in the sample showed by peak eluted at 10.50 min
(Figure 5). By observing system library peaks eluted with
retention time of 12.62 and 13.16, corresponds to myrcene
and farnasol. The fragmentation patterns of the peaks and
identified compounds of the plant were shown in Figures 6, 7.
By analyzing the fragmentation pattern of GC-MS divulged

the existence of Citral, Myrcene, Farnesol, β-myrcene and β –
Pinene with peaks at 29, 41, 69, 79, 93,105, and 119 m/z,
respectively. Due to the hemolytic alpha and beta cleavage,
citral shows peak at m/z 29, 69 (https://webbook.nist.gov/
chemistry/) According to Nanjundaswamy et al. (2007), Kumar
(2012), Madivoli et al. (2012), and Olorunnisola et al. (2014)
bioactive component as elucidate above shows antibacterial
effect. FTIR and NMR data indicated the presence of terpenoid
and favanoids character of bioactive component, which was
further proved by GC-MS data.

XRD and EDXRF of CNPs
XRD examination was executed to affirm the crystalline
nature of the synthesized CNPs. Figure 8A delineated
the XRD pattern of dried lyophized powder CNPs; four
peaks 37.6◦, 43.5◦, 63.6◦ and 73.5◦ were obtained at 2θ,
in the range of 20–80◦. Braggs reflections obtained in this
range clearly indicates that biosynthesized CNPs showed
characteristic peaks which corresponds to the crystalline
planes of face centered cubic structure, i.e., 111, 200,
220, and 311 (Oves et al., 2017; Qayyum et al., 2017). In
addition, the weaker signals were recorded possibly due
to components from the organic moieties present within
the synthesized CNPs (Goudarzi et al., 2016). According to
Zhang et al. (2016) size of silver nanoparticles lies between
2 and 100 nm. Nano-crystallite size can be calculated using
Debye-Scherrer equation (Goudarzi et al., 2016; Jyoti et al., 2016):

D =
Kλ

βCosθ

Where D: Size of crystallites (nm), K: Crystallite shape
factor (0.9), λ: X ray wavelength, β: Full width at half the
maximum (FWHM) and θ: Braggs’ angle. Using Debye-Scherrer
equation it was observed that the size of CNPs were
∼35 nm.

For understanding the elemental composition present in
CNPs, EDXRF analysis was conducted (Shameli et al., 2012).
In the present investigation EDXRF of CNPs (Figure 8B and
Supplementary Figure S2) revealed the presence of silver
(Ag) and chloride (Cl) where, silver (Ag, 87.1%) as the major
constituent element compared to chloride (Cl, 12.9%). EDXRF

TABLE 4 | Mean value of zone of inhibition of CNPs synthesized from C. citratus through agar disk-diffusion method.

Test organism Zone of inhibition (mm)

CNPs (µg/ml)

AgNO3

(25 µg/ml)
C25 C50 C100 C150

Bacillus cereus 0 1.41 ± 0.12 6.93 ± 0.08 12.23 ± 0.4 20.12 ± 0.42

Bacillus licheniformis 0 1.92 ± 0.07 7.52 ± 0.42 13.24 ± 0.12 22.34 ± 0.4

Escherichia coli 0 2.51 ± 0.44 8.12 ± 0.12 18.96 ± 0.46 31.87 ± 0.24

Pseudomonas aeruginosa 0 2.91 ± 0.12 9.12 ± 0.14 19.23 ± 0.24 35.23 ± 0.46

±: Standard Deviation (SD) and C(25−150): range of CNPs concentration and AgNO3 (25 µg/ml): as a control. Mean values of each rows are significantly differ from each
other according to statistical one way ANOVA (P ≤ 0.05).
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FIGURE 9 | (A) Scanning micrograph of CNPs (with bar of 2 µm). (B) Depicted cuboidal structure of CNPs (with bar of 1 µm). (C) Represented untreated bacterial
population with intact cell membrane (with bar of 1 µm). (D) Detrimental effect of CNPs on bacterial cell membrane were observed marked by red arrows (with bar of
1 µm).

FIGURE 10 | Graph elucidated the cell cytotoxicity of CNPs in terms of
percentage of hemolysis.

reading proved that the required phase of silver (Ag) was present
in the CNPs.

Determination of Bactericidal Effect of
C. citratus (CNPs) Through Antibacterial
Assay and SEM Analysis
For the assessment of CNPs potential against test organisms;
agar disk diffusion, minimum inhibitory concentration (MIC)
and Minimum bactericidal concentration (MBC) techniques
were performed. From the experimental range of CNPs

(C25- C150µg/ml), C25 (µg/ml) concentration was determined
to be the MIC for all bacterial species (B. cereus, B. licheniformis,
P. aeruginosa and E. coli) while C25 µg/ml (B. cereus, B.
licheniformis) and C50 µg/ml (P. aeruginosa and E. coli)
as a MBC (Table 3). Investigation done by Hindumathy
(2011) and Jafari et al. (2012) reported the MIC and MBC
of C. citratus extract ranged between 50 and 150 mg/mL
and 25 to 200 mg/mL, respectively. Tobramycin belongs
to a class of drugs known as aminoglycoside antibiotics
which is used to prevent or treat a wide variety of bacterial
infections (especially related to eyes). According to Naik
et al. (2010) investigation B. cereus, E. coli, and P. aeruginosa
showed resistant behavior against tobramycin. While working
on alkalinized C. citratus silver nano-particles Ajayi and
Afolayan (2017) recorded the MIC values, ranged between
31.25 and 62.5 µg/ml and for antibiotic ciprofloxacin
31.25–15.63 µg/ml against B. cereus, E. coli, E. faecalis,
S. Flexneri. Agar disk-diffusion data revealed that C150
(µg/ml) concentration expresses the maximum zone of
inhibition (calculated in mm), for all bacterial species;
B. cereus (20.12 ± 0.42), B. licheniformis (22.34 ± 0.4),
P. aeruginosa (35.23 ± 0.46) and E. coli (31.87 ± 0.24) (Table 4
and Supplementary Figure S3). According to Zulfa et al.
(2016) report, illustrated the maximum zone of inhibition of
Cymbopogon citratus extract against B. Cereus and E. coli was
12.00 ± 1.41 and 7.50 ± 0.71, respectively. While comparing
the CNPs results with previous studies, effective results of
CNPs were reflected.
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Bactericidal profile of CNPs can be inspected by SEM
studies, which is considered as the paramount technique for
visual examination of bacterial interaction with synthesized
nanoparticles as depicts in Figure 9. SEM images of CNPs
illustrated the surface morphology in terms of size (20–40 nm)
and shape (cuboidal) was represented in Figures 9A,B. Hong
et al. (2016) illustrated the importance of cube shaped silver
nanoparticles in antibacterial activity. Their study demonstrated
that, while comparing the typical shaped silver particles that
is nanosphere, nanocubes and nanowires; silver nanocube
showed the strongest antibacterial activity as they can establish
the close contact with bacteria due to the granulated shape
and large surface area. Figure 9C represents untreated rod
shape, diplo-bacillus intact bacteria with no sign of damage
in cell wall. After treatment with CNPs, bacterial lysis was
noticeably observed as marked with red arrows in Figure 9D.
The capability of CNPs for antibacterial action is because of
the diminished sizes of silver acting as capping agents with
bioactive components present in plant extract. Researchers
reported several approaches to describe the destructive nature
of silver nanoparticles. Literature revealed that silver particles
can interact with sulfur and phosphorous groups present in
bacteria; continuous interaction causes the disruption of one
of the most incumbent process, i.e., DNA replication which
eventually ruptured the microbial structure and finally leads
to the death of bacteria (Yugal et al., 2017). According to Xia
et al. (2008) accretion of nanoparticles on bacteria showed the
bactericidal effect, due to development of highly reactive species,
i.e., ROS (Reactive oxygen species) which further leads to the
formation of hydroxyl radicle and singlet oxygen species that
disrupt the cell-wall and exterminated the bacteria (Lavakumar
et al., 2015). Nevertheless, the factual operation behind lethality
of silver nano-particle is not yet fully understood.

Cytotoxicity Assay
Cytotoxicity analysis provided the significance in identifying
the lethality of synthesized silver nanoparticle. Though, plant
based nanoparticles are trending subject among researchers due
to its broad spectrum effect on microorganism (Ovais et al.,
2016), but its toxicity need to be classified (Yugal et al., 2017).
According to the present data of C. citratus extract and CNPs,
revealed that CNPs has more efficacious effect in hemolytic action
than C. citratus extract Figure 10. For the present experiment
10–150 g/ml range (Plant extract and CNPs) was used. Data
exhibited that increasing the concentration of CNPs has negative
effect on RBCs. Several factors are responsible for this significant
higher rate of hemolytic action of CNPs, one possible explanation
of hemolytic action on RBCs was considered to be the release of
oxidative stress products which further damage the membrane
and caused for lots of noxious effect such as morphological
alterations and hemagglutination (Huang et al., 2016). Increased
surface area of CNPs due to their nano size was an another
explanation for toxicity, which generates pore in surface of RBC
and finally leads to the death of cells. Hong et al. (2016) study
illustrated that smaller AgNPs (silver nanoparticles) with larger

surface area shows detrimental effects by damaging the entire
cells, as they can developed the close contacts with bacterial cells.
Whereas selected concentration range of plant extract has no
reaction on experimental cells, Costa (2015) cited the extract
of C. citratus act as a therapeutic agent due its innocuous and
anti-inflammatory nature after oral and tropical administration
(in vivo) in rats (as an experimental animal). Finding of Rao
et al. (2009) also suggested the antigenotoxic and radioprotective
potential of C. citratus extract.

CONCLUSION

Emerging resistant pathogenic species developed the interest in
plant based nano-particles. In this study we demonstrated the
elevated antimicrobial activity of synthesized C. citratus silver
nanoparticles, i.e., CNPs against the gram positive (B. cereus, B.
licheniformis) as well as gram negative (P. aeruginosa, E. coli)
pathogenic species. Further Phytochemical, FTIR, NMR and
GC-MS analysis helps to explore the bioactive components of
C. citratus extract which helps in reduction of silver ion (Ag+1

to Ag0) and act as an capping agent. Data obtained from XRD,
EDXRF and SEM revealed the structural and chemical properties
of CNPs. In addition, SEM images evidenced the physical
interaction between the CNPs and bacteria which indicated the
detrimental damages caused by CNPs by rupturing the bacterial
membrane. Antibacterial assay was conducted to determine the
MIC and MBC values against the test organism. Moreover,
cell cytotoxicity findings revealed that increased concentration
of CNPs over plant extract has lethal effect on cells. Taken
all together, this investigation demonstrates the successfully
synthesizes potentially active CNPs which can use as an effective
bio-medical application against pathogenic species.
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Caseous lymphadenitis (CL) is an infectious and zoonotic disease characterized by
the development of granulomas in the lymph nodes and internal organs of small
ruminants. The etiological agent of this disease is Corynebacterium pseudotuberculosis,
a Gram-positive and facultative intracellular bacterium. The conventional treatment for
CL consists of drainage and chemical cauterization of the lesions using a 10% iodine
solution. However, this type of treatment is not effective, due to iodine’s cytotoxic profile
and low antibacterial activity. Currently, silver nanoparticles (AgNPs) can be seen as an
alternative treatment for CL due to their antimicrobial activity and wound healing effects.
Therefore, the present study aimed to evaluate AgNPs as a post-surgical treatment
for CL. Twenty-nine goats and sheep with clinical signs of CL were selected. Surgical
intervention was performed to excise the caseous lesions. To treat the lesions, an
ointment formulation based on AgNP mixed with natural waxes and oils was used in
the experimental group, and the conventional treatment with 10% iodine was used
in the control group. Bacteria were isolated from the excised caseous material. The
animals were observed for 8 weeks after the surgical treatment, and blood samples
were taken weekly. The surgical wounds of sheep treated with AgNP healed faster, and
the surgical wound area was smaller during the observation period; the latter effect was
also observed in goats. AgNP-treated animals also had less purulent discharge and less
moisture in the surgical wounds. The AgNP-treated animals had lower leukocyte counts
and lower titers of anti-C. pseudotuberculosis antibodies. There was no statistically
significant difference between the groups with regard to the hemogram results. The
results of the susceptibility testing of C. pseudotuberculosis strains (T1, 1002, FRC41,
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and VD57 strains) and clinical isolates to AgNPs showed growth inhibition, even at low
concentrations. It can be concluded that post-surgical treatment of CL using the AgNP-
based ointment may be a promising tool in the control of CL, through faster healing,
decreased wound contamination, and no apparent toxic effects.

Keywords: antimicrobials, caseous lymphadenitis, nanotechnology, small ruminants, wound healing

INTRODUCTION

Caseous lymphadenitis (CL), an infectious disease caused by the
bacterium Corynebacterium pseudotuberculosis that affects small
ruminants, has a chronic and debilitating profile and a zoonotic
potential. CL is characterized by the development of granulomas
in the lymph nodes and in organs such as the spleen, lungs, liver,
and kidneys (Dorella et al., 2006). The disease is associated with
a decrease in the production of wool and meat, as well as a high
cost of treatment (Santiago et al., 2013).

A definitive diagnosis of CL is made through the isolation of
the etiologic agent from caseous material retrieved from lesions.
The only possible treatment currently conducted in sheep and
goat farms is drainage of the lesions with an application of a
10% iodine solution for chemical cauterization (de Farias et al.,
2018), a procedure that can hinder the healing process due to
the histotoxic profile of iodine (Punjataewakupt et al., 2019).
The secretion from the operatory wounds pose a potential risk
for environmental contamination since C. pseudotuberculosis can
survive for long periods in the soil at sheep and goat farms
(Spier et al., 2012).

The inappropriate use of antimicrobials has been a cause
of multidrug-resistant bacteria development. In response,
conventional antibiotics are being substituted by new alternative
technologies such as nanotechnology, which has broad potential
use in human and veterinary medicine (Rudramurthy et al.,
2016). Silver nanoparticles (AgNPs) are seen as a good option
among nanoparticles with antimicrobial activity because, besides
having a marked antibacterial profile, they also contribute to
wound healing, are durable and efficacious, and are relatively
inexpensive to produce (Lee et al., 2007; Zang et al., 2008).

It is necessary that new compounds be developed for the post-
surgical treatment of CL. Given the antibacterial activity and
wound healing effects of AgNP, this study aimed to verify the
efficacy of a biogenic AgNP topical ointment in the treatment of
sheep and goats who underwent extraction of CL lesions.

MATERIALS AND METHODS

Animals and Ethical Aspects
This study was carried out in a sheep and goat breeding farm in
the municipality of Capim Grosso, Bahia State, Brazil. Twenty-
nine mixed breed animals with clinical signs of CL were selected.
These animals had a complete surgical removal of the CL lesions
with a standardized incision size and were divided into four
groups: group CP (10 goats treated with AgNP ointment); group
CI (10 goats treated with 10% iodine solution); group OP (5 sheep
treated with the AgNP-based ointment); and group OI (4 sheep

treated with 10% iodine solution). All the animals were treated
at the time of the CL lesion excision. The clinical, serological,
hematological, and biochemical follow-up was carried out shortly
before the surgical procedure and within 8 weeks after the surgical
procedure. This study was approved by the Committee on the
Use of Animals in Scientific Experimentation of the School of
Veterinary Medicine of the Federal University of Bahia (protocol
number 35/2017).

Biogenic AgNP Synthesis
The synthesis of the AgNPs was performed following the
procedure described by Ballottin et al. (2017). Briefly, Fusarium
oxysporum fungus was grown in a solid culture medium
consisting of 0.5% yeast extract, 2% malt, 2% agar and distilled
water, and kept at 28◦C for 1 week. After growth, sterilized
distilled water was added to the culture under constant stirring
until reaching a protein concentration of 0.1 g/mL and kept under
stirring for 72 h. A vacuum filtration was performed and then
0.01 mol/L of AgNO3 was added to the supernatant. The solution
was maintained at 28◦C and sealed with aluminum foil until the
formation of the nanoparticles. The AgNPs were characterized
and showed sizes of 28.0 ± 13.1 nm, polydispersity of 0.231,
zeta potential of −31.7 ± 2.8 mV, and were spherical in form
(Stanisic et al., 2018).

AgNP Ointment Production
For the post-surgical treatment of CL, an ointment based on
AgNPs, natural waxes, and oils was made, as described by Stanisic
et al. (2018). In the first step of ointment production, the oils and
waxes (31% solid vaseline, 20% lanoline, 10% liquid vaseline, 9.0%
cera alba, 8.0% cetostearyl alcohol, and 2.0% cholesterol) were
blended and heated at 60◦C until the mixture was homogeneous,
and all of the ingredients were fused. Then, the emulsion was
cooled to room temperature (25◦C), while constantly mixing
to maintain its homogeneity. In the second step of ointment
production, 20% part-to-part of a 12.8 mg/mL colloidal solution
of biogenic AgNPs was added gradually to the mixture at room
temperature under constant stirring (Stanisic et al., 2018). The
final ointment was a gray oil/water cream that was easy to apply
and left an oily film when applied to the skin surface.

Bacterial Strains
For the in vitro analysis of bacterial susceptibility to AgNPs,
we used four C. pseudotuberculosis strains: the 1002 strain,
which is used as a reference in the genome project of the
bacteria (Mariano et al., 2016) and has already had its whole
genome sequenced (GenBank CP001809.2); the VD57 strain,
which is a highly virulent strain isolated from a goat CL lesion
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(Almeida et al., 2016) that has a sequenced genome (GenBank
CP009927.1); the FRC41 strain, which was isolated from a human
case of lymphadenitis in France (Join-Lambert et al., 2006), and
also has a sequenced genome (GenBank CP013146.1); and the
T1 strain, which is an attenuated strain used as a CL vaccine
model (Moura-Costa et al., 2008), and also has a sequenced
genome (GenBank CP015100.1). All the C. pseudotuberculosis
strains herein used belong to the biovar ovis.

Isolation of C. pseudotuberculosis From
Caseous Lesions
For the isolation of C. pseudotuberculosis from the granuloma
material, caseous samples collected from the animals that
underwent the CL lesion excision were inoculated into Brain
and Heart Infusion agar (HIMEDIA, Mumbai, India) and
supplemented with 5% sheep blood. After inoculation, the
plates were incubated for 48 h at 37◦C. The isolated colonies
were macroscopically characterized, stained using the Gram
method, and subjected to biochemical tests. Colonies that
were Gram-positive, exhibited catalase production, demonstrated
positive reactions in the glucose, maltose, sucrose, and urea
tests, and negative reactions in the lactose, trealose, salicin,
and motility tests were identified as C. pseudotuberculosis
(Moura-Costa et al., 2008).

Determination of C. pseudotuberculosis
Laboratorial Strains and Clinical
Isolates Susceptibility/Resistance to
AgNP Profile
The broth microdilution methodology was performed according
to Norman et al. (2014), with modifications. The AgNP solution
was diluted in sterile milliQ water in concentrations ranging
from 7.5 to 0.02 mg/mL. The strains were inoculated in BHI
broth (HIMEDIA, Mumbai, India) Tween 80 0.1% for 12 h
prior to the assay. After incubation, the strains were diluted in
2 × BHI to achieve an optical density of 0.08–0.10 at 600 nm,
which contains 3 × 106 CFU/mL of C. pseudotuberculosis.
Subsequently, these suspensions were diluted in BHI broth to
obtain a concentration of 1 × 106 CFU/mL. One hundred µL
of the inoculum and 100 µL of the AgNP colloidal solution were
placed in each well. Two controls were used for each dilution, one
positive (bacterial suspension without AgNPs) and one negative
(AgNP colloidal solution without bacterial inoculation). Plates
were then incubated for 48 h at 37◦C. Analysis was performed
in a spectrophotometer at the wavelength of 600 nm and the
minimal concentration that inhibited 100% of the bacterial
growth (MIC100) was established. Then, 20 µL of each well
was removed and inoculated into BHI agar plates, which were
incubated for 48 h at 37◦C. Minimal bactericidal concentration
(MBC100) was defined as the lowest concentration capable of
killing all bacteria.

Surgical Procedure
Before the surgical incision, the hair in the skin above the CL-
affected lymph node was shaved, followed by a 70% alcohol
asepsis. For the surgical treatment, a 2 cm long standard incision

was made with a #4 scalpel blade on the CL lesions with
subsequent drainage of all the caseous material. This material
was collected in sterile containers and sent to the laboratory
to confirm the presence of C. pseudotuberculosis through
microbiological assays. In CI and OI groups, a commercial 10%
iodine solution was used in the surgical wound. In the CP
and OP groups, the AgNP ointment was added to the surgical
lesion, filling all space left by the drainage of the caseous lesion
(Supplementary Figure S1). The clinical, hematological and
serological follow-up of the animals were performed immediately
before and after the surgical procedure, and within 8 weeks
after the surgery, with a 1-week interval between observations
and collections. The animals’ cardiac and respiratory rate, rectal
temperature, body score, and skin turgor return time were
evaluated during the observation period.

Lesion drainage occurred in a location the herd could not
access, and, in order to reduce environmental contamination,
treated animals only returned to the herd after the lesion had
completely healed. Jugular venipuncture was performed just
before the surgery and weekly for 8 weeks following surgery.
Blood was collected (10 mL) in a Vacutainer R©-type tube without
anticoagulant. Samples were then centrifuged at 4000 × g for
10 min and the serum was obtained. These samples were used
in the serological tests. Also, blood samples (10 mL) were
collected in Vacutainer R© tubes with ethylenediaminetetraacetic
acid (EDTA) anticoagulant to perform blood cells counts using
an automatized counter. The area of open the surgical wounds
were measured using a caliper over the course of the 8 weeks of
post-surgical follow-up.

Immunological Assay
To detect C. pseudotuberculosis-specific antibodies in the animals’
serum samples, it was used serum samples collected from the
animals during the observation period. The serum samples were
analyzed using the indirect ELISAs developed by Rebouças et al.
(2013) for sheep and by Seyffert et al. (2010) for goats.

Statistical Analysis
The statistical analyses were conducted using SPSS 18 (IBM,
United States). The unpaired Student t-test was used to compare
blood cell counts, open wound areas, body and hydration scores,
and ELISA results between groups. Data from animals that had
moisture and purulent secretion in their surgical wounds and
the presence of lymph node enlargement were compared using
the chi square test. The curves of bacterial growth inhibition by
AgNPs, as well as the surgical wounds healing, were compared
using the Wilcoxon signed rank test. Values with p < 0.05 were
considered statistically significant.

RESULTS

Susceptibility of C. pseudotuberculosis
Strains and Clinical Isolates to AgNP
Evaluation of the C. pseudotuberculosis standard strain’s
susceptibility to AgNP using the broth microdilution method
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TABLE 1 | Susceptibility of C. pseudotuberculosis strains to AgNP.

Host Strain MIC100 (mg/mL) MBC100 (mg/mL)

Goat 1002 0.625 0.625

Human FRC41 0.625 1.25

Goat T1 0.625 1.25

Goat VD57 7.5 >7.5

A microdilution in broth assay was carried out with different AgNP dilutions (0.02–
7.5 mg/ml). MIC100 is defined as the AgNP concentration where there was inhibition
of 100% of bacterial growth, and MBC100 as the AgNP concentration where there
was 100% of bactericidal action, in mg/ml.

(Norman et al., 2014) indicated a 100% inhibition of the growth
of T1, 1002, and FRC41 strains at a 0.625 mg/mL concentration
of AgNP. The virulent strain VD57 showed MIC100 only at an
AgNP dilution of 7.5 mg/mL. Similar results were observed for
the minimal bactericide concentration values, with a MBC100
of 1.25 to 0.625 mg/mL for the 1002, FRC41, and T1 strains.
We observed no bactericidal action for VD57 in the AgNP
concentrations used in this experiment (Table 1). When
comparing the growth inhibition curves, the 1002, T1, and
FRC41 strains demonstrated a similar pattern of inhibition, but
were statistically different from the VD57 curve on the Wilcoxon
signed rank test (Figure 1).

As for the clinical isolates obtained from the animals
included in this study, the AgNP concentration of 0.156 mg/mL
inhibited 100% of the growth of 11 isolates. Two isolates
showed a high susceptibility to AgNP, with 100% inhibition
of growth up to the AgNP concentration of 0.02 mg/mL. The
concentrations of 0.040 mg/mL and 0.080 mg/mL together
demonstrated MIC100 for six isolates. Eight clinical isolates
showed less susceptibility, with inhibition of 100% growth at a

concentration of 0.312 mg/mL AgNP. Two isolates demonstrated
MIC100 at a concentration of 0.625 mg/mL AgNP. The
MBC100 ranged from 0.020 to 0.625 mg/mL, and only three
isolates demonstrated the maximum MBC100 of 0.625 mg/mL
(Supplementary Tables S1, S2).

Evaluation of Surgical Wounds
As shown in Figure 2, surgical wounds of sheep treated with
AgNP ointment took an average of 16.3 days to completely
heal, while those treated with 10% iodine took an average of
24.5 days. Post hoc analysis revealed that this difference was
significant (p < 0.05). The surgical wounds of nanoparticle-
treated goats took approximately 18 days to completely heal, and
those of 10% iodine-treated goats took an average of 23 days
to completely heal. This result was not significantly different at
p < 0.05. Associated with the faster wound healing, it could also
be observed that the hair around the surgical wounds in the
AgNP-treated animals grew faster (Supplementary Figure S2).

Regarding the area of the surgical wounds (Figure 3), AgNP-
treated goats presented a significant difference when compared
to those treated with 10% iodine 1 and 4 weeks after the surgical
procedure. The areas of the wounds were also smaller. The
AgNP-treated sheep presented significant differences in surgical
wound areas 4 and 5 weeks after removal of the caseous material
when compared to those treated with 10% iodine (p < 0.05).
The healing curve of AgNP-treated sheep was also significantly
different from that of animals treated with 10% iodine at the
Wilcoxon signed rank test (p < 0.05).

Regarding the presence of purulent secretion in surgical
wounds, Figure 4A expresses the number of events observed
during 8 weeks after the surgical procedure. Goats treated with
iodine demonstrated purulent secretion in their wounds in

FIGURE 1 | Inhibition of C. pseudotuberculosis strains growth by different concentrations of AgNP. The results are expressed as the means of three different
experiments. The curves of inhibition were statistically compared using the Wilcoxon signed-rank test, and the symbol “∗” indicates statistical difference with
p < 0.05.
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FIGURE 2 | Average number of days needed for complete wound healing after the surgical procedure for the treatment of caseous lymphadenitis (CL). Twenty goats
were used (10 treated with 10% iodine solution and 10 with AgNP ointment) and 9 sheep (four treated with 10% iodine solution and five with AgNP). The symbol “∗”
indicates statistical difference with a p < 0.05 using the unpaired Student t-test.

FIGURE 3 | Areas of open surgical wounds in (A) 20 goats, 10 treated with 10% iodine solution and 10 with nanoparticle ointment, and (B) 9 sheep, 4 treated with
10% iodine solution, and five with AgNP ointment, after the CL surgical treatment. The means of each point were statistically compared using the unpaired t test and
the “∗” symbol indicates statistical difference at p < 0. The healing curves are compared using the Wilcoxon signed rank and the symbol “∗∗” indicates statistical
difference between the curves at p < 0.05.

significantly more observations (20%) than those treated with the
ointment (5%). In sheep, we observed pruritic discharges in the
wounds of iodine-treated animals in 28% observations, whereas,
in AgNP-treated sheep, this discharge was only observed once
(2.5%). This difference was significantly different at the chi square
test (p < 0.05).

Regarding the presence of moisture in the surgical wounds
(Figure 4B), in both goats and sheep treated with AgNPs, humid
wounds were observed in 6.25 and 2.5% of the observations,
respectively. This was significantly different compared to
animals treated with 10% iodine. Lymph node enlargement
in goats treated with AgNPs was detected in 17.5% of the

Frontiers in Microbiology | www.frontiersin.org 5 April 2019 | Volume 10 | Article 82477

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00824 April 20, 2019 Time: 18:52 # 6

Santos et al. Nanotechnology in Caseous Lymphadenitis Treatment

FIGURE 4 | Presence of (A) purulent secretion and (B) moisture in surgical
wounds an (C) detection of lymph node enlargement in animals treated with
iodine or AgNP ointment after removal of CL lesions. The data express the
number of events observed over the course of 8 weeks after the surgical
procedure. The symbol “∗” stands for statistical difference between the iodine
group and the group treated with nanoparticles at p < 0.05 using the chi
square test.

observations, while iodine-treated animals demonstrated lymph
node enlargement in 52.25% of the observations, which was
significantly different at the chi square test at p < 0.05
(Figure 4C). In sheep, there was no statistical difference in
the occurrence of lymph node enlargement cases when the two
treatments were compared.

Clinical Post-surgical Evaluation of the
Animals Treated With the AgNP Ointment
and Iodine 10%
The animals of this study were evaluated over a 2-month
period, between May and July of 2017, in the municipality of

FIGURE 5 | Clinical parameters of the animals that underwent the surgical
procedure for CL lesions and treatment with iodine or AgNP. It were assessed
the (A) cardiac rate (expressed in beats per minute), (B) respiratory rate
(expressed in movements per minute), and (C) the rectal temperature
(expressed in Celsius grades). The data are presented as the means of the
groups at each moment of observation, and no statistical differences were
seen between the groups at any evaluation point using the unpaired Student
t-test (p < 0.05).

Capim Grosso, Bahia State, Brazil. The average temperature in
this location during this time of year is 28◦C. The ambient
temperature was constant during the course of this experiment.
Figure 5 shows that, throughout the experiment, cardiac, and
respiratory rate and rectal temperature presented little variation
and there was no statistical significance between the two
experimental groups at any time. Regarding the mean body
scores, there was no statistical difference between the groups.
Mean hydration levels, measured using the skin return time
following the skin turgor test, were within normal limits, and
no statistical difference was found between the two treatment
groups (Figure 6). It is noteworthy to state that no clinical sign
of dermatitis, photosensitivity or hypersensitivity was observed
in animals treated with the AgNP ointment.

Blood Cell Counts
In the evaluation of hemogram results (quantification of red
blood cells, hemoglobin, globular volume, and mean globular
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FIGURE 6 | Determination of the (A) body score and the (B) skin turgor return
time of animals treated with iodine or AgNP ointment. Results are presented
as the means of each observation time for each group and the bars indicate
their respective standard deviations. No statistical differences were seen
between the groups at any evaluation point using the unpaired Student t-test.

volume), there was no statistically significant difference in either
goats or sheep treated with AgNPs compared to those treated
with iodine, and the values remained within the reference values

described for small ruminants (Weiss and Wardrop, 2016). In
the leukogram, the leukocyte count in iodine-treated goats was
statistically higher than goats treated with AgNPs 5 to 8 weeks
after the surgical treatment, with a statistical significance at the
seventh and 8 week (p < 0.05). For sheep, the leukocyte count of
iodine-treated animals was statistically higher from 4 weeks after
the surgical procedure until the end of the observation period, as
demonstrated in Figure 7.

Immunological Assay
The detection of IgG immunoglobulins specific for
C. pseudotuberculosis (Figure 8) demonstrated that, for
both sheep and goats, production of specific antibodies peaked
soon after the surgical intervention, but these levels normalized
during the experiment. For goats, there was a higher production
of C. pseudotuberculosis specific antibodies in the iodine-treated
group in the first week, which was statistically different when
compared to the AgNP-treated group. In sheep, differences
between treatment groups occurred during the first 2 weeks
after the surgical procedure, with specific antibody levels in the
iodine-treated group higher than the AgNP-treated group, when
values were compared by the unpaired Student t-test (p < 0.05).

DISCUSSION

The present study examines the effectiveness of AgNP-ointment
as an alternative post-surgical treatment of CL in small
ruminants. For a more complete verification of this application,
verification of the clinical parameters of the treated animals, in
addition to bacteriological tests, were conducted with standard
strains, and clinical isolates of the bacterium.

The results of the broth microdilution susceptibility test
confirmed that AgNPs demonstrated high efficacy in inhibiting
the growth of three standard strains of C. pseudotuberculosis
(T1, 1002, and FRC41) and clinical isolates collected from

FIGURE 7 | Total leukocyte counts of iodine or AgNP-treated goats (A) and sheep (B) after surgical removal of CL lesions. The means of each group at each point
were compared using the unpaired Student t-test. The symbol “∗” represents a statistical difference at p < 0.05. The internal lines of each graph represent the lower
and upper values of the reference value according to Weiss and Wardrop (2016).
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FIGURE 8 | Detection of anti-C. pseudotuberculosis-specific antibodies in (A)
goats and (B) sheep after surgical removal of CL lesions and treatment with
iodine or AgNP ointment. The results are expressed as the means of optical
densities per group by collection point. The bars represent the standard
deviations. The means of each group at each point were compared using the
unpaired Student t-test. The symbol “∗” represents a statistical difference at
p < 0.05.

animals with caseous lesions, even at high dilutions. This finding
agrees with studies showing the effectiveness of AgNPs against
other bacteria, such as Pseudomonas aeruginosa, Escherichia coli,
and Salmonella Typhi (Franci et al., 2015). Singh et al. (2013)
tested bacterial strains of Staphylococcus aureus and Streptococcus
mutans that exhibited resistance to β-lactam antibiotics and
showed that the addition of AgNP reduced the minimal
inhibitory concentration to the antibiotics and made the bacteria
more susceptible to antibiotic treatment. In addition, it has been
shown that AgNPs can be used as a topical drug owing to its high
stability and low toxicity (Singh et al., 2013).

Regarding the lower susceptibility of the VD57 strain, it
should be taken into account that VD57 is a highly virulent strain
with a high replication rate and is well adapted to the culture
conditions due to its long isolation time (Moura-Costa et al.,
2008; Almeida et al., 2016). Although the relationship between
virulence and susceptibility of Corynebacteria to antibiotics is

not described, this relationship was observed in Mycobacterium
tuberculosis (Rastogi et al., 1996), and in Klebsiella pneumoniae
(Padilla et al., 2010).

It should be noted that, even though in vitro results
demonstrated significant AgNP antimicrobial activity, in vivo
CL treatment is difficult, because several characteristics of
C. pseudotuberculosis infection and CL pathogenesis hamper the
contact of drugs with the pathogen and provide some protection
against certain antibiotics commonly used in the treatment of
the disease. Among these factors, the presence of a thick fibrous
capsule around the typical lesions, the caseous characteristic of
the lesion, and even the intracellular nature of the organism
during parts of the disease cycle can be seen (Williamson,
2001; Baird and Fontaine, 2007). Therefore, surgical excision of
granulomatous lesions is still the most feasible option compared
to systemic treatment with antimicrobial agents. Antibiotic drugs
would be of greater importance in post-surgical treatment of the
disease, since they inhibit environmental contamination (if the
procedure is not done well and the lesion material continues to
be released) or limit the spread of the pathogen in the animal
after the lesion is broken. Thus, AgNP-containing ointment
is possibly an effective treatment against CL, as it has good
antimicrobial activity, a significant effect against bacteria resistant
to antimicrobial agents, and its action is more concentrated on
the physical aspects of the membrane, and therefore, is less likely
to induce resistance (Apte et al., 2013; Rahisuddin et al., 2015;
El-Batal et al., 2016; Halbus et al., 2017).

AgNP-treated animals demonstrated faster healing with a
smaller area of the surgical lesion. It is worth noting that the
wound healing process is complex and involves inflammation,
granulation tissue formation, re-epithelization, and extracellular
matrix remodeling (Chu et al., 2012; Heydarnejad et al., 2013;
Chai et al., 2018). The clinical treatment of wounds remains
a challenge in surgical procedures as the selected treatment
should facilitate the healing process without producing harmful
side-effects. Wound disinfection with 10% iodine solution is
routinely used as the post-surgical treatment of LC but has several
drawbacks; it is histotoxic and can disrupt the cicatrizing process
(Burd et al., 2007; Santiago et al., 2013). This situation was
observed in this study, as animals treated with iodine required
a longer time for wound healing in both sheep and goats.

Recent studies have described the topical application of AgNPs
for wound healing. Naraginti et al. (2016), who compared
AgNPs with 1% soframycin, found that the healing time in
rats, treated with gold nanoparticles, and AgNPs, was an
average of 14 days after experimental surgery, whereas the
group treated with 1% soframycin presented a delayed healing.
Stojkovska et al. (2018) compared wound healing under AgNP
treatment with commercial silver sulfadiazine cream and found
that the AgNP-treated wounds took approximately 19 days
to resolve, while the silver sulfadiazine-treated group took
21 days. Another recent study, described by Chai et al. (2018),
observed, in humans, the resolution of AgNP-treated wounds
in 17 days, 9 days sooner than the control treatment. The
results obtained in the aforementioned studies align with the
findings in the current study for both goats (18 days) and
sheep (16 days).
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Naraginti et al. (2016) also verified that the healing action
of the nanoparticles in their study was most notable during
the initial stages of wound healing, which resulted in a
substantial reduction of open wound areas in the entire
healing period. This effect was also observed in the current
experiment; within the first week after the surgical procedure,
the wound size in AgNP-treated animals was smaller than in
the iodine-treated animals. This finding may be due to the fact
that AgNPs present pronounced antimicrobial activity (Halbus
et al., 2017). Their use in managing difficult-to-heal wounds
can reduce the time required for tissue repair through anti-
inflammatory effects and the prevention of wound colonization
by opportunistic agents (Sandri et al., 2012; Stojkovska et al.,
2018). Another study conducted by Silva et al. (2017) described
that AgNPs induced a greater reduction in wound area by
contraction, had low cytotoxicity, and promoted the growth
of hair on the surface of the wound in a manner similar to
that seen on the skin near the incision area. In our study,
we were able to observe that wounds in animals treated
with AgNPs not only healed faster, but also presented a
faster hair growth.

Several studies report the healing potential of AgNPs, such
as Galandáková et al. (2016), which demonstrated that AgNPs
induce the release of a series of pro-inflammatory markers in
several cell types, which accelerate healing. Stojkovska et al.
(2018) stated that the decrease in wound area depends on
contraction, as evidenced by Adibhesami et al. (2017) who
found that AgNPs revert the inflammatory process in less
time compared to antibiotics. In this study, not only did
animals treated with iodine demonstrate more cases of pruritic
exudate, but their wounds also maintained a moist environment
ideal for bacterial growth. The increased purulent secretion
observed in animals treated with iodine may be justified
not only by the fact that iodine does not have an overall
bactericidal action, but also because its use as an antiseptic
has some disadvantages such as dermal irritation and a greater
tendency to prolong inflammation (Iwasawa and Nakamura,
2003). It should be noted that animals in this study have
not been treated for possible new CL lesions because it is
believed that this would interfere with the immunological
and hematological data of the animals. This non-isolation of
the bacterium in new cases of lymphadenomegaly prevents
the affirmation that further lymph node enlargement cases in
animals treated with AgNPs may be due to C. pseudotuberculosis
itself, however, it can be speculated that there was an
inhibition of new infections by several bacterial agents that are
sensitive to the AgNPs.

Several studies have shown that the temperature increase
in different seasons may influence clinical parameters, such as
cardiac and respiratory rates and rectal temperature (Marai
et al., 2007). In our study, the temperature was constant for
the duration of the experimental period, reducing environmental
influences on these parameters. Similar values for the clinical
parameters were observed across groups during the study period,
and these parameters remained within the normal ranges (Riedi
et al., 2018). This result reflects the fact that the treatment with
AgNP-based ointment did not induce side-effects that would

result in changes in these parameters. There were also no
statistically significant differences in body and skin turgor return
time scores. These findings indicate that the AgNP ointment
did not induce physical side-effects, such as the development
of hypersensitivity reactions, fever, or dermatitis. Pulit et al.
(2011) cited that the contact of humans with AgNPs may cause
adverse effects, and these different results may have been due
to the different composition and thickness of the skin of small
ruminants and humans. Another aspect to be considered is the
size of the AgNPs, since Kang et al. (2017) described that 5 nm
AgNPs amplify the clinical features of atopic dermatitis, and Park
et al. (2011) found that 4 nm AgNPs presented a higher cytotoxic
effect than AgNPs at high concentrations with 20 and 70 nm sizes.
The AgNPs studied herein have an average size of 28 nm, and this
characteristic can then be associated with a lower occurrence of
adverse effects.

The results of the hemogram for both goats and sheep
treated with AgNPs were within normal range, demonstrating
that there were no toxic effects that could be expressed in
hematological constituents. Similar results were observed in
rabbits (Karavana et al., 2012), and humans (Chai et al., 2018),
in which AgNPs showed low cytotoxicity. The higher leukocyte
counts found in the animals treated with iodine, compared
to those treated with AgNPs, are possibly due to iodine-
related increases in levels of inflammation in ruminants due
to tissue toxicity, and possibly due to fact that the topical
application of nanoparticles are more effective in the suppression
of inflammation (Naraginti et al., 2016). This has a consequent
reduction of the presence of secondary bacterial infection in the
small ruminants.

Immunity to C. pseudotuberculosis is attributed to humoral
and cellular mechanisms (Lan et al., 1998). Humoral immunity
is important in the fight against C. pseudotuberculosis since
antibodies neutralize bacterial exotoxins, avoiding their
dissemination in the host (Vale et al., 2016). The results obtained
in this study regarding the detection of anti-C pseudotuberculosis
specific antibodies, for both sheep and goats, demonstrated
a higher production of these antibodies in the iodine-treated
group of animals than in the AgNP-treated animals during the
initial period of analysis. Goats and sheep that do not receive
treatment after infection by C. pseudotuberculosis have a high
humoral immune response for 70 days with peaks in the first
weeks following removal of the lesions, and antibody titers
beginning to decline after this period (Solanet et al., 2011).
The lower titers of antibodies may be related to the absorption
of AgNPs by the damaged skin, preventing the occurrence of
antigenic stimuli by disseminated bacteria at the time of the
surgical procedure. This absorption effect has already been
described (Salomoni et al., 2017; Galbiati et al., 2018). Therefore,
a lower infectious post-treatment load may warrant the lower
titer of antibodies.
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Biogenic synthesis of silver nanoparticles (AgNPs) using plants has become a promising
substitute to the conventional chemical synthesis method. In this study, we report low-
cost, green synthesis of AgNPs using fresh fruit extract of Phyllanthus emblica. The
biosynthesized AgNPs was confirmed and characterized by analysis of spectroscopy
profile of the UV-visible and Energy dispersive spectrophotometer, Fourier transform
infrared, X-ray diffraction pattern, and electron microscopy images examination. UV-
visible spectra showed a surface resonance peak of 430 nm corresponding to the
formation of AgNPs, and FTIR spectra confirmed the involvement of biological molecules
in AgNPs synthesis. In spherical AgNPs, the particle size ranged from 19.8 to 92.8 nm
and the average diameter was 39 nm. Synthesized nanoparticles at 20 µg/ml showed
remarkable antimicrobial activity in vitro against the pathogen Acidovorax oryzae
strain RS-2 of rice bacterial brown stripe, while 62.41% reduction in OD600 value
was observed compared to the control. Moreover, the inhibitory efficiency of AgNPs
increased with the increase of incubation time. Furthermore, AgNPs not only disturbed
biofilm formation and swarming ability but also increased the secretion of effector Hcp in
strain RS-2, resulting from damage to the cell membrane, which was substantiated by
TEM images and live/dead cell staining result. Overall, this study suggested that AgNPs
can be an attractive and eco-friendly candidate to control rice bacterial disease.

Keywords: Phyllanthus emblica, green synthesis, nanoparticles, characterization, antibacterial activity

INTRODUCTION

In recent decades, the development of new and effective antimicrobials against infections caused
by antibiotic-resistant bacteria has been increasingly interested. Several studies have reported that
nanoparticles made up of different noble metals like Ag, Cu, and Au, which can be applied to
kill both resistant and nonresistant bacteria (Bindhu and Umadevi, 2014; Chidurala et al., 2016;
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Escárcega-González et al., 2018). In recent years, silver
nanoparticles (AgNPs) have received a great deal of attention
from many researchers working on multiple disciplines due
to their unique features and a wide spectrum of applications
(Sharma et al., 2009; Galdiero et al., 2011), for instance, in
food science, medical, agriculture, and agricultural technologies
(Kumar et al., 2008; Lü et al., 2009; Sastry et al., 2010; Oves et al.,
2013; Aziz et al., 2015). Previous studies have demonstrated that
AgNPs have potential antimicrobial activities against Escherichia
coli, Staphylococcus aureus, and Serratia marcescens (Kim et al.,
2007; Oves et al., 2013; Aziz et al., 2016). It also shows anti-
nematodes (Mahmoud et al., 2016), anti-viral (Galdiero et al.,
2011; Oves et al., 2013; Elbeshehy et al., 2015), anti-cancer (Oves
et al., 2018; Aziz et al., 2019), and anti-inflammatory effects
(Manikandan et al., 2017).

Several methods have been described for the synthesis
of AgNPs, such as chemical reduction, microemulsions,
radiation, hybrid methods, photochemical reduction and
sonoelectrochemical, microwave-based systems and recently
green synthesis route (Socol et al., 2002; Solanki and Murthy,
2010; Nadagouda et al., 2011; Iravani et al., 2014). However,
these physiochemical methods, although some are durable and
technically viable, are highly restricted in large-scale application
due to the use of hazardous chemicals, high cost, high energy and
time consuming, and difficulty in waste purification (Kowshik
et al., 2003). Therefore, there is a growing need to use economical
and environmentally safe and green synthesis routes that use
non-toxic chemicals in the synthesis protocol of nanosilver.
Alternatively, green synthesis route of AgNPs using several
microorganisms, plants, and algae is natural, biocompatible, and
environmentally safe methods (Bhattacharya and Gupta, 2005;
Mohanpuria et al., 2008; Aziz et al., 2015).

Indeed, the use of plant materials can be more beneficial
for nanosilver synthesis than bacterial and chemical methods
because of no threat of bacterial and dangerous chemical
contamination and less energy utilization with wider implications
and easiness. Moreover, the green synthesis of AgNPs based
on plant extract mechanisms alleviates the metal ions (Rai
and Ingle, 2012) due to the presence of functional molecules
such as phenol, terpenoids, ketones, carboxylic acids, aldehydes,
enzymes, amides, and flavones (Prabhu and Poulose, 2012).
Recent research reported that AgNPs have been synthesized
using a variety of natural plants such as fruit extract of Emblica
officinalis (Ankamwar et al., 2005), leaves extract of Citrus
limon (Vankar and Shukla, 2012), green tea (Camellia sinensis)
(Nakhjavani et al., 2017), Coffea Arabica (Dhand et al., 2016),
neem (Azadirachta indica) (Ahmed et al., 2016), Acalypha indica
(Krishnaraj et al., 2012), Aloe vera plant extract (Tippayawat
et al., 2016), latex of Jatropha gossypifolia (Borase et al., 2014),
root extract of Morinda citrifolia (Suman et al., 2013), Phoenix
dactylifera (Oves et al., 2018), inflorescence extract of Mangifera
indica (Qayyum et al., 2017), etc.

In this perception, Phyllanthus emblica L. (Family:
Phyllanthaceae) commonly known as emblica/amla exhibits
a striking assortment of shapes of development such as herbs
and bushes, pachycaulous succulents, climbers, and drifting
aquatics. The fruits of Phyllanthus spp. are widely used in

preparation of traditional medicines in Southeast Asia due
to unique properties such as rich antioxidant activity, anti-
aging, antipuretic, and anti-inflammatory (Dang et al., 2011;
Pientaweeratch et al., 2016; Manikandan et al., 2017). Moreover,
this selection was provoked by the opportunity of inducing shape
control of nanoparticles due to the potential sources of naturally
occurring phytochemcals, (especially polyphenols, tannnis,
ascorbic acides, flavonoids) in the fruit extract (Ramesh et al.,
2015; Manikandan et al., 2017). Although many pharmacognosy
and phytochemistry investigations have been successfully
conducted in this plant, its opportunity as biocompatible
materials for the production of AgNPs is still to be fully scanned.
Therefore, we have used the P. emblica fruit extract to provide
a biodegradable, natural product nanosilver without any risk
of chemical toxicity, while the natural reserves will remain
unaffected. In addition, there is no report on the inhibitory effect
of AgNPs mediated by plants against rice pathogenic bacteria
Acidovorax oryzae (Ao).

The Gram-negative bacteria Ao has wide host ranges within
economically important monocotyledon plants such as cereal
grain crops, and sugar crops (Hayward, 1960; Song et al., 2004;
Masum et al., 2017). In particular, the individual strains of this
pathogen can cause bacterial brown strip disease in rice, which
has recently attracted considerable interest in China, for which
contaminated seeds are the main sources for the spread of the
disease to new plants over long distances (Shakya et al., 1985; Xie
et al., 2011; Tian et al., 2015). Currently, bactericide is manily
used to prevent and control bacterial diseases. However, the
necessity for developing novel prevention and control strategies
is increasing due to serious environmental pollution and bacterial
resistance by the excessive use of chemicals in rice-growing
countries across the world. Application of biosynthesized AgNPs
is considerable interest in the field of agriculture because of their
antioxidant and wide spectrum of antimicrobial activity along
with their eco-friendly, biocompatible, and cost-effective nature.
The nanoparticles are not only reported for improving plant
improvement but exhibits different bactericidal mechanisms
(Oves et al., 2013; Aziz et al., 2016; Qayyum et al., 2017; Mahawar
and Prasanna, 2018). It is therefore of keen interest to scrutinize
the inhibitory effect of synthesized AgNPs against Ao, which
can be used in the field of nanotechnology as a cost-efficient,
environmentally friendly and safe strategy.

Therefore, we aim to synthesize AgNPs using fresh fruit
extract of P. emblica and evaluate their antibacterial efficacy
against pathogen Ao strain RS-2 of rice bacterial brown stripe.

MATERIALS AND METHODS

Materials
In order to obtain biosynthesized AgNPs, fresh fruits of
Phyllanthus emblica were procured from the supermarket in
Kunming City, Yunnan Province, China, and stored before use
at 4◦C. We acquired silver nitrate (AgNO3) from a company
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ao
strain RS-2 previously isolated from natural diseased rice plants
was collected from Plant Bacteriology Laboratory in Zhejiang
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University. The bacterial strain was routinely grown in Luria-
Bertani (LB) medium consisting of tryptone 10 g, yeast extract
5 g, NaCl 10 g, ddH2O to 1000 ml and with/without agar 15 g, pH
7.0) at 30◦C as described by Masum et al. (2017).

Preparation of Extract From P. emblica
Fresh Fruit
The fresh fruit extract of P. emblica fruit extract has been
prepared following a procedure reported earlier (Ramesh et al.,
2015; Manikandan et al., 2017) with slight modification. Briefly,
the fresh fruits were carefully clean with sterilized double
deionized water (ddH2O) and then chopped into small pieces and
removed seeds. The sliced fruits were then finely macerated by a
blender through sterile ddH2O to obtain 10% (w/v) fruit broth.
The resulting extract was passed through a muslin cloth and then
filter by Whatman No. 1 filters paper and kept at 4◦C until use.

Biosynthesis of AgNPs Using P. emblica
Fruit Extract
In the biosynthesis process of AgNPs, the effects of the quantity
of fruit extract were assessed to intensify the synthesis route
producing the metal nanoparticles. In a 100 ml aqueous
solution AgNO3 (1 mM), various concentrations of aqueous
fruit extract (2.5, 5, 10, and 15 ml) were added and boiled
(65◦C) for 20 min and then kept at room temperature
under dark condition. To confirm that the synthesis of
AgNPs was mediated by phytochemicals of P. emblica fruits,
control flasks containing the mixture of aqueous solution
of AgNO3 and sterile ddH2O were used. The reduction of
silver ions was thus observed by changing the optical color
in dark brown an taking into account the complete bio-
reduction of Ag+, overnight samples of synthesized AgNPs
were measured using UV-2550 Shimadzu Spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). The rapidly formed
biosynthesized AgNPs were obtained by centrifugation at
10,000 rpm for 10 min in a centrifuge machine (JEOL, JEM-
200EX; Tokyo, Japan) followed by carefully washed with sterile
ddH2O and freeze-dried following the instruction of Alpha
1-2 LDplus (GmbH, Germany) and then stored at −80◦C.
Based on the fast reduction of AgNO3 into AgNPs, only the
capable AgNPs sample prepared from 15 ml of fruit extract
was used for further characterization using several methods
including Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and energy dispersive
X-ray (EDX) spectroscopy. All steps are shown sequentially in
Figure 1.

Characterization of the
Synthesized AgNPs
Biosynthesized AgNPs due to the reduction of silver metal
ions with aqueous P. emblica fruit extract was observed by
UV-2550 Shimadzu Spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) operated with 1 nm resolution and wavelength
of 200-800 nm. The dried sample’s FTIR spectrum was
documented by the FTIR machine (Vector 22, Bruker, Germany)

using ranges between 450 and 4000 cm−1 with a resolution
of 4 cm−1. XRD pattern of the dried nanoparticles was
obtained using Powder X-ray Diffractometer (Siemens D5000,
Germany) as described in the instructions. In addition, X-MaxN
Energy dispersive spectroscopy (EDS, Oxford Instruments,
Oxford, United Kingdom) confirmed the presence of nanosilver
elements at 20 keV. Scanning Electron microscopy (SEM)
(SU8010, Hitachi, Japan) was used to characterize the shape
of AgNPs. On the carbon-coated copper grid, a thin film
of the dried samples was made by simply placing a little
sample followed by drying for 5 min under the mercury
lamp. A Field-Emission Scanning Electron Microscope (FE-
SEM) images were used to study the size and morphology of
AgNPs. Moreover, AgNPs have been structurally characterized
in high resolution mode (HR-TEM) using FEI Technai F20
TEM instrument. To prepare a thin coat of the sample, a
drop of silver solution was placed on the grid for 1 min,
followed by solvent evaporation under vacuum and then placed
sequentially in a grid box.

In vitro Antibacterial Activity of AgNPs
Antimicrobial activity of synthesized AgNPs was evaluated
against the pathogen Ao strain RS-2 of rice bacterial brown
stripe by agar well diffusion technique as described by Elbeshehy
et al. (2015) with little change. Briefly, 200 ml of bacterial
suspension (approximately ∼1 × 108 CFU/ml), previously
overnight cultivated in LB broth at 30◦C, was spread with 5 ml
of LB agar medium on the top of solid LB agar medium in a
Petri dish plate. Once the upper inoculated agar medium was
air-dried, 40 µl of the final concentration of AgNPs from 5
to 30 µg/ml were loaded at the same distance on agar well
(6 mm) and grown for 24 h at 30◦C. The same amount of
filter-sterilized P. emblica fruit extract was used as a control.
Antibacterial activity was determined by averaging the diameter
of inhibition zone formed around the center of each well. To
determine the antibacterial activity, the diameter of the inhibition
zone was measured around the whole. Two repeated experiment
has been done following complete randomized design with
three replications.

Minimum Inhibitory Concentration (MIC)
of AgNPs
The 5 ml AgNPs solutions have been adjusted by adding
the stock of AgNPs to the half-strength LB broth in order
to obtain a final concentration of AgNPs of 5, 10, 20, and
30 µg/ml, respectively. The MIC of AgNPs was determined
by inoculating the 100 µl of bacteria cells of Ao strain RS-
2 (∼approximately 1 × 108 CFU/ml) into AgNPs solution
of different concentrations, while the control was only sterile
ddH2O (without AgNPs). The samples were then incubated
at 30◦C for 12 h at 180 rpm. The bacterial numbers in the
samples were computed by reading the absorbance value at
600 nm using a ThermoMultiskan EX Microplate Photometer
(Thermo Fisher Scientific, Waltham, MA, United States).
With six replicates for each treatment, this experiment was
repeated three times.
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FIGURE 1 | Schematic diagram for biosynthesis of AgNPs using fruit extract of Phyllanthus emblica and its inhibitory effect on Ao strain RS-2.

Effect of Contact Time of AgNPs on Cell
Survival of Ao Strain RS-2
The effect of incubation time of Ao strain RS-2 treated with
AgNPs was evaluated by counting the viable cell spread on LB
agar plates (Lou et al., 2011). In this procedure, AgNPs solutions
were prepared by diluting the AgNPs stock (2 mg/ml) with sterile
ddH2O to provide a final concentration of 20 µg/ml AgNPs,
which has been listed as MIC against strain RS-2 by comparison
with the other AgNPs concentrations tested. In order to achieve
a final bacterial concentration of approximately 108 CFU/ml, a
newly prepared bacterial solution was supplemented with 5 ml
of AgNPs solution; while in the control treatment, AgNPs was
replaced with sterile ddH2O and then incubated for 3, 6, and 12 h
in a shaker at 30◦C. The bacterial suspensions were withdrawn
from inoculated samples and diluted serially with sterilized
ddH2O. A 100 µl of diluted samples were spread on LB agar
plates and cultured at 30◦C at 48 h. After incubation, the number
of colony forming units (CFU) was enumerated to determine
the cell survival activity while the average number of CFU was
noted at the lowest dilution (Lou et al., 2011; Li et al., 2013).
There were six replicates in each treatment and the experiment
was done two times.

Swarming Motility Assay
The effect of AgNPs on Ao strain RS-2 swarming motility was
assayed on LB plates supplemented by 0.7 percent (w/v) agar as
previously described by Dong et al., 2016). In the center of each
swarming plate containing AgNPs (20 µg/ml), 5 µl of strain RS-
2 suspension (approximately 1 × 108 CFU/ml) were dropped,
while the plate without AgNPs was served as control and then
incubated for 3 days at 30◦C. To evaluate the swarming motility,
the colony diameter of strain RS-2 was assessed as reported in
our previous study (Masum et al., 2017). The motility assay was
repeated three times with six replications.

Biofilm Inhibition Assay
The inhibitions of bacterial biofilm formation by AgNPs were
performed using the 96-well microtitre plate method as described
Masum et al. (2018) with slight modification. Briefly, the
overnight cell suspension of Ao strain RS-2 was re-cultured
into a fresh LB broth at shaker to obtain the mid-exponential
growth. Thereafter, 100 µl of bacterial cells (approximately
∼1 × 108 CFU/ml) was inoculated onto each well with AgNPs
concentration of 20 µg/ml, while sterile ddH2O were used
as a control. The plates were kept without agitation at 30◦C
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for 24 h of adhesion. Culture media from each well were
then removed and washed gently with sterile ddH2O. At room
temperature, 100 µl solution of crystal violet (0.1%, w/v) was
added to stain the biofilm in the well of plate and incubate for
45 min. The unattached violet crystal solution was discarded
three times from the plate with sterile ddH2O. Bacterial biofilm
was determined by measuring the absorbance at 570 nm after
dissolving the CV stain with 125 µl of acetic acid (33%, v/v) using
a SPECTRAmax R©PLUS384 Microplate Spectrophotometer. With
12 replications for each treatment, this experiment was repeated
three times independently.

Live/Dead Cell Staining
To observe damage and intact membranes in bacterial cells
exposed to 20 µg/ml AgNPs, live/dead staining technique was
used following the protocol of BacLight bacterial viability kit
(Invitrogen). There are two nucleic acid stains in the kit namely
(i) a red-fluorescent (propidium iodide stain), and (ii) a green-
fluorescent (SYTO 9 stain). To verify the validity of the kit, live
bacteria as a negative control, and the dead bacteria samples
treated by isopropanol were stained, respectively, according
to the description of the kit’s protocol. Fluorescence in the
sample was then detected using the Olympus inverted confocal
microscope as described previously (Cui et al., 2014).

Transmission Electron Microscopy
(TEM) Analysis
For TEM analysis, Ao strainRS-2 has been prepared as mentioned
in the previous studies (Li et al., 2013; Dong et al., 2016).
Briefly, 1000 µl suspension of Ao strainRS-2 (approximately
1× 108 CFU/ml) was inoculated with AgNPs, to a final 20 µg/ml
of AgNPs. The treated sample was incubated at rotary 160 rpm
shaking at 30◦C for 8 h. The bacterial suspension without AgNPs
served as control. The bacterial cells were washed twice after
centrifugation with a solution containing 0.1 mol/l phosphate-
buffered saline (PBS) (pH 7.2) and fixed in glutaraldehyde
[2.5% (v/v) in 0.1 M PBS]. The samples were then post-fixed
with osmium tetroxide [1% (w/v) in 0.1 M PBS] for 1 h at
room temperature and rinsed with the 0.1 M PBS buffer three
times, followed by dehydration with a series of ethanol solutions
including 50, 70, 80, 90, 95, and 100%. A low-viscosity medium
of Spurr resin was used to embed the specimen which has been
incised with a diamond knife on Supernova Ultramicrotome
(Astria). The section stained with uranyl acetate and alkaline
lead citrate was monitored in TEM of Model JEM-1230 (Japan)
following the standard procedures.

Secretion of Effectors Protein Hcp
(Hemolysin Coregulated Protein)
The secreted Hcp protein of Ao strain RS-2were measured by
Enzyme-linked immune sorbent assay (ELISA) experiment as
described in our previous studies (Li et al., 2014; Masum et al.,
2017). The ELISA was conducted in a standard 96 microtiter plate
(Corning-Costar Corp., Corning, NY, United States) as described
by Slutzki et al. (2012). Briefly, 150 µl of filtered antigen was
pipetted to coat the microtiter plates and incubated overnight

at 4◦C followed by washing with wash buffer. After blocking
the plates with a blocking buffer of 175 µl/well, it was kept at
37◦C for 1 h and decanted. In order to detect Hcp protein of Ao
strainRS-2 treated with or without AgNPs at 30 µg/ml, the Hrp-
conjugated Goat Anti-Rabbit IgG polyclonal antibody was used
at a dilution of 1:5000. The value of optical density (OD450) was
registered using a microplate reader (Multiscan microtiter plate
reader) set at 450 nm.

Statistical Analysis
The experimental data were analyzed using the SPSS software
package SPSS 21 (United States) and the mean values of
the treatments were grouped by selecting the LSD (least
significant difference) tools. Data are represented as the average
values with standard error of at least three values of each
independent experiment.

RESULTS

Synthesis and Characterization of the
Synthesized Nanoparticles
In order to standardize the nanoparticles synthesis route,
different quantities of P. emblica fruit extract varied from 2.5,
5, 10, 15 ml with 100 ml aqueous solution of AgNO3 (1 mM)
were tested in this study. After 30 min, the dissolution of the
15 ml fruit extract caused the rapid change in color from light
yellowish to dark brown, indicating the fast reduction of Ag+
to Ag0 in AgNO3 solution (Figure 2A), while the color in other
samples was changed after incubation for 2–8 h in a dark room
and the control sample remained colorless. Furthermore, the
synthesis of AgNPs in the solution was confirmed by the results
of UV-visible spectrophotometers, which exhibited a spectrum of
surface plasmon resonance (SRP) ranging from 430 to 436 nm
of absorption band (Figure 2B). However, it could be noted
that AgNPs was also synthesized with 2.5 ml of fruit extract
in 100 ml AgNO3 solution. Indeed, the SPR spectra of AgNPs
derived from the higher concentration of fruit extract showed
a sharper and strong absorption band at 430 nm (Figure 2B).
Moreover, the UV-vis spectra results showed an increase in the
absorbance intensity of the reaction mixture with time and the
solution was stable after 24 h of incubation, which indicates the
completion of nanoparticles formation in solution. Therefore,
the AgNPs mediated by the mixture of 15 ml fruit extract
and 100 ml AgNO3 solution was freeze-dried and used for
further studies.

In addition, Figure 3 shows the FTIR spectra of biogenic
AgNPs derived from P. emblica fruit extract after reaction
with AgNO3 and fruit extract control without AgNO3. The
FTIR data indicates the marginal shift in the peak position of
spectra as depicted in Figure 3. The spectral analysis reveals
the number of functional biological group responsible for
stabilization of nanoparticles, which acts as capping or stabilizing
agents. FTIR measurement based on AgNPs mediated by fruit
extract revealed different absorption peaks at 3404, 2923, 2852,
1637, 1535, 1384, 1219, 1160, 1061, and 519 cm−1. In case of
AgNPs, a very strong absorption peak shifted toward a lower
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FIGURE 2 | Confirmation of biosynthesized silver nanoparticles (AgNPs).
(A) Color changes in the Phyllanthus emblica fruit extract (PFE) after addition
of silver nitrate (1 mM aqueous solution of AgNO3) for nanoparticles synthesis;
(B) UV–visible spectrum of AgNPs synthesized by phytochemical agents in
the PFE. The peak at 430 nm corresponds to the surface plasmon resonance
of AgNPs.

FIGURE 3 | Fourier-transform infrared spectrum of biosynthesized AgNPs (up)
and fruit extract of Phyllanthus emblica (down) after 24 h of incubation.

wave number was observed at 3404 cm−1, which indicates
the binding of silver ion (Ag+) with hydroxyl and or amine
groups in the P. emblica fruit extract. Other bands figured
at about 2923 and 2852 cm−1, are also remarkable because
of the stretching vibration of hydrocarbon (C–H) bonded of
alkenes, while the peak at 1637 cm−1 is also predominant
and represents the involvement of amide-I bond (–C = O)

of proteins as a capping agent and stabilization of AgNPs.
Moreover, the band at 1621 cm−1 in fruit extraction was due
to the presence of amide I vibrations, which was shifted to
1535 cm−1 in AgNPs due to the proteins that may have been
linked to AgNPs by the amine groups. The peak observed around
1384 cm−1 in AgNPs spectra extract that could be assigned to
C–H symmetric vibrations and same peak was also observed in
fruit extract. The spectral peak at 1238 cm−1 in extract (shifted
to 1219 cm−1 in AgNPs) was found by the C–C stretching
vibration (Figure 3).

Furthermore, XRD analysis confirmed the crystalline nature
of mediated AgNPs based on the emission peaks of 2θ = 38.178,
44.428, 64.583, and 77.639◦, corresponding to the silver crystal
planes (111), (200), (220), and (311), respectively, (Figure 4F).
The TEM images clearly showed that most AgNPs were highly
mono-dispersed in spherical shapes (Figures 4A,B),which was
in conformity with the SEM image (Figure 5A). Moreover,
the HR-TEM images (Figures 4C,D) of a biosynthesized silver
nanoparticle revealed crystalline nature of the particles showing
the lattice fringe quite clearly. The bright circular spots in SAED
pattern (Figure 4E) demonstrated the (111), (200), and (220)
planes, which also revealed the crystalline nature of the particles
formed. These data are in lines with the XRD results obtained.
The size distributions of the AgNPs varied between 19.8 and
92.8 nm with a mean value of 39.1 nm (Figure 5A). EDX
instrument furthermore confirmed the existence of the silver
element in the synthesized AgNPs (Figure 5B).

In vitro Antimicrobial Activity of AgNPs
The biosynthesized AgNPs exhibited good sensitivity response
at the four different concentrations against Ao strain RS-2
compared to P. emblica fruit extract (PFE) after 24 h of incubation
in the agar media (Figure 6). The inhibition zone diameter
increased by increasing the concentration of AgNPs against
strain RS-2, which varied from 1.27 to 1.96 cm (Figure 6B).
The largest inhibition zone was achieved by a concentration
of 30 µg/ml, followed by 20 µg/mlof AgNPs (Figure 6A).
In contrast, the control PFE showed the smallest inhibition
zone (1.05 cm) compared to the addition of AgNPs treatments
(Figure 6A). Although antibacterial activity was detected in
the control containing only AgNO3 (data not shown), it was
significantly increased by the addition of AgNPs. Taken together,
these results suggested that the synthesized AgNPs showed an
excellent antimicrobial activity against strain RS-2.

Minimum Inhibitory Concentration (MIC)
of AgNPs Against Ao Strain RS-2
Compared to the control, the results of this study showed
that AgNPs had a noticeable antimicrobial activity against Ao
strainRS-2 after 12 h of incubation (Figure 7).The antimicrobial
activity was varied at different levels of AgNPs. In general,
the biosynthesized AgNPs concentrations of 5, 10, 20, and
30 µg/ml caused 14.70, 27.65, 62.41, and 67.43% reduction
in the OD600 values, respectively, while a maximum value of
OD600 (1.027) was observed in strain RS-2 in the absence of
AgNPs (Figure 7). However, there was no significant difference
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FIGURE 4 | TEM images of the biosynthesized silver nanoparticles (AgNPs) (A,B); HRTEM image with lattice fringe (C,D); corresponding SAED pattern (E); and
X-ray diffraction patterns of synthesized AgNPs (F).

between the concentration of 20 and 30 µg/ml in the antibacterial
activities of AgNPs, which indicated that Ao strain RS-2 is highly
susceptible to both AgNPs concentrations.

Effect of Contact Time of AgNPs on Cell
Survival of Ao Strain RS-2
To investigate whether the incubation time affects the
antimicrobial activity of AgNPs; an experiment was conducted
by enumerating the surviving cell of Ao strain RS-2 at different
incubation period up to 12 h. Results showed that the initial
bacterial survival of strain RS-2 in sterile ddH2O was 8.19 log
CFU/ml as a control, while the bacterial survival remained stable
with the increase in the contact time (Table 1). However, in
the AgNPs treatments (20 µg/ml), the cell survival of strain
RS-2 decreased by 1.40, 3.65, 4.09, and 4.97 log CFU/ml as
compared with the corresponding control after 1.5, 3.0, 6.0, or
12.0 h of contact time, respectively. Obviously, in the presence of

AgNPs, cell survival was decreased with the increase in contact
time (Table 1).

Swarming Motility
The effects of AgNPs on the bacterial movement were examined
by evaluating the diameter of vicinity covered by Ao strain RS-
2 on LB agar plates supplied with AgNPs (20 µg/ml). Results
of experiment showed that colonies measurement of strain RS-
2 were 11.4, 16.0, and 22.7 mm in the absence of AgNPs after
incubation of 24, 48, and 72 h (Figure 8A). Interestingly, the
swarming ability of strain RS-2 was significantly inhibited by the
incubation with AgNPs at different time (Figure 8B). As a result,
the colony diameter of strain RS-2 were 8.7, 10.6, and 15.1 mm
after 24, 48, and 72 h of incubation with AgNPs, which were
decreased by 23.68, 33.66, and 33.67%, respectively, compared
with the corresponding control (Figure 8). These results showed
that the AgNPs had a significant effect on the swarming motility
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FIGURE 5 | (A) SEM image of silver nanoparticles (AgNPs) synthesized by reducing 1 mM AgNO3 using fresh fruit extract of Phyllanthus emblica. A representative
SEM image recorded from a thin film of synthesized AgNPs prepared on carbon-coated copper grid and estimation of nanoparticles diameter. (B) Energy Dispersive
Spectroscopy (EDS) patterns of synthesized AgNPs; EDS spectra recorded from a film of synthesized AgNPs with different X-ray emission peaks labeled.

of Ao strain RS-2 at a concentration of 20 µg/ml regardless of the
incubation period.

Biofilm Formation
After 1 day’s incubation at 30◦C without stirring, the biofilm
formation of strain RS-2 was quantified and displayed a
significant inhibition effect when we exposed a concentration of
20 µg/ml of AgNPs in microtitre plates, compared with control
(Figure 9). Indeed, the OD570 value of Ao strain RS-2 was 0.129
without AgNPs, while the strain RS-2 treated with AgNPs had a
lower OD570 value (0.043). In general, the biosynthesized AgNPs
caused 66.64% reduction in the OD570 value of Ao strains RS-2 as
compared to the control (Figure 9).

Live/Dead Cell Staining
In order to clarify the antimicrobial mechanism of AgNPs, the
live/dead bacterial cells of Ao strain RS-2 were stained after 8 h of
treatment. Without AgNPs, staining results in live bacteria clearly
showed intact membranes, which can be induced from fluoresce
green (Figure 10A), while fluoresce red dead cells were detected
after heated the bacteria (Figure 10B). Interestingly, after
exposing the strain RS-2 to AgNPs (20 µg/ml), some bacterial
cells were monitored to fluoresce green (Figure 10C). But, when
AgNPs was treated, the number of green fluorescent cells of strain
RS-2 decreased significantly, suggesting an inhibition of bacterial
growth and replication. Taken together, these results indicate that
AgNPs had a bactericidal effect on strain RS-2.
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FIGURE 6 | In vitro inhibitory effect of silver nanoparticles (AgNPs) synthesized by Phyllanthus emblica fruit extract (PFE) against Acidovorax oryzae strain RS-2.
(A) Diameter of bacterial growth inhibition (cm) caused by PFE and different concentration of AgNPs; Vertical bars represent standard errors of the means (n = 3).
Bars followed by the same letter(s) are not significantly different (P ≤ 0.05). (B) Bacterial growth inhibition zone achieved in agar well diffusion method by PFE and
concentration of AgNPs at 5, 10, 20, and 30 µg/ml.

Damage of Bacterial Cells by the
Synthesized AgNPs
TEM analysis of Ao strain RS-2 was used to study the effect of
AgNPs on the major structural damage of bacterial cells. TEM
results of strain RS-2 indicated that the membranes of untreated
cells were intact with uniformly distributed cytochylema and
electron-dense material throughout the bacterial cytoplasm
(Figures 11A,C). After treatment with AgNPs, however, the
cell wall and cytoplasmic membrane of strain RS-2 became
wrinkle and abnormal (Figures 11B,D). Besides, the synthesized

AgNPs badly ruptured the part of the cell wall, therefore, leading
to leaching out of nutrient and nucleic material swollen cell
structure and caused the death of the bacterium, and there was
evidence of dead cells in live/dead staining images.

Secretion of Effector Protein Hcp
Effects of AgNPs on effector protein Hcp secretion in Ao strain
RS-2 were studied on the basis of an experiment with ELISA
using Hcp effector protein polyclonal antibody. Based on the
optical density measurement of Hcp protein (OD540) using
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FIGURE 7 | Determination of minimum inhibition concentration of silver
nanoparticles (AgNPs) mediated by Phyllanthus emblica fruit extract against
Acidovorax oryzae strain RS-2. Vertical bars represent standard errors of the
means (n = 6). Bars followed by the same letter(s) are not significantly different
(P ≤ 0.05).

TABLE 1 | Effect of contact time of AgNPs on the antibacterial activity against
Acidovorax oryzae strain RS-2.

Contact time (h) Bacterial survival (log10 CFU/ml)

Control AgNPsa

0.0 8.19 ± 0.010 ab 8.19 ± 0.010 e

1.5 8.18 ± 0.013 a 6.78 ± 0.089 d

3.0 8.16 ± 0.012 a 4.51 ± 0.056 c

6.0 8.12 ± 0.022 a 4.03 ± 0.024 b

12.0 8.09 ± 0.027 a 3.12 ± 0.041 a

aConcentration of AgNPs solution was 20 µg/ml. bData from the two repeated
experiments with six replications were pooled because there was no significant
difference between repeat experiments. Means in a column followed by the same
letter are not significantly different according to the LSD test (P ≤ 0.05).

an indirect ELISA experiment, the drawn standard curve for
Hcp protein represented in this study as y = 110.4x + 0.027
showed a high coefficient of correlation (R2 = 0.999) for its
reliability (Figure 12B). The supernatant of strain RS-2 showed
a strong positive ELISA reaction when we used AgNPs at
a concentration of 20 µg/ml, however, there was a negative
reaction (P/N ≤ 1.5) in the absence of AgNPs for the culture
broth of strain RS-2 (Figure 12C). According to a standard
curve, colorimetric analysis showed that the concentration of
Hcp in the sample treated with AgNPs and positive control
was 0.015 and 0.012 mg/ml, respectively. Obviously, these data
indicated that AgNPs had an effect on the secretion of Hcp
proteins in strain RS-2.

DISCUSSION

Biologically synthesized AgNPs have been reported to be
promising therapeutic molecules with significant antimicrobial

and antiviral activities (Kim et al., 2007; Rogers et al., 2008;
Galdiero et al., 2011; Oves et al., 2013; Bhuyan et al.,
2015; Aziz et al., 2016; Zhang et al., 2016). Although
many nanoparticles have been successfully synthesized using
microorganisms and plants, searching new nanoparticles with
precise biological, physical, and chemical features is still at
the cutting edge of nanoscience research. Phyllanthus has a
noteworthy variety of forms of growth and the fruits are
widely used in several preparations of traditional medicine
due to its rich antioxidant, anti-aging, antipuretic, and anti-
inflammatory properties and the potential sources of naturally
occurring phytochemcals in the fruit extract (Ramesh et al.,
2015; Manikandan et al., 2017). In this study, synthesis and
characterization of AgNPs from P. emblica fruit extract is
reported, which may benefit from ecological and economical
aspects. Additionally, synthesized AgNPs have greatly affected
the growth of bacteria, integrity of cell, biofilm production,
swarming motility and the secretion of Hcp effectors of Ao strain
RS-2. Overall, this study reported green-synthesized AgNPs
mediated by P. emblica plant extract and demonstrated its
antibacterial activity and mechanism against the pathogen of
bacterial rice brown stripe.

It has been well described that biosynthesis of nanoparticles
employing the use of plant extract is a noble strategy for
biosynthesis reaction because of their nontoxic properties and
thus provide natural capping agents (Sharma et al., 2009; Rai
and Ingle, 2012; Oves et al., 2013, 2018; Prasad, 2014; Aziz
et al., 2016, 2019; Qayyum et al., 2017). Results here showed
that synthesis of AgNPs occurred after exposing silver nitrate to
P. emblica fruit extract even at different ratios and hence, the
change in dark brown color was observed due to the succession
of nanoparticles formation, which has been further justified by
ultraviolet–visible spectroscopy. Biosynthesized AgNPs had a
strong band of absorption at 430 nm, due to its SRP attributes.
Here, the intensity of the color change from light yellowish to
dark brown is directly related to the quantity of the extract
and incubation period, and this is probably because of the
stimulation of longitudinal plasmon vibrations and AgNO3
reduction (Kumar and Mamidyala, 2011; Yamal et al., 2013;
Manikandan et al., 2017). Therefore, in agreement with earlier
reports (Sosa et al., 2003; Tran et al., 2013; Manikandan et al.,
2017),increasing the absorption point with an increase extract
ratio is a reliable criterion, thus indicating the synthesis of
symmetrical nanoparticles. With the intention to identify the key
factors for the silver ions (Ag+) reduction into AgNPs (Ag0)
in the aqueous extract of P. emblica fruits, FTIR analyses have
been carried out. In case of AgNPs, a shift in the absorbance
peak with variable band intensity was observed at different
points when compared with control fruit extract. P. emblica fruit
extract based AgNPs spectra revealed different absorption bands
ranging from 519 to 3404 cm−1. This predicts the presence
of possible biomolecules that are involved in reduction and
stabilization of silver ions (Ag+) to AgNPs (Ag0) present in
aqueous fruit extract. In agreement with previous reports, the
FTIR spectrum analysis in this study detected several absorption
peaks, specifically for N–H stretching vibrations, indicating
strong hydrogen bonding, and C = O extension vibrations
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FIGURE 8 | Effect of silver nanoparticles (AgNPs) mediated Phyllanthus emblica fruit extract on the swarming motility of Acidovorax oryzae strain RS-2. The
concentration of AgNPs is 20 µg/ml. ∗∗∗P < 0.001. Error bars represent the standard error of the mean (n = 6). (A) Bacterial swarming motility was determined by
measuring the diameters of bacterial colony on the plates from three independent experiments; (B) Colony diameter at different incubation time.

attributed to carboxylic acids, ketones, and aldehydes, which
were linked to the silver ions reduction leading to nanoparticles
stabilization because of oxidizing the hydroxyl radical (Selvi
et al., 2016; Manikandan et al., 2017; Qayyum et al., 2017;
Oves et al., 2018; Aziz et al., 2019). Different peaks at two–
theta value in XRD results revealed the presence of AgNPs
having varied face-centered cubic (fcc) silver planes, while the
peaks at 22 value of 38 degrees was the sharpest and the
(111) plane therefore appears to be preferentially similar to
the supporting substratum surface. Similar results were also
shown in other studies (Mahmoud et al., 2016; Manikandan
et al., 2017; Oves et al., 2018; Aziz et al., 2019). The TEM and
HRTEM images of biosynthesized AgNPs showed that most of
the particles were nearly spherical in shape and crystalline in
nature, particularly, the HRTEM images showed the presence of
lattice fringe corresponds to Ag plane (Soman and Ray, 2016).

In our study, we have observed a few traces of AgNPs clusters that
may contribute to particle size variation. On close observation,
we can clearly see that the clusters have been formed when
the individual particles have clustered together. Various sizes of
spherical AgNPs with crystallization of bio-organic compounds
were reported by previous studies by TEM and SEM analysis
(Elbeshehy et al., 2015; Mahmoud et al., 2016; Ghiuţă et al., 2018;
Oves et al., 2018; Aziz et al., 2019). Moreover, the corresponding
SAED pattern of the synthesized AgNPs depicted the crystalline
structure of the particles, which was again confirmed by the
energy dispersive X-ray analysis (EDX) results obtained. The
EDX signals confirmed an existence of the silver element in the
synthesized AgNPs with a peak optical absorption range, which
has been observed in the biosynthesized AgNPs using P. acidus
and Solanum xanthocarpum fruit extract (Amin et al., 2012;
Manikandan et al., 2017). Metallic silver nanocrystals generally
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FIGURE 9 | Effect of silver nanoparticles (AgNPs) mediated Phyllanthus
emblica fruit extract on biofilm formation of Acidovorax oryzae strain RS-2
after 24 h incubation at 30◦C for 24 h without agitation. Vertical bars represent
standard errors of the means (n = 6). The concentration of AgNPs is
20 µg/ml. ∗∗∗P < 0.001.

show typical EDX signals, which is typical for the absorption
of metalic silver (Park et al., 2007). EDX peaks from C, O, and
Cl may be caused due to the carbon coated copper grid or by
the emission of X- rays from proteins and enzymes of fruit
extract (Manikandan et al., 2017), while the nanoparticles can
be adhered to either by free amino groups or cysteine residues
(Mandal et al., 2005).

Synthesized AgNPs using plants or microorganisms are well-
known approach for the development of safe and competent
control strategies against resistant bacteria (Kim et al., 2007;
Oves et al., 2013; Elbeshehy et al., 2015; Aziz et al., 2016; Zhang
et al., 2016; Manikandan et al., 2017). In vitro results showed that
AgNPs synthesized by the fruit extract of P. emblica had effective
antibacterial activity against strain RS-2 with the inhibition zone
of 27–1.96 cm, while the growth of Ao strain RS-2 was dependent
on the concentration of nanoparticles. In addition, significant
in vitro inhibition of bacterial growth (OD600 value) using the
dosages of 20 and 30 µg/ml AgNPs were observed and the
difference was not obvious, suggesting a MIC of 20 µg/ml AgNPs
against strain RS-2. Earlier reports also showed that AgNPs have
a concentration-dependent inhibitory effect on a wide range of
pathogenic bacteria (Aziz et al., 2016; Mahmoud et al., 2016;
Qayyum et al., 2017; Oves et al., 2018). These results are also
partly explained due to the smallest AgNPs (having an average
diameter of 39 nm), which has been shown a strong inhibitory
effect against many Gram-negative bacteria elsewhere (Pal et al.,
2007; Singh et al., 2015). Furthermore, similar to previous reports
(Lara et al., 2010; Zarei et al., 2014; Qayyum et al., 2017; Oves
et al., 2018), this report also showed that bacterial survival in
AgNPs solution was affected by the incubation time, while after
6 h exposing, AgNPs concentration of 20 µg/ml had an about
4 log reduction in the viable population of Ao strain RS-2
compared with control.

FIGURE 10 | Live/dead cell staining analysis of Acidovorax oryzae strain RS-2
cells exposed to 20 µg/ml of silver nanoparticles (AgNPs) for 6 h.

(Continued)
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FIGURE 10 | Continued
Staining were carried out using live/dead BacLight bacterial viability kit
(Invitrogen, Carlsbad, CA, United States), and visualized by fluorescence
microscopy. Green fluorescence is representative of live bacteria with intact
membranes, while red fluorescence is representative of dead bacteria.
(A) Live bacteria in negative control (without AgNPs); (B) Dead bacteria in
negative control (Heat); (C) Bacteria in AgNPs treatment.

In addition, TEM micrographs have also shown the different
morphological changes that occurred in Ao strain RS-2 upon
exposure of AgNPs (20 µg/ml). It has been reported that
green nanoparticles have the ability to attach the bacterial cell
membrane more quickly and strongly compared to chemically
synthesized nanoparticles that support its better antibacterial
action (Parashar et al., 2011). Therefore, TEM was used to see
how AgNPs interact with bacterial cells. With the addition of
the synthesized AgNPs, the reduction of bacterial numbers and
further bacterial death could be caused by the damage of bacterial
cell integrity and leakage of cytoplasm. The bacteriostatic
effect of AgNPs can be justified by the analysis of bacterial
live/dead cell staining results. According to the previous studies,
AgNPs directly altered cellular processes, including permeability,
transport of electron, osmoregulation, and respiration, perhaps

because of the attachment of Ag+ ions with the negatively
charged cell-surface. Consequently, it causes the release of
bacterial DNA (Marambio-Jones and Hoek, 2010; Rajeshkumar
and Malarkodi, 2014), which was clearly revealed from the TEM
figures. Qayyum et al. (2017) has been demonstrated that AgNPs
interaction with bacterial cells led to the production of ROS,
which might be partially justified the distortion of bacterial
membranes or lysis of bacterial cells that ultimately led to death
of cells. Therefore, it is reasonable to assume that antimicrobial
activity of AgNPs can be attributed, at least in part, to the damage
of the membrane and cytoplasm of Ao.

A noticeable finding of this study is that AgNPs inhibited
the swarming motility and biofilm formation of Ao strain RS-2
in comparison with control, indicating that inhibitory effect of
AgNPs is partly due to the disruption of flagella and interference
with the biofilm formation. Moreover, it has been reported that
green AgNPs interact with bacterial cells and produced ROS,
which causes protein denaturation and other macromolecules
damage and improper expression of the bacterial virulence
factor, including inhibition of biofilm (Qayyum et al., 2017).
Previous studies demonstrated that bacterial movement was
directly linked to the growth of bacteria, biofilm formation and
pathogenesis (Bahar et al., 2010; Liu et al., 2012). Swarming
ability of bacteria has indeed been shown to be a decisive

FIGURE 11 | Transmission electron microscopic observation of Acidovorax oryzae strain RS-2 treated without (A,C) and with (B,D) biosynthesized silver
nanoparticles (AgNPs)at 20 µg/ml. Scale bar in (A,B) = 0.5 µm; in (C,D) = 0.2 µm.
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FIGURE 12 | Effect of silver nanoparticles (AgNPs) mediated Phyllanthus emblica fruit extract on the secretion of Hcp protein in Acidovorax oryzae strain RS-2.
(A) ELISA of Hcp protein at different concentrations; (B) Standard curve, the negative reaction (P/N value < 1.5); (C) ELISA measurement of Hcp secreted by strain
RS-2. The positive reaction (P/N value ≥ 1.5); The purified Hcp-His fusion protein and His protein were used as the positive and the negative control, respectively.
The experiment was conducted three times with three replicates.

factor in colonizing the host for successful infection through
attachment and chemotaxis via type IV pili (Liu et al., 2012;
Ogunyemi et al., 2019). Besides, biofilm formation was thought
to play a vital role in the virulence of plant pathogenic bacteria
by employing several mechanisms such as (i) increasing the
potential to survive in hazardous conditions and limited nutrient
availability, (ii) emerging resistance to plant-derived antibacterial
compounds and/or, (iii) stimulating colonization of the host
(Mansfield et al., 2012; Bogino et al., 2013). Moreover, swarming
is crucial for the various phages of biofilm development, such
as hunting for a favorable locale, surface adherence, structural
disassembly, and discharge from the matrix of biofilm (Klausen
et al., 2003). Additionally, our previous study found that the
production of exopolysaccharide (EPS), a key component of the
biofilm complex is strongly associated with virulence factors in
Ao strain RS-1 (Zhang et al., 2017). According to the findings
here, several studies have also been shown that AgNPs was able
to affect the swarming ability and biofilm formation, resulting
in less virulence (Vyshnava et al., 2016; Qayyum et al., 2017;
Alavi and Karimi, 2018).

Results of the ELISA showed that Ao strain RS-2 treated
with AgNPs caused increased secretion of Hcp protein as
compared to the control (without AgNPs).These results are pretty
congruent with the observations of Dong et al., 2016), who
reported that camptothecin, a monoterpenoid indole alkaloid
antimicrobial compound, caused the up-regulated expression of
hcp and the increased secretion of Hcp in live Ao strain RS-2
detected on ELISA analysis. Indeed, Hcp are thought to be the
components or effectors proteins as T6SS-hallmark components
in many Gram-negative bacteria (Mougous et al., 2006; Wu et al.,
2008; Masum et al., 2017). Moreover, recent studies have also
reported that T6SS play a key function in several virulence-related
attributes such as growth of bacteria, production of biofilm and
extracellular polymeric substances, EPS production, survival, and
rigidity to a variety of stimuli (Burtnick and Brett, 2013; Cui
et al., 2015; Masum et al., 2017; Hu et al., 2018). Additionally,
according to the results achieved in this study, Ho et al. (2013)
also observed that T6SS activity was strongly induced due to

damaged membrane, therefore, it is reasonably to infer that the
increased secretion of Hcp effectors proteins in strain RS-2 could
be partly attributed to membrane disruption.

The use of biogenic AgNPs in the protection of crop
diseases offers an excellent promise in insect and pathogens
management as an alternative to chemically produced pesticides.
AgNPs are remarkably effective against phytopathogens with
low toxicity and lead to broad spectrum of applicability such
as in pesticidal, antiviral, antifungal, antibacterial as well as
nematicidal activities (Gupta et al., 2018). It opens up a
new tool for disease management, rapid disease detection and
reducing nutrient losses in fertilization by an optimized nutrient
management. Moreover, AgNPs can be used as a foliar spray
to halt the growth of fungi, molds, rot and several other
plant diseases due to its quite stable and highly dispersive
in water solution. However, they may have some limitations
of its bactericidal nature able to kill beneficial microbes or
it may be no effect on the beneficial microbes. Research on
the application of nanoparticles in agriculture is still in the
early stages, especially with regard to their interventions with
microorganisms that are beneficial for agriculture. Because of
the lack of effective environmental safety protocols, only in vitro
studies have been reported so far and in vivo studies are still
not adequately documented. Preliminary we tested the impact of
AgNPs on plant growth promoting bacteria (PGPBs), including
Bacillus amyloliquefaciens strain D16 isolated from rice and
Paneabacillus polymyxa strain SX3 from cotton in our laboratory,
and hence, we did not observe a significant effect on PGPBs
upon exposure the concentration of 5–20 µg/mL (data not
shown). Nonetheless, other studies demonstrated that PGPBs
are inhibited upon exposure to AgNPs but the toxic effects
above a certain concentration (mostly ≥ 100ppm) (Gupta et al.,
2018; Mahawar and Prasanna, 2018). However, extrapolation of
our observations to more general cases is limited because of
in vitro evaluation. On the other hand, it has been reported
that low dose of AgNPs can up-regulate the nitrogen fixation
genes and increases the functioning of arbuscular mycorrhizal
fungi in the plant rhizosphere (Mahawar and Prasanna, 2018).
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In general, the effect of nanoparticles (NP) interactions with
plants or microbes is largely depended on “nano-specific” (type,
size, surface charge), doses, species of plant or microbe, and
media. Furthermore, there is immense research scope in this
unexplored, promising and challenging area and hence, a clear
picture of the agro-ecological consequences of AgNPs would
necessitate more in-depth perceptive studies in interaction of
plant-microbe-nanoparticle systems.

CONCLUSION

In conclusion, this study clearly provides an economical,
environmental friendly, and straightforward reproducible
approach in AgNPs synthesis employing P. Emblica fruit
extracts as a reducing, stabilizing, and capping agent. The
biosynthesized AgNPs were characterized thoroughly by UV-
Visible and Energy Dispersive X-Ray Spectroscopy, X-Ray
diffraction, FTIR, TEM, HRTEM and SEM. The FTIR results
found several phytochemicals responsible for the rapid reduction
of ions, leading to AgNPs formation. Especially, hydroxyl groups
oxidation of hydrolysate, which likely stimulated the formation
of nanoparticles. In the reaction mixture, biosynthesized
AgNPs have been detected as mono-dispersed, rather stable, of
comparatively smaller in shape and were adhered with an organic
layer, in which proteins participated. Furthermore, this study
clearly demonstrated that bacterial growths of Ao strain RS-2
were inhibited by the synthesized AgNPs, while effects varied
with the period of incubation and applied concentration. Hence,
it is noticeably observed that the MIC of AgNPs at 20 µg/ml was
able to affect bacterial growth, cell survival, biofilm formation,
and swarming ability. ELISA experiment demonstrated that
AgNPs resulted in increased secretion of Hcp proteins in Ao
strain RS-2, which might be justified by the damaged membrane
in reference to TEM images and results of live/dead cell staining
assays. The bacteriostatic effect of AgNPs is generally achieved
due to direct interaction between AgNPs and bacterial cells,
which caused the destruction of biofilm and cell membrane
and released intracellular materials from bacteria. In addition,

until now, only in vitro studies have been reported and in vivo
studies are not yet adequately documented, because of the lack
of effective environmental safety protocols. However, our results
could be used in the future to detect and catalog AgNPs with
antibacterial properties to protect crops. Altogether, this project
clearly showed the antimicrobial potential of biosynthesized
AgNPs to control the pathogen of rice bacterial brown stripe.
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In the present study, phytofabricated selenium nanoparticles (PF-SeNPs) were prepared
from aqueous fruit extract of Emblica officinalis in a facile, green, economic, tactic
and eco-friendly way. The aqueous fruit extract of E. officinalis was found to be
rich with various secondary metabolites including phenolics (59.18 ± 2.91 mg gallic
acid equivalents/g), flavonoids (38.50 ± 2.84 mg catechin equivalents/g), and tannins
(44.28 ± 3.09 mg tannic acid equivalents/g) and determined that highly appropriate
for the biosynthesis of nanoparticles. The facile phytofabrication of PF-SeNPs was
confirmed by UV-visible and FTIR spectroscopic analysis. The XRD pattern and Raman
spectroscopy showed that synthesized PF-SeNPs were amorphous in nature. The Zeta
potential analysis confirmed that PF-SeNPs were negatively charged (−24.4 mV). The
DLS analysis revealed that PF-SeNPs were in nano size and less aggregated with
poly-dispersity index of less than 0.2. The SEM images depicted that PF-SeNPs were
spherical in shape. The EDX analysis revealed that PF-SeNPs were constituted with
Se (61.60%), C (29.96%), and O (4.41%). The HR-TEM analysis determined that PF-
SeNPs were in nano size with an average diameter of 15–40 nm. The PF-SeNPs
have offered fascinating bio-potential applications, such as antioxidant, antimicrobial
and biocompatibility. They have also exhibited dose-dependent free radical scavenging
activity, and EC50 was determined as 15.67 ± 1.41 and 18.84 ± 1.02 µg/mL for
DPPH and ABTS assays, respectively. The PF-SeNPs has also shown the wide range
of antimicrobial activity on foodborne pathogens, and it was found to be highly efficient
on fungi followed by Gram-positive and Gram-negative bacteria. The biocompatibility of
PF-SeNPs was assessed in N2a cells with much higher IC50 value (dose required to
inhibit 50% of cell viability) compared to sodium selenite. Also, mitochondrial membrane
potential (MMP) and caspase-3 were much less altered on treatment of PF-SeNPs
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related to sodium selenite. The cytotoxic studies clearly determined that PF-SeNPs
was much less toxic and safer related to sodium selenite. Thus, PF-SeNPs could find
suitable application as antioxidant and antimicrobial agent in food, biomedical, and
pharmaceutical industry.

Keywords: phytofabrication, selenium nanoparticles, Emblica officinalis, antioxidant activity, antimicrobial
activity, biocompatibility

INTRODUCTION

Antibiotic resistance and food safety have become two of the
major health apprehensions for the public, government, and
regulatory agencies in the last two decades (Sundararaj et al.,
2019). The infectious diseases are the primary causes of deaths
that occur worldwide. Ever since the advent of antibiotics,
morbidity, and mortality rate of infectious diseases are being
mitigated. However, nowadays, there is an upsurge in antibiotic-
resistant microorganisms, which is an emerging utmost concern.
Also, Food and Agriculture Organization (FAO) of the United
Nations estimate a loss of 25% of the agronomic products
worldwide owed to fungal infestation and is measured as major
threat to food industry (Bryden, 2007; Kalagatur et al., 2018c,d).
Particularly, fungal secondary metabolites (mycotoxins) are
highly poisonous and could cause a variety of ailments in
humans and farm animals (Mudili et al., 2014). Further, the
use of synthetic food additives is one of the foremost concerns
in food industries because of their ability to incite digestive
disorders and carcinogenicity (El-Wahab and Moram, 2013).
Thus, there is a necessity to design substitutive compounds with
antioxidant and antimicrobial properties that do not induce
antimicrobial resistance and detrimental effects on human and
animal health and can be used by the food industries in
compliance to food safety.

The recent boom in nanotechnology has fortunately provided
us an indefinite range of applications in biomedicine and food
science. Particularly, nanoparticles have the extensive range
of applications in biological sciences, i.e., pharmaceuticals,
medical diagnosis, cosmetics, agriculture and food industry, etc.
(Kalagatur et al., 2018a; Siddaiah et al., 2018). In the last decade,
several pharmaceutical companies have obtained the consent of
nano-formulation based drugs and diagnostics from the Food
and Drug Administration (FDA) and World Health Organization
(WHO) (Mittal et al., 2014). Furthermore, nanomaterials have
also found an appropriate role in the agro-food-feed sectors; for
example, crop production, nutritional properties, enhancement
of water quality, food packaging, etc.

The most routinely synthesized nano-antimicrobials are made
up of silver, gold, titanium, zinc, cadmium, gadolinium, selenium,
copper, etc. However, due to the high cost of silver, gold and
copper metals, their use in biomedical and food sciences is
limited. Also, cadmium, titanium, gadolinium, and zinc are
unacceptable due to their high toxic nature (Zuverza-Mena et al.,
2017; Sohal et al., 2018). Among the nanomaterials, selenium
nanoparticles (SeNPs) have drawn attention and are widely
accepted in biomedicine and food science due to their low toxicity
and high biocompatibility (Tran et al., 2015). Captivatingly,

selenium is a key factor in the formation of selenoproteins, which
are vital antioxidants like thioredoxin reductase, glutathione
peroxidase, and deiodinase (Rotruck et al., 1973). Selenium is one
of the trace minerals, which is essential for the maintenance of
human health, with approximately 40–300 mg as daily nutritional
supplement for an adult (Rayman, 2005). Further, SeNPs have
potent free radicals scavenging effects, both in in vitro as
well as in vivo conditions and protect DNA from oxidative
damage (Battin et al., 2011). Along with the aforementioned
properties, several studies have reported that the SeNPs possess
anti-carcinogenic activity against several types of cancers (Huang
et al., 2013). Also, SeNPs show unique antimicrobial activities
against Candida albicans (Kheradmand et al., 2014), Proteus
mirabilis and Pseudomonas aeruginosa (Shakibaie et al., 2015).
Accordingly, SeNPs are highly acceptable and recommended for
use in biomedical and food science.

Selenium nanoparticles can be synthesized by physical,
chemical, and biological approaches. The chemical and physical
methods need high thermal conditions, hazardous chemicals
and acidic pH, which is extremely toxic and unsafe for
biological applications (Iranifam et al., 2013). Whereas, biological
synthesis of SeNPs is safe, eco-friendly, inexpensive and non-
toxic (Wadhwani et al., 2016). Moreover, biologically made
SeNPs are more stable due to the natural coating of organic
materials over the surface, which do not allow nanoparticles
to be aggregated with the time period (Park et al., 2011).
The use of plant extracts for the synthesis of nanoparticles
might be beneficial over microbial synthesis by eliminating the
extravagant procedures for maintaining cultures. Despite the
fact, that a large number of plants are reported for nanoparticle
synthesis, only few reports are available on phytogenic synthesis
of SeNPs. These studies include synthesis using leaf extract of
Capsicum annuum (Li et al., 2007), seed extract of fenugreek
(Ramamurthy et al., 2013), leaf extract of lemon (Prasad et al.,
2013), dried fruit extract of Vitis vinifera (Sharma et al., 2014),
leaf extract of Terminalia arjuna (Prasad and Selvaraj, 2014),
flower extracts of Bougainvillea spectabilis (Deepa and Ganesan,
2014), leaf extract of Leucas lavandulifolia (Kirupagaran et al.,
2016), leaf extract of Clausena dentate (Sowndarya et al.,
2017), aqueous extract of Allium sativum (Anu et al., 2017),
leaf extracts of Diospyros montana (Kokila et al., 2017), leaf
extracts of Psidium guajava (Alam et al., 2018), polysaccharides
from Lycium barbarum and green tea extracts (Zhang et al.,
2018). In this study, we report for the first time, a quick
synthesis of phytofabricated selenium nanoparticles (PF-SeNPs)
from fruit extract of Emblica officinalis and establishment
of biocompatibility of PF-SeNPs relating with cytotoxicity of
precursor sodium selenite.
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Emblica officinalis is also known as Phyllanthus emblica,
which belongs to the family Phyllanthaceae and genus
Phyllanthus, whose edible fruits are widely used in Indian
Ayurvedic medicine (Dharmananda, 2003). There are abundant
benefits of E. officinalis, which include, antibacterial (Philip
et al., 2012), antifungal (Mehmood et al., 1999), antioxidant
and cardioprotective activities (Golechha et al., 2012). The
E. officinalis fruits are a rich source of hydrolyzable phenolics,
flavonoids, and tannins that play a key role in reducing and
regulating the shape of nanoparticles (Ankamwar et al., 2005).

In the present study, phytofabricated-SeNPs (PF-SeNPs) were
synthesized using aqueous fruit extracts of E. officinalis by
green, low-cost and simple reduction method. The as-synthesized
PF-SeNPs were preliminarily characterized and confirmed by
UV–visible spectroscopy. The particle sizes of PF-SeNPs were
determined by dynamic light scattering (DLS) analysis. The
nature of PF-SeNPs was confirmed by Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy, and X-ray diffraction
(XRD) analysis. The shape, size, and chemical composition of
PF-SeNPs were determined by scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HR-
TEM), and energy dispersive X-ray analysis (EDX) analysis,
respectively. In conclusion, potential biological applications of
PF-SeNPs were explored by antibacterial, antifungal, antioxidant
and biocompatibility assays.

MATERIALS AND METHODS

Chemicals and Reagents
Sodium selenite (98%), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(MTT), Tween 80, methanol, acetate buffer, tetracycline,
nystatin, rhodamine 123, caspase-3 kit, Dulbecco’s modified
Eagle media (DMEM), Folin-Ciocalteu reagent, 2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS), Dulbecco’s phosphate
buffered saline pH 7.4 (DPBS) and fetal bovine serum (FBS)
were obtained from Sigma-Aldrich (Bengaluru, India). The
microbial culture media, including Muller Hinton Broth (MHB),
Muller Hinton Agar (MHA), brain heart infusion (BHI) broth,
sabouraud dextrose agar (SDA), and sabouraud dextrose broth
(SDB) were obtained from HiMedia (Mumbai, India). The
live/dead dual staining assay kit was purchased from Thermo
Fisher Scientific (Bengaluru, India). The plastic and glassware
were obtained from Nunc and Borosil, respectively (Bengaluru,
India). The other chemicals used in the study were belonged
to analytical grade and were obtained from Merck Millipore
(Bengaluru, India).

Collection and Preparation of
E. officinalis Fruit Aqueous Extract
The fresh fruits of E. officinalis were collected from the local
agriculture market, Pondicherry, India. They were washed
thoroughly with distilled water, deseeded using a sterile knife
and the edible part of the fruit was used to prepare fruit extract.
Briefly, 100 g of edible fruit was ground well in a mortar using
water (w/v, 1:2). The solution obtained was filtered through

Whatman No. 1 filter paper, stored at 4◦C and further used for
chemical profile analysis and nanoparticle preparation.

Chemical Profile of Aqueous Fruit
Extract of E. officinalis
Plants and its sources contain a wide range of secondary
metabolites, and these were considered as potential reducing
substances for biogenic production of nanoparticles (Akhtar
et al., 2013). The total phenolic, flavonoid and tannin contents
of E. officinalis fruit extract were determined in order to evaluate
its suitability in biogenic production of nanoparticles.

Estimation of Total Phenolics
The total phenolic content of E. officinalis fruit extract was
determined by Folin-Ciocalteu assay (Kalagatur et al., 2018b).
Gallic acid was considered as a reference phenolic compound and
the obtained result was stated as mg of gallic acid equivalents per
g of E. officinalis fruit extract (mg GAE/g). Briefly, 0.5 mL of fruit
extract was diluted thrice with distilled water and blended with
0.5 mL of 7.5% sodium carbonate solution and 0.25 mL of Folin-
Ciocalteu reagent. The obtained blend was incubated for 30 min
at 27 ± 2◦C under dark and absorbance was recorded at 765 nm
using a plate reader (Synergy H1, BioTek, United States).

Estimation of Total Flavonoids
The total flavonoid content of E. officinalis fruit extract was
determined by aluminum chloride colorimetric assay (Kalagatur
et al., 2018b). Catechin was considered as a reference flavonoid
compound and the obtained result was stated as mg of catechin
equivalents per g of E. officinalis fruit extract (mg CE/g). Briefly,
0.5 mL of fruit extract was blended with 70 µL of sodium nitrite
solution (5%) and incubated at 27 ± 2◦C for 5 min. Later, the
mixture was blended with 0.5 mL of sodium hydroxide (1 M),
0.15 mL of aluminum chloride (10%) and 1.3 mL of deionized
water. The reaction mixture was incubated for 5 min at 27± 2◦C
and absorbance was measured at 415 nm using a plate reader
(Synergy H1, BioTek, United States).

Estimation of Total Tannins
Total tannin content was estimated spectrophotometrically as per
procedure of Price and Butler (1977). Tannic acid was considered
as reference tannin compound and the obtained result was stated
as mg of tannic acid equivalents per g of E. officinalis fruit extract
(mg TAE/g). Briefly, 4 mL of fruit extract was blended with 3 mL
of 0.1 M FeCl3 in 0.1 N HCl and 3 mL of 0.008 M K3Fe(CN)
and incubated in the dark for 15 min at 27 ± 2◦C. Later, the
optical density was measured at 720 nm using a multimode reader
(Synergy H1, BioTek, United States).

Synthesis of Phytofabricated Selenium
Nanoparticles (PF-SeNPs)
Briefly, 2 mL of aqueous fruit extract of E. officinalis was
added dropwise into 10 mL of 10 mM sodium selenite under
magnetic stirring condition. Next, reaction mixture was allowed
for reduction in dark condition at 27 ± 2◦C and 120 rpm on
orbital shaker for 24 h and observed for color change.
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Characterization of Biogenic PF-SeNPs
UV–Visible Spectroscopy
The bio-reduction of sodium selenite by aqueous fruit extract
of E. officinalis was monitored by observing the color change.
After the formation of brick-red color, absorbance of the
nanoparticles was measured at wavelength ranging between 200
and 800 nm with 1 nm wavelength intervals using UV–visible
spectrophotometer (Agilent-Cary 60, United States).

Fourier Transform Infrared (FTIR) Spectroscopic
Analysis
Fourier Transform Infrared spectrum was used in order to
confirm the presence of various reducing and stabilizing
functional groups of metabolites in aqueous fruit extract of
E. officinalis and to detect their possible role in fabrication
of PF-SeNPs. Briefly, PF-SeNPs solution was dried out and
ground into a homogeneous powder, and spectra were attained
at 400–4,000 cm−1 wavenumbers against potassium bromide
background using the spectrophotometer (Thermo Nicolet
6700, United States).

X-Ray Diffraction Analysis
The phase structure of PF-SeNPs was observed by XRD
analysis using X’Pert PRO diffractometer in Debye-Scherrer
configuration (PANalytical, Spectris Technologies Pvt. Ltd.,
India) attached with Cu anode as a source of X-rays and Ni filter
was used to attenuate pipeline of Cu Kβ. The Cu Kα radiation
was generated at a wavelength of 1.5406 Å by operating the
instrument at 40 kV and 40 mA. The measurement was recorded
by using a 0.5 mm glass capillary over a 2θ range of 10–80◦ with
a scanning rate of 0.05◦ at a time interval of 1 s. The Scherrer
equation was applied to calculate the average dimension (La) of
crystalline domains,

La =
Kλ

β cos(θBragg)

Where, La was the average dimension of crystalline domains, K
was the non-dimensional shape factor and usually considered
as 0.9, β was the full width at half maximum (FWHM)
in 2θ value, and λ was the wavelength at which Cu Kα

radiation was generated.

Raman Spectroscopic Analysis
Raman spectroscopy was used to explore the nature of
nanomaterials, which is recognized as a perfect technique that
even detects slight variations. Briefly, dried PF-SeNPs were placed
as a thin film on aluminum foil and spectra were recorded at
785 nm excitation and spectral range of 150–1,200 cm−1 with
an interval of 10 s using Renishaw’s in Via Raman microscope
(Renishaw, India).

Dynamic Light Scattering and Zeta-Potential Analysis
This technique was used to determine the hydrodynamic size of
particles by focusing a monochromatic light on to the solution,
which causes a Doppler shift. Once the laser light hits the
moving particles, it changes the wavelength of the incoming
light and scatters the light at an angle. This angle of scattered

light is inversely propositional to the size of the particle. The
size distribution of PF-SeNPs was monitored at 27 ± 2◦C using
Zetasizer (Nano ZS, Malvern Instrument, United Kingdom). The
Zeta-potential of the nanoparticles was measured to find the
surface charge on it.

Scanning Electron Microscopic and
Energy-Dispersive X-Ray Analysis
Scanning electron microscopy was carried to know the shape,
surface morphology and size of the nanoparticles. Briefly, PF-
SeNPs suspension was air dried before loading them to sample
holders. Later, PF-SeNPs were coated with gold using sputter
coater in a vacuum and further, images were taken at 20
kV and different magnifications using SEM (Icon Analytical,
Quanta 250, FEI, United States). Energy-dispersive X-ray (EDX)
analysis was performed at 20 kV in order to know the elemental
compositions of nanoparticles. The PF-SeNPs were dissolved
in absolute ethanol and one drop of the suspension was
placed on a sample loading grid, evenly dried and element
analysis was performed.

High-Resolution Transmission Electron Microscopy
Analysis
The shape and size of PF-SeNPs was determined by HR-TEM
analysis. Briefly, one mg of PF-SeNPs was suspended in 1 mL of
ethanol and subjected to sonication for 15 min. Subsequently, a
drop of supernatant dispersion was collected and placed on the
copper grid, and images were captured at different magnifications
using HR-TEM (JEM-2100, JEOL Ltd., Tokyo, Japan).

Biopotential Applications of PF-SeNPs
Antioxidant Assay
Free radical scavenging activity of PF-SeNPs was determined by
DPPH and ABTS radical scavenging assays as per earlier reported
methods (Kumar et al., 2016; Sellamani et al., 2016).

In DPPH radical scavenging assay, various concentrations of
PF-SeNPs (up to 100 µg) was blended with 0.5 mL of DPPH
solution (250 µM in methanol) and 1 mL of 0.1 M acetate buffer
and final volume was made up to 3 mL with methanol. The
reaction mixture was shaken thoroughly and left in the dark
for 30 min at 27 ± 2◦C. Then the absorbance was measured at
517 nm using UV-Visible spectrophotometer (Agilent-Cary 60,
United States). The reaction mixture without PF-SeNPs was used
as control and ascorbic acid was used as standard.

In ABTS radical scavenging assay, ABTS radical solution was
produced by reaction between 7 mM of ABTS and 2.45 mM of
potassium persulfate (1:1) in water and incubated at 27 ± 2◦C
under the dark for 12 h. Further, the optical density of ABTS
radical solution was adjusted to 0.7 at 734 nm by diluting with
methanol. Subsequently, various concentration of PF-SeNPs (up
to 100 µg) was added to 3 mL of ABTS solution (0.7 optical
density) and incubated at 27 ± 2◦C for 6 min under dark
and optical density was measured at 734 nm using UV-visible
spectrophotometer (Agilent-Cary 60, United States). The ABTS
solution without test sample was used as control and ascorbic acid
was used as standard.
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The DPPH and ABTS radical scavenging activity of the test
sample was calculated using the formula,

DPPH (or) ABTS radical scavenging activity (%)

=
(1− ATS)

AC
× 100

Where, ATS and AC were absorbance of the test sample and
control, respectively.

Antimicrobial Activity
Microbial culture maintenance
Antimicrobial activity of PF-SeNPs was carried out on foodborne
pathogens, including bacteria (Escherichia coli MTCC 41, Listeria
monocytogenes MTCC 657, Staphylococcus aureus MTCC 96,
and Enterococcus faecalis MTCC 439) and fungi (Aspergillus
brasiliensis MTCC 1344, A. flavus MTCC 1883, A. oryzae MTCC
634, A. ochraceus MTCC 10276, Fusarium anthophilum MTCC
10129, and Rhizopus stolonifer MTCC 4886). Bacteria were
grown in BHI broth for 24 h at 37◦C and optical density was
determined at 600 nm using the UV-visible spectrophotometer
(Agilent-Cary 60, United States). The optical density (OD) of
the broth was adjusted to 0.5 McFarland standard with sterile
phosphate-buffered saline, pH 7.4 (PBS) and used in further
studies. Similarly, the fungal isolates were grown in SDA Petri
plates for 7 days at 28◦C and fungal spores were collected in
sterile peptone broth containing 0.001% Tween 80 by using a
soft scraper. The spore count was determined by hemocytometer,
and its count was adjusted to 1 × 106 per mL and used in
further studies.

Micro-well dilution method
Antimicrobial activity of PF-SeNPs on foodborne pathogens
was determined by micro-well dilution technique as per
instructions of Clinical and Laboratory Standards Institute
(CLSI) (Kalagatur et al., 2015).

For antibacterial activity, different concentrations of PF-
SeNPs and 10 µL of active bacterial culture of 0.5 McFarland
standards were added to the wells of 96-well plate, and final
volume was adjusted to 100 µL with MHB. The plates were
incubated at 37◦C for 24 h and OD at 600 nm was determined
using the spectrophotometer. The concentration of PF-SeNPs at
which no increase in OD was noticed as minimum inhibitory
concentration (MIC). Further, 10 µL of sample was collected
from the wells and spread plated on MHA Petri plates and
incubated for 24 h at 37◦C. The concentration of PF-SeNPs at
which complete bacterial growth was not observed, was defined
as minimum bactericidal concentration (MBC). Tetracycline was
used as a standard antibacterial agent.

For antifungal activity, different concentrations of PF-SeNPs
and 10 µL of fungal spores (1× 106 per mL) were added to wells
of 96-well plate, and final volume was adjusted to 100 µL with
SDB and incubated at 28◦C for 3 days. The concentration of PF-
SeNPs, at which no visible fungal growth was observed, served as
MIC. Further, 10 µL of sample was collected from the wells and
inoculated on SDA Petri plates and incubated for 3 days at 28◦C.
The concentration of PF-SeNPs at which no fungal growth was

observed, served as minimum fungicidal concentration (MFC).
Nystatin was used as a standard antifungal agent.

Biocompatibility Assay
Finally, biocompatibility of PF-SeNPs was assessed by relating
with the precursor (sodium selenite) in in vitro cell line
model by various cytotoxicity assays, including MTT, live/dead
dual staining, mitochondrial membrane potential (MMP), and
caspase-3 assays. The toxic effect of sodium selenite and PF-
SeNPs on cell viability was studied by MTT and live/dead
dual staining assays (Kalagatur et al., 2017, 2018b). The MMP
was crucial for ATP synthesis and maintaining the other
functionalities of cells. The effect of sodium selenite and PF-
SeNPs on MMP of cells was studied by rhodamine 123 staining
assay (Kalagatur et al., 2017). Caspase-3 is caspase protein,
and its activation by both extrinsic (death ligand) and intrinsic
(mitochondrial) pathways leads to apoptotic cell death. The
caspase-3 activity was determined using caspase-3 assay kit
(Kalagatur et al., 2018b).

Cell culture and treatments
The cell line, N2a (Mus musculus neuroblastoma) was obtained
from National Centre for Cell Sciences (NCCS), Pune, India.
The cells were sub-cultured in DMEM supplemented with 10%
FBS, 50 µg/mL of streptomycin and 50 mU/mL of penicillin
in humidified incubator at 5% CO2 and 37◦C. The cells were
grown in 75 cm2 cell culture flask, and confluent cells were
used in further experiments. The stock solution of sodium
selenite and PF-SeNPs were prepared in DMSO (0.5%). Further,
working concentration of sodium selenite and PF-SeNPs were
made in DMEM devoid of FBS and concentration of DMSO was
maintained at <0.01% throughout the study.

Approximately, 1.5 × 104 confluent cells were seeded in 96-
well cell culture plates and allowed to adhere for overnight. Then,
the cells were treated distinctly with different concentrations of
sodium selenite and PF-SeNPs in DMEM medium devoid of
FBS for 24 h. The cells treated alone with DMEM devoid of
FBS was considered as control. The cells treated with H2O2
was considered as a positive control. Subsequently, plates were
distinctly used for MTT, live/dead, MMP, and caspase-3 assays.

MTT assay
Succeeding, treatments and incubation were as detailed in section
“Cell Culture and Treatments.” The media was replaced with
10 µL of MTT dye (5 mg/mL) and 90 µL of DMEM devoid
of FBS and incubated for 4 h at 37◦C. Finally, the medium
containing MTT was aspirated and substituted with DMSO
for 30 min to solubilize the formazan crystals and absorbance
was measured at 570 nm using multiplate reader (Synergy H1,
BioTek, United States). The cell viability was expressed with
respect to control (100%).

Live/dead cell assay
Succeeding, treatments and incubation were as detailed in section
“Cell Culture and Treatments.” The cells were washed for twice
with DPBS and stained with dual staining dyes (4 µM of ethidium
homodimer-1 and 2 µM of calcein AM) and cell viability were
determined as per methodology of Kalagatur et al. (2017). Also,
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images were captured using an inverted fluorescence microscope
(EVOS, Thermo Fisher Scientific, United States).

MMP assay
Succeeding, treatments and incubation were as detailed in section
“Cell Culture and Treatments.” The cells were washed for twice
with DPBS and stained with rhodamine 123 (5 µM) in DPBS
for 15 min. The fluorescent images were captured under GFP
filter of an inverted fluorescence microscope (EVOS, Thermo
Fisher Scientific, United States) and optical density was recorded
at excitation of 511 nm and emission of 534 nm using multiplate
reader (Synergy H1, BioTek, United States). The results were
expressed with respect to control (100%).

Caspase-3 assay
Succeeding, treatments and incubation were as detailed in section
“Cell Culture and Treatments.” The cells were washed twice
with DPBS and treated with caspase-3 kit as per manufacturer’s
instructions and absorbance was measured at an excitation of
360 nm and emission of 460 nm using a plate reader (Synergy H1,
BioTek, United States). The results were expressed with respect to
control (100%).

Statistical Analysis
All the experiments were done independently in triplicates, and
results were expressed as mean ± SD. The data were processed
by one-way ANOVA and the statistical difference were estimated
by Tukey’s multiple comparison test using software GraphPad
Prism trial version 7 (San Diego, United States). The p-value was
considered as a significant at ≤0.05.

RESULTS AND DISCUSSION

Chemical Profile of E. officinalis Fruit
Extract
Generally, plant sources are eco-friendly, non-toxic, and highly
esteemed based on their utility in bio-medicine and food sciences.
Especially, plant secondary metabolites are highly appreciated
and have already been reported in prodigious claims, i.e.,
antioxidant, antimicrobial, anticancer properties, etc. (Golechha
et al., 2012; Philip et al., 2012; George et al., 2016; Muniyandi
et al., 2017). Also, plant secondary metabolites are reported as
potential candidates for biogenic production of nanoparticles
and the method was highly satisfactory and being termed as
green synthesis tactic (Akhtar et al., 2013). In the present study,
in vitro assays for total phenolic, flavonoid and tannin contents
of E. officinalis fruit extract are shown in Figure 1. The results
revealed that E. officinalis fruit extract contain decent amount of
phenolics (59.18± 2.91 mg GAE/g), flavonoids (38.50± 2.84 mg
CE/g), and tannins (44.28± 3.09 mg TAE/g).

In support of our results, Liu et al. (2008a) have determined
62.5 ± 0.7, 203.5 ± 2.1, 269.3 ± 0.4, and 439.9 ± 1.3 mg GAE/g
of total phenolic contents in aqueous, butanol, ethyl acetate, and
ethyl ether extracts of amla fruit, respectively. Additionally, Liu
et al. (2008b) have assessed the phenolic and flavonoid contents
of methanolic extracts of amla fruit from six different regions of

FIGURE 1 | Total phenolic, flavonoid, and tannin contents in aqueous fruit
extract of E. officinalis. The experiments were executed independently in
triplicates and data was expressed as mean ± SD. The statistical difference
between the test samples were assessed by Tukey’s multiple comparison test
and p ≤ 0.05 was considered as a significant. The bar graphs with different
alphabetic letters within the respective study were significant.

China and determined in the range from 81.5 to 120.9 mg GAE/g
and 20.3 to 38.7 mg quercetin equivalents (QE)/g, respectively.
Similarly, Pientaweeratch et al. (2016) from Thailand have
determined total phenolic content of 362.43 ± 11.2 mg GAE/g
and total flavonoid content of 21.04 ± 0.67 mg QE/g in
ethanolic extract of amla. Further, Nambiar et al. (2015) carried
out experiments to compare the phytochemical analysis of
methanolic extracts of fruit, pulp and seeds of E. officinalis, where
they determined the total phenolic content, flavonoid content
and tannin content in the range of 6.00 ± 0.01–6.50 ± 0.10 µg
GAE/mg of dry weight, 71.28 ± 1.00–72.35 ± 0.04 µg QE/mg
of dry weight and 6.06 ± 0.01–111.26 ± 0.01 µg TAE/mg,
respectively. However, insufficient reports are available in support
of our study, especially on tannin content of E. officinalis.
Typically, secondary metabolites of plants depend on various
factors, i.e., genetics of plant, weather and harvesting conditions,
nutrition availability, extraction technique, etc. (Verma et al.,
2018). Therefore, obtained the quantity of phenolics, flavonoids
and tannins in the present study was quite dissimilar with
earlier reports. Overall, the present as well as earlier reports
accomplish that E. officinalis fruit extract is rich with phenolics,
flavonoids, and tannins, and it could be the potential contender
for reduction and stabilization of metal ions and green synthesis
of nanoparticles (Akhtar et al., 2013).

Biogenic Synthesis and Characterization
of PF-SeNPs
Originally, sodium selenite solution was colorless. The color
of sodium selenite turned into brick-red with the addition
of E. officinalis fruit extract after 24 h (Figure 2A). The
formation of brick-red solution was due to the excitation of
the surface plasmon resonance and it was an indication for
reduction of sodium selenite into elemental selenium. The
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FIGURE 2 | (A) Reduction of sodium selenite by aqueous fruit extract of E. officinalis to form phytofabricated selenium nanoparticles (PF-SeNPs). (B) UV-visible
spectra of biogenic PF-SeNPs.

reduction of sodium selenite into PF-SeNPs can occur by the
action of phenolics, flavonoids, and tannins of E. officinalis
(Ankamwar et al., 2005). The preliminary confirmation of
PF-SeNPs formation was concluded by plasmon resonance
using UV-Visible spectroscopy. The absorption maximum was
observed at 270 nm, which indicate that plant material has
reduced and stabilized the PF-SeNPs formation (Figure 2B). The
UV-visible absorption maximum in the present study was found
to be in agreement with earlier reports. Kokila et al. (2017)
have prepared SeNPs from Diospyros montana leaf extract by
green synthesis approach and observed UV-visible absorption
maximum at 261 nm. Similarly, Anu et al. (2017) have green-
synthesized SeNPs from Allium sativum and noticed UV-visible
maximum at 260 nm. Likewise, Fesharaki et al. (2010) have
observed UV-visible maximum at 218 and 248 nm (located
between 200 and 300 nm) for Klebsiella pneumoniae mediated
bio-synthesized SeNPs. On the other hand, Shah et al. (2010) have
synthesized polyvinyl alcohol-stabilized SeNPs by wet chemical
method involving a reaction of acetone and noticed UV-visible
maximum at 270 nm. The study concluded that sodium selenite
was successfully converted into PF-SeNPs by reduction action of
aqueous fruit extract of E. officinalis.

Further, FTIR spectroscopic analysis was performed to
confirm the feasible role of E. officinalis fruit extract in the
bio-synthesis of PF-SeNPs. FTIR allows the determination of
the functional groups that exist on the surface of nanoparticles
by measuring the vibrational frequencies of chemical bonds.
The obtained molecular data facilitates to establish structural
and conformational changes of the co-ordinating self-assembled
functional groups on the surface of nanoparticles (Movasaghi
et al., 2008). In the present study, FTIR spectra of aqueous
fruit extract of E. officinalis and PF-SeNPs have been detailed
in Figure 3. FTIR spectrum of aqueous fruit extract of
E. officinalis has presented multiple intense peaks at 3,382,
2,926, 2,854, 1,718, 1,651, 1,448, 1,350, 1,211, 1,050, 879 and
572 cm−1, which corresponds to attendance of –OH group,
stretching vibration of aliphatic C–H, carboxylic acid O–H,
carbonyl C=O stretch, amide I vibrations, C=C aromatic,
CH3 C–H bending in alkyls, R–O–R (ether), superposition in

the plane of C–H bending of polysaccharide, C–C stretching
vibration and OH bending of the phenolic groups, respectively
(Ankamwar et al., 2005; Movasaghi et al., 2008). Whereas,
during PF-SeNPs biosynthesis course, broad intense peak at
3,382 cm−1 of aqueous fruit extract of E. officinalis was
shifted to 3,348 cm−1 of PF-SeNPs, which suggested that
selenium has interacted with the hydroxyl group from aqueous
fruit extract of E. officinalis through hydrogen bonding and
facilitated biosynthesis of PF-SeNPs. Likewise, prominent peak
at 1,718 cm−1 (carbonyl C=O stretch) of aqueous fruit extract
of E. officinalis has disappeared in PF-SeNPs, which specify
that carbonyl C=O stretch has enabled the synthesis of PF-
SeNPs (Ankamwar et al., 2005). Similarly, peak at 1,651 cm−1

(amide I vibrations) in aqueous fruit extract of E. officinalis
was shifted to higher frequencies 1,662 cm−1 in PF-SeNPs
biosynthesis, which shows the interaction of proteins of aqueous
fruit extract of E. officinalis with selenium through the amine
groups. The large and intense peak at 1,050 cm−1 in aqueous fruit
extract of E. officinalis was shifted to 1,042 cm−1 in PF-SeNPs,
which represents the characteristic Se–O stretching vibration,
according to the report of Kannan et al. (2014) and accomplishes
the successful biosynthesis of PF-SeNPs. According to Kimura
et al. (2005), peaks at 1,050 cm−1 (C-O), 1,540 cm−1 (C-N-
H) and 1,660 cm−1 (HN-H) are indicative of carbohydrate
and protein character, respectively. FTIR analysis indicated that
proteins and carbohydrates were dominant on the surface of PF-
SeNPs. The aforementioned variations at the peaks show that
secondary metabolites of aqueous fruit extract of E. officinalis
have successfully facilitated the biosynthesis of PF-SeNPs by
reduction process and could aid in protection of PF-SeNPs
from aggregation and thereby retain their long-term stability
(Park et al., 2011).

The nature of the synthesized PF-SeNPs was assessed by XRD
and Raman spectroscopic analysis. The XRD pattern of PF-
SeNPs has been depicted in Figure 4A, which shows broader
peak without any sharp Bragg’s peaks and thus, it specifies
that synthesized red elemental PF-SeNPs is certainly amorphous
in nature, which is in agreement with previous reports. Li
et al. (2007) and Yang et al. (2012) have phyto-synthesized
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FIGURE 3 | Fourier transform infrared spectroscopy (FTIR) of aqueous fruit extract of E. officinalis and phytofabricated selenium nanoparticles (PF-SeNPs).

FIGURE 4 | (A) X-ray diffraction (XRD) pattern and (B) Raman spectroscopy of phytofabricated selenium nanoparticles (PF-SeNPs).

SeNPs correspondingly from Capsicum annuum leaf extract and
Spirulina polysaccharide and reported its nature as amorphous.
The attained XRD results were further evaluated by Raman
spectroscopic analysis. Raman spectroscopy provides the unique
feature of detecting vibrational characteristics of the synthesized
nanomaterials, which are amorphous or crystalline in nature and
it also has been proven to be a powerful tool to analyze the
phase of nanoparticles (Baganich et al., 1991). In the present
study, characteristic resonance peak was observed at 254 cm−1

(Figure 4B), and it could be attributed to amorphous selenium
as a consequence of irregularly and arrayed selenium atoms as
disordered chains (Li et al., 2010).

The stability and hydrodynamic size of PF-SeNPs were
assessed by Zeta potential and DLS analysis. Zeta potential
is the measure of an effective electric charge on the surface
of nanoparticles. The magnitude of the Zeta potential delivers
information on particle stability. The nanoparticles with higher
magnitude of Zeta potential exhibits increased stability due
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to greater electrostatic repulsion between nanoparticles. In the
present study, the sharp peak of Zeta potential for PF-SeNPs was
noticed at −24.4 mV, and it was concluded that surface of PF-
SeNPs is negatively charged (Figure 5A). The negative charged
potential value was imparted to PF-SeNPs because of reducing
agents (phenolics, flavonoids, and tannins) of aqueous fruit
extract of E. officinalis. Also, the attendance of negative electro-
static forces between PF-SeNPs favors to exist in dispersion
form (Kokila et al., 2017). Further, the DLS pattern reveals
that the optimized SeNPs synthesized by this method have a
size ranging from 20 to 60 nm and display a narrow peak
(Figure 5B), which indicates nanoparticles are monodispersed

and having polydispersity index less than 0.2, which shows the
lesser aggregation of particles (Bhattacharjee, 2016).

The morphology of SeNPs was confirmed by SEM analysis
and was found to be spherical (Figure 6A). The existence of
three strong peaks at 1.5 keV of EDX spectrum confirm the
presence of elemental Se (61.60%), C (29.96%) and O (4.41%)
(Figure 6B). The shape and size of PF-SeNPs were confirmed by
HR-TEM analysis, and it was found to be spherical shape with
an average diameter of 15–40 nm (Figure 6C). The obtained HR-
TEM results were in accordance with DLS and SEM assessments
of PF-SeNPs. However, the sizes of the PF-SeNPs were slightly
higher in DLS related to HR-TEM analysis, and it could be

FIGURE 5 | (A) Zeta potential (mV) and (B) size distribution (d.nm) of phytofabricated selenium nanoparticles (PF-SeNPs).

FIGURE 6 | (A) Scanning electron microscopic image of phytofabricated selenium nanoparticles (PF-SeNPs) at magnification of (i) 5 µm, (ii) 2 µm, (iii) 1 µm, and (iv)
500 nm. (B) Energy-dispersive X-ray analysis of PF-SeNPs. (C) Transmission electron microscopic images of PF-SeNPs at (i) 100 nm, (ii) 20 nm, and (iii) 10 nm.
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due to hydrodynamic coating of water molecules around PF-
SeNPs (Eaton et al., 2017). In support of our study, Li et al.
(2007), Yang et al. (2012), Ramamurthy et al. (2013), Kong et al.
(2014), Sharma et al. (2014) and have bio-synthesized SeNPs from
Capsicum annuum L. extract, Spirulina polysaccharide, fenugreek
seed extract, Arabic gum, Vitis vinifera dried fruit extract, and
observed optimum size of SeNPs as 80, 90–550, 50–150, 34 and
3–18 nm, respectively. The size of bio-synthesized nanoparticles
relies on chemical constituents of the biomaterial employed
(Akhtar et al., 2013). Therefore, the size of PF-SeNPs in our study
was quite diverse related to earlier reports.

Bio-Potentials of PF-SeNPs
Antioxidant Activity
Antioxidant activity of PF-SeNPs was assessed by DPPH and
ABTS free radical scavenging assays. The PF-SeNPs has shown
potent DPPH and ABTS radical scavenging activity and it
was exhibited in dose-dependent manner (Figures 7A,B). It
shows that antioxidant activity was directly proportional to the
concentration of PF-SeNPs. The EC50 (effective concentration
required to inhibit 50% of free radicals) of PF-SeNPs was
determined as 15.67 ± 1.41 and 18.84 ± 1.02 µg/mL for DPPH
and ABTS radical scavenging activity, respectively. Whereas,
EC50 value of ascorbic acid (reference standard) was noticed
as 19.21 ± 2.63 and 21.69 ± 1.77 µg/mL for DPPH and
ABTS radical scavenging activity, respectively. The PF-SeNPs
has exhibited potent antioxidant activity compared to ascorbic
acid. Our results were in line and comparable with the reports
of phyto-synthesized SeNPs. Recently, Kokila et al. (2017) have
phyto-synthesized SeNPs of 16 nm size and noticed their EC50
value as 22.5 µg/mL. In another report, Qiu et al. (2018) have
synthesized pectin decorated SeNPs of 41 nm and quantified its
EC50 value as 500 µg/mL. The aforementioned studies strongly
support that the antioxidant activity of PF-SeNPs is dependent
not only on size and but also on surface functional moieties

of nanoparticles that are occupied by secondary metabolites of
E. officinalis fruit extract (Zhang et al., 2004; Singh et al., 2018).

The higher antioxidant property of PF-SeNPs could be due
to selenium as well, which plays a key role in an upturn
of selenoenzymes like glutathione peroxidase and assist in
protecting the cells and tissue under in vivo conditions from
free radicals (Rotruck et al., 1973). Consequently, the physicians
and nutritionists routinely recommend to consume Se-rich
food sources (nuts, cereals and mushrooms) for keeping the
individual fit (Combs and Combs, 1986). Therefore, preparation
of nanoparticles with Se and augmentation of their bio-functions
by phytofabrication is much anticipated and accepted by the
consumer, government, and regulatory agencies (El-Ramady
et al., 2014). Therefore, bio-synthesized PF-SeNPs could be
considered as highly biocompatible, and it could find a potential
role in substituting the synthetic antioxidants and could be used
as an natural antioxidant embedding agent in food packaging
material (Vera et al., 2016; Wadhwani et al., 2016).

Antimicrobial Activity
Selenium is considered as potent antimicrobial agents, and
its derivative substance like selenium sulfide is widely used
in medicine to treat infections of Malassezia and Tinea
versicolor (Pierard et al., 1997). However, excess use of
selenium causes toxic effects and leads to selenosis (Spallholz,
1994). Consequently, contemporary research has focused on
diminishing the toxicity and improving the bio-functional
aspects of selenium. In turn, nanotechnology has provided
the safe strategy to reduce the toxicity and improve the bio-
functionality of selenium through biosynthesis.

In the present study, the antimicrobial activity of
biosynthesized PF-SeNPs was tested against foodborne pathogens
by micro-well dilution technique as per instructions of CLSI.
To the best of our knowledge, previous studies were mostly
focused on an evaluation of the MIC activity of bio-synthesized
PF-SeNPs. Only a few studies were focused on the evaluation of

FIGURE 7 | Determination of dose-dependent antioxidant potential of phytofabricated selenium nanoparticles (PF-SeNPs) and ascorbic acid by (A) DPPH and
(B) ABTS radical scavenging assays. The experiment was executed independently in triplicates and data was expressed as mean ± SD. The statistical difference
between the test samples were assessed by Tukey’s multiple comparison test and p ≤ 0.05 was considered as a significant. The bar graphs with different alphabetic
letters within the respective study were significant.
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MBC and MFC value of biosynthesized PF-SeNPs. In medical
microbiology, determination of MBCs and MFCs has been
encouraged for the treatment of serious microbial infections
(i.e., endocarditis) or treatment of immunosuppressed patients
(Sykes, 2013).

The biogenic PF-SeNPs have presented potent antimicrobial
activity on both bacterial and fungal pathogens (Table 1). In
the case of antibacterial activity, MIC and MBC values of PF-
SeNPs were in the range of 09.16 ± 0.76–59.83 ± 2.56 and
19.83 ± 1.25–97.50 ± 3.27 µg/mL, respectively. The lowest MIC
and MBC values of PF-SeNPs were correspondingly noticed as
09.16 ± 0.76 and 19.83 ± 1.25 µg/mL against S. aureus MTCC
96. While, highest MIC and MBC values of PF-SeNPs were
correspondingly noticed as 59.83± 2.56 and 97.50± 3.27 µg/mL
against E. coli MTCC 41. Together, the potent antibacterial
activity of PF-SeNPs was observed against Gram-positive bacteria
(S. aureus MTCC 96, E. faecalis MTCC 439 and L. monocytogenes
MTCC 657) compared to Gram-negative bacteria (E. coli MTCC
4). On the other hand, PF-SeNPs exhibited potent antifungal
activity compared to antibacterial activity. The MIC and MFC
values of PF-SeNPs on fungi were observed in the range of
07.50 ± 1.32–25.50 ± 2.78 and 10.67 ± 1.04–38.17 ± 1.75
µg/mL, respectively. The least MIC and MFC of PF-SeNPs were
correspondingly observed as 07.50 ± 1.32 and 10.67 ± 1.04
µg/mL against R. stolonifer MTCC 4886. The highest MIC and
MFC of PF-SeNPs were correspondingly observed as 25.50± 2.78
and 38.17± 1.75 µg/mL against A. oryzae MTCC 634.

In support of our study, reports are scarce on antimicrobial
activity of biosynthesized SeNPs using plant extracts. Kokila
et al. (2017) have biosynthesized SeNPs using leaf extract and
reported their antimicrobial activity in the form of zone of

TABLE 1 | Antimicrobial effect of phytofabricated selenium nanoparticles
(PF-SeNPs) from E. officinalis fruit extract on various foodborne pathogens
determined by micro-well dilution technique.

Microbial culture MIC@ (µg/mL) MBC#/MFC$ (µg/mL)

Bacteria

Escherichia coli MTCC 41 59.83 ± 2.56a 97.50 ± 3.27a

Listeria monocytogenes MTCC 657 33.17 ± 2.84b 53.50 ± 3.04b

Staphylococcus aureus MTCC 96 09.16 ± 0.76c 19.83 ± 1.25c

Enterococcus faecalis MTCC 439 16.17 ± 2.02d 33.17 ± 3.32d

Fungi

Aspergillus brasiliensis MTCC 1344 07.66 ± 1.52a 11.83 ± 0.76a

A. flavus MTCC 1883 13.50 ± 1.32b 20.50 ± 2.29b

A. oryzae MTCC 634 25.50 ± 2.78c 38.17 ± 1.75c

A. ochraceus MTCC 10276 13.33 ± 1.89bd 21.00 ± 1.32bd

Fusarium anthophilum MTCC 10129 11.83 ± 0.28abde 22.17 ± 1.60bde

Rhizopus stolonifer MTCC 4886 07.50 ± 1.32aef 10.67 ± 1.04af

@MIC, minimum inhibitory concentration; #MBC, minimum bactericidal
concentration; $MFC, minimum fungicidal concentration. The statistical difference
between the test samples within MIC and MBC/MFC of the bacteria and fungi
were assessed by Tukey’s multiple comparison test. The p ≤ 0.05 was considered
as significant. The different alphabetic letters within MIC and MBC/MFC of the
bacteria and fungi were significant.

inhibition as 08, 07, and 08 mm against S. aureus, E. coli, and
A. niger, respectively. Alternatively, few reports are available
on the exploration of biosynthesized SeNPs using microbial
sources. Zonaro et al. (2015) have biosynthesized SeNPs from
Stenotrophomonas maltophilia and noticed MIC values of
125 mg/L against E. coli JM109 and E. coli ATCC 25922, and
250 mg/L against P. aeruginosa PAO1, P. aeruginosa ATCC
27853 and S. aureus ATCC 25923. In case of antifungal activity,
Shahverdi et al. (2010) have synthesized SeNPs from Klebsiella
pneumonia and observed complete inhibition of visible fungal
growth in the range of 10–260 µg/mL against M. sympodialis,
M. furfur, and A. terreus. In the same way, Kazempour et al.
(2013) have biosynthesized SeNPs from Klebsiella pneumonia
and estimated their MIC values as 250 and 2,000 µg/mL toward
A. brasiliensis and Candida albicans, respectively.

In earlier reports, researchers have established that
biosynthesized nanoparticles elicit antimicrobial effects through
different ways. The antimicrobial activity depends on the size
of nanoparticles. The small size of nanoparticles can effortlessly
cross the cell wall and membrane and induce cell lysis. It
further, interferes with respiratory sequence and ATP synthesis,
and stops cell division and induce the microbial cell death
(Zonaro et al., 2015).

Our study has shown potent antimicrobial activity against
Gram-positive bacteria compared to Gram-negative bacteria. To
explain this, Tran et al. (2015) have assessed the antibacterial
mechanism of SeNPs in Gram-positive and Gram-negative
bacteria and concluded that SeNPs have strong electrostatic
repulsion toward the lipopolysaccharide and membrane of
Gram-negative bacteria, which is highly negative in nature.
Whereas, Gram-positive bacteria have considerably less negative
charge than Gram-negative bacteria. So, there is a possibility
of higher deposition of SeNPs on the surface of Gram-positive
bacteria to induce bacterial death. Therefore, Gram-negative
bacteria tend to show resistance to PF-SeNPs. Interestingly, PF-
SeNPs have presented potent antimicrobial activity against fungi
rather than bacteria. The selenium is considered as the strong
antifungal agent rather than antibacterial, and hence, it is highly
used in anti-dandruff shampoo to treat fungal infections (Pierard
et al., 1997). Therefore, in our study, strong antifungal activities of
PF-SeNPs were noticed. Until date, the exact mechanism involved
in an antifungal activity of selenium is unknown.

Biocompatibility Assay
Biocompatibility of synthesized PF-SeNPs was appraised by
comparing with the cytotoxicity aspects of sodium selenite in N2a
cells, and it was done by cell viability, MMP and caspase-3 assays.

The cell viability was considered by MTT and live/dead dual
staining assays. The MTT assay measure the cell viability as
a function of redox potential of cell and metabolically active
cells convert MTT reagent to purple formazan crystals and
its strength is directly proportional to viable cells (Kalagatur
et al., 2018b). The other assay, live/dead dual staining is an
advanced cell viability technique and it consists of two staining
reagents, i.e., calcein AM and ethidium homodimer-1. The
calcein AM is used to stain live cells and it actively passes
through cellular membrane and emits green fluorescence at an
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excitation of 495 nm and emission of 515 nm by action of
ubiquitous intracellular esterases of live cells. The other dye,
ethidium homodimer-1 is specific for dead cells and it cross
only through compromised cellular membrane and strongly

binds to nuclear material of cell and emits red fluorescence at
an excitation of 495 nm and emission of 635 nm (Kalagatur
et al., 2018b). In the present study, MTT and live/dead dual
staining assays concluded that sodium selenite and PF-SeNPs

FIGURE 8 | Determination of dose-dependent inhibitory effect of (A) sodium selenite and (B) phytofabricated selenium nanoparticles (PF-SeNPs) on cell viability of
N2a cells for 24 h by MTT and live/dead dual staining assays. The experiments were executed independently in triplicates and data was expressed as mean ± SD.
The statistical difference between the test samples were assessed by Tukey’s multiple comparison test and p ≤ 0.05 was considered as a significant. The bar graphs
with different alphabetic letters within the respective study were significant.

FIGURE 9 | Bright-field microscopic images of N2a cells treated with 150 µM of H2O2 and different concentrations of sodium selenite and phytofabricated selenium
nanoparticles (PF-SeNPs) for 24 h. All images were captured at magnification of 400×.
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have inhibited the cell viability in dose-dependent way (Figure 8).
However, sodium selenite has inhibited cell viability at much
lower concentration compared to PF-SeNPs. The IC50 (dose
required to inhibit 50% of cell viability) and IC90 (dose required
to inhibit 90% of cell viability) values were calculated to
assess the cytotoxicity of sodium selenite and PF-SeNPs. In
MTT assay, IC50 and IC90 values for sodium selenite and
PF-SeNPs were observed as 14.01 ± 1.88 and 24.60 ± 2.19
µg/mL, 127.28 ± 3.73 and 234.41 ± 5.57 µg/mL, respectively.
In live/dead dual staining assay, IC50 and IC90 values for
sodium selenite and PF-SeNPs were noticed as 15.30 ± 2.08
and 27.11 ± 1.92 µg/mL, 132.66 ± 4.02 and 241.83 ± 4.79
µg/mL, respectively. Meanwhile, 150 µM of H2O2 inhibited

92.38 ± 2.91% of cell viability as determined by MTT assay
(graph not shown) and was considered as positive control.
The observed inhibitory concentrations of sodium selenite and
PF-SeNPs were much like in both MTT and live/dead dual
staining assays. The IC50 and IC90 values of PF-SeNPs was
much higher compared to sodium selenite and concluded
that PF-SeNPs was less toxic than sodium selenite. To assess
further, bright-field and live/dead fluorescent microscopic images
were depicted in Figures 9, 10, respectively. The bright-field
images have clearly showed cellular membrane rupture and
apoptotic bodies in cells treated with IC50 values of sodium
selenite and PF-SeNPs. Relatively, massive cellular membrane
damage and high apoptotic bodies formation were noticed

FIGURE 10 | Live/dead dual staining images of N2a cells treated with 150 µM of H2O2 and different concentrations of sodium selenite and phytofabricated selenium
nanoparticles (PF-SeNPs) for 24 h. The scale bar is 200 µm.

FIGURE 11 | Effect of different concentration of (A) sodium selenite and (B) phytofabricated selenium nanoparticles (PF-SeNPs) on mitochondrial membrane
potential (MMP) and caspase-3 activity of N2a cells for 24 h. The experiments were executed independently in triplicates and data was expressed as mean ± SD.
The statistical difference between the test samples were assessed by Tukey’s multiple comparison test and p ≤ 0.05 was considered as a significant. The bar graphs
with different alphabetic letters within the respective study were significant.
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at IC90 values of sodium selenite and PF-SeNPs (Figure 9).
Similarly, live/dead dual staining assay has also determined
comparable pattern of results with bright-field microscopic
images. At IC50 dose of sodium selenite and PF-SeNPs,
about half live (green) and dead (red) cells were noticed
and as usually quite higher number of dead (red) cells was
noticed at IC90 concentrations of sodium selenite and PF-
SeNPs (Figure 10). Interestingly, cells treated with PF-SeNPs
equal to IC50 and IC90 doses of sodium selenite has shown
negligible changes in bright-field and live/dead fluorescent
images compared to control cells (Figures 9, 10). Thus, cell
viability assays concluded that PF-SeNPs was less toxic and

much safer compared to sodium selenite. Our results were well
supported by earlier reports, Anu et al. (2017) has compared the
cytotoxic effects of chemically synthesized and green-synthesized
of SeNPs using Allium sativum on Vero cells and reported
that green-synthesized SeNPs were less toxic than chemically
synthesized SeNPs. Similarly, Forootanfar et al. (2014) have
biosynthesized SeNPs from marine bacterial isolate Bacillus sp.
MSh-1 and noticed lower cytotoxic effect in MCF-7 cells related
to selenium dioxide.

The molecular mechanisms involved in the cytotoxicity was
revealed by MMP and caspase-3 assays. Upholding the MMP is
crucial for ATP synthesis and other cellular functions, and its

FIGURE 12 | Rhodamine 123 stained images depicting mitochondrial membrane potential (MMP) of N2a cells treated with 150 µM of H2O2 and different dose of
sodium selenite and phytofabricated selenium nanoparticles (PF-SeNPs) for 24 h. The scale bar is 100 µm.

TABLE 2 | Overview of in vitro cytotoxicity of selenium nanoparticles (SeNPs) on different cell lines.

S. No. Precursor Reducing agent Stabilizing agent Cell line IC50 value References

1 Sodium selenite Psidium guajava leaf
extract

– CHO pro (hamster ovary) 88 ± 2.1 µg/mL Alam et al., 2018

2 Sodium selenite Ascorbic acid Dextrin NIH-3T3 (mouse embryonic
fibroblast)

149 ± 60.5 µg/mL Malhotra et al., 2016

3 Sodium selenite Ascorbic acid Ganoderma lucidum
polysaccharides

Raw 264.7 (mouse macrophage) 5–100 µg/mL Wang et al., 2014

4 Sodium selenite Halococcus salifodinae
BK18

– HaCat (human skin) 150 µg/mL Srivastava et al., 2014

5 Sodium selenite Gracilaria lemaneiformis
polysaccharides

– Chem-5 (human brain glial) 159.9 ± 9.73 µM Jiang et al., 2014

1. HK-2 (human kidney) 79.5 ± 4.26 µM

0. L02 (human liver) 95.6 ± 7.68 µM

6 Selenium dioxide Bacillus sp. MSh-1 – MCF-7 (human mammary gland) 41.5 ± 0.9 µg/mL Forootanfar et al., 2014

7 Selenous acid Ascorbic acid Chitosan HK-2 (human kidney) 98.29 µM Yu et al., 2012

8 Selenium dioxide Ascorbic acid Sialic acid HK-2 (human kidney) 40 µg/mL Zheng et al., 2011

9 Sodium selenite Ascorbic acid Undaria pinnatifida
polysaccharides

Hs68 (human skin fibroblast) 67.9 µM Chen et al., 2008
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depletion induces the cell death. The level of MMP is routinely
assessed by rhodamine 123 staining and its fluorescence strength
is considered as directly proportional to the level of MMP
(Kalagatur et al., 2017). On the other hand, caspase-3 is a caspase
protein and its activation induce the cell death by apoptosis
process (Porter and Jänicke, 1999). In the present study, sodium
selenite and PF-SeNPs have depleted the MMP and elevated
the caspase-3 activity in dose-dependent manner (Figure 11).
The study concluded that sodium selenite and PF-SeNPs induce
the cytotoxicity by apoptosis process through depleting MMP
levels. However, sodium selenite has depleted the MMP and
elevated the caspase-3 activity at much lower levels compared
to PF-SeNPs and these results were in accordance the outcome
of cell viability assays. Most importantly, cells treated with PF-
SeNPs of IC50 and IC90 values of sodium selenite have not
shown much reduction in fluorescence (MMP) compared to
control (Figure 12). The obtained cytotoxicity of PF-SeNPs was
found to be comparable with earlier reports (Table 2). Thus,
biocompatibility study concluded that biosynthesized PF-SeNPs
were much less toxic and safer in comparison to sodium selenite.

CONCLUSION

The present study shows phytofabrication of SeNPs from
aqueous fruit extract of E. officinalis by facile, green, economic,
and eco-friendly approach. The aqueous fruit extract of
E. officinalis was rich with phenolics, flavonoids, and tannins,
and was found appropriate for biosynthesis of nanoparticles.
The synthesized PF-SeNPs exhibited highly stable, negative
charge, amorphous nature, spherical shape and nano-size. The

PF-SeNPs has presented efficient bio-potential applications,
i.e., antioxidant, antimicrobial, and biocompatibility. The PF-
SeNPs has shown potent free radical scavenging activity
and it was found highly efficient than standard antioxidant
ascorbic acid. Also, PF-SeNPs shown potent antimicrobial
activity on wide range of foodborne pathogens and it was
found highly efficient on fungi followed by Gram-positive
and Gram-negative bacteria. The PF-SeNPs have exhibited
lesser toxicity on N2a cells compared to sodium selenite,
rendering them highly safer and biocompatible. Therefore, with
these bio-potential impacts, the PF-SeNPs have a tremendous
application to be applied in the pharmaceutical, biomedical
and food industries, and exclusively as an antimicrobial and
antioxidant agent.
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Current antibiotic treatments fail to eliminate the Clostridium difficile (C. difficile) spores
and induce dysbiosis and intestinal inflammation via off-target effect, which causes
refractory C. difficile infection raise an unmet need for a spore-specific antimicrobial
treatment. We developed a sporicidal and antimicrobial vancomycin-loaded spore-
targeting iron oxide nanoparticle (van-IONP) that selectively binds to C. difficile
spores. Cryo-electron microscopy showed that vancomycin-loaded nanoparticles can
target and completely cover spore surfaces. They not only successfully delayed the
germination of the spores but also inhibited ∼50% of vegetative cell outgrowth after
48 h of incubation. The van-IONPs also inhibited the interaction of spores with HT-29
intestinal mucosal cells in vitro. In a murine model of C. difficile infection, the van-IONP
significantly protected the mice from infected by C. difficile infection, reducing intestinal
inflammation, and facilitated superior mucosal viability compared with equal doses of
free vancomycin. This dual-function targeted delivery therapy showed advantages over
traditional therapeutics in treating C. difficile infection.

Keywords: Clostridium difficile, spore, nanoparticle, target therapeutics, antibiotics

INTRODUCTION

Clostridium difficile (C. difficile) infection (CDI), the clinical manifestations of which (e.g., severe
or bloody diarrhea, PMC, and toxic megacolon) are usually dangerous and fatal. C. difficile caused
almost half a million infections in the United States in 2011, and an estimated 83,000 of the
patients had at least one recurrence. Approximately 29,000 died within 30 days after the initial
diagnosis (Bouwknegt et al., 2015). CDI is one of the most common healthcare-acquired infections
associated with the rising use of antibiotics (Johnson et al., 1999). C. difficile, transmitted in humans
through the fecal-oral route, is an anaerobic Gram-positive, spore-forming bacillus that produces
toxins, including TcdA and TcdB, two large-molecules that damage intestinal mucosa and induce
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neutrophilic colitis and pseudomembranous colitis (PMC)
(Leffler and Lamont, 2015). Moreover, more-virulent strains
like BI/NAP1/027, an additional binary toxin composed of two
subunits CdtA and CdtB, which increase the adherence of
bacteria to the intestinal mucosa (Gerding et al., 2014).

The risk of C. difficile recurrence ranges from 20% after an
initial episode to 60% after multiple recurrences. The healthcare
costs associated with recurrent infection are usually much higher
than are those from primary infections (Leffler and Lamont,
2015). Recurrences are primarily attributed to the dysbiosis
and intestinal inflammation caused by current antibiotics like
vancomycin (Gómez et al., 2017). Spore formation is also
important for transmitting CDI because spores can withstand
harsh environments, including radiation, high temperature,
extreme freezing, and chemical disinfectants (Lawley et al., 2010;
Deakin et al., 2012). Spores can re-activate themselves to the
vegetative state via germination when the environment becomes
favorable. Therefore, inactivating spores, increasing excretion of
spores from GI tract, and inhibiting spore germination are the
current unmet needs in CDI prevention and therapy.

To effectively prevent the transmission and recurrence of CDI,
inactivation of spores is critical. Many nanoparticle types – silver,
zinc oxide, and magnesium oxide – can inhibit spore dormancy
and reactivation (Gopinath et al., 2015; Wagner et al., 2016).
However, current sporicidal mechanisms rely on the release of
the metal ions of the nanoparticles, which might be absorbed by
the intestine. Therefore, an ideal sporicidal nanomaterial should
target a specific spore but not release potentially toxic metal ions.

Furthermore, using antibiotics to eliminate newly germinated
vegetative cells can reduce the infection rate of CDI. One
approach for increasing the antimicrobial efficacy of antibiotics
without raising the overall dose is to increase the local
targeting concentration, particularly by conjugating antibiotics
with pathogen-targeting delivery systems like nanoparticles.
The targeting therapy concept originally comes from and is
widely used in anticancer therapy (Sugahara et al., 2010; Simón-
Gracia et al., 2016). This concept was gradually shifted to
the antimicrobial field. In the regime of infectious disease,
nanoparticles are conjugated with pathogen-targeting peptides or
they act as pathogen-targeting materials themselves. For example,
a Staphylococcus aureus-targeting peptide was conjugated to a
nanoparticle platform loaded with antibiotics to treat difficult-
to-manage infections in a mouse model (Kwon et al., 2017). The
conjugation increases the local concentration of the antibiotics
and reduces the off-target side effects. More important, the
nanoparticle delivery platform appears to accumulate in the
target site for longer period and able to penetrate deeper into
infected tissue, which might also increase its antibacterial effects
(Hussain et al., 2018).

We previously reported (Lee et al., 2017) that single-crystal
non-stoichiometric Fe3−δO4 magnetite nanoparticles (IONP)
was sporicidal and was uniquely spore-binding. However, those
nanoparticles were unable to inhibit C. difficile vegetative cells.
On the other hand, vancomycin alone was unable to eradicate
C. difficile spores; thus, outcomes were often relapses of the
disease. In this study, we developed vancomycin-loaded Fe3−δO4
magnetite nanoparticles (van-IONPs) to target and inhibit both

the vegetative cells and the spores of C. difficile. We then
comprehensively evaluated these van-IONPs in vitro and in a
mouse in vivo disease model. We also explored the mechanisms
of these synergistic inhibitory functions.

MATERIALS AND METHODS

Preparation of the Fe3−δO4 Iron Oxide
Nanoparticles
Fe3−δO4 iron oxide nanoparticles (IONPs) were synthesized
using thermal decomposition, as previously described (Huang
et al., 2011). Briefly, 1.42 g of iron acetylacetonate was mixed with
0.57 mL of oleic acid and 20 mL of trioctylamine (all 3: Sigma-
Aldrich, St. Louis, MO, United States). The solution was refluxed
at 325◦C in an argon environment for 30 min. The solution was
then cooled to room temperature and washed with a toluene-
ethanol solution. A magnet was used to concentrate and collect
the NPs, which were then transferred to chloroform solutions
(Merck, Whitehouse Station, NJ, United States) and mixed
with 0.4 mg/mL of prostate specific membrane antigen (PSMA)
(Sigma-Aldrich) for 6 h at 55◦C. Finally, the PSMA-coated NPs
were collected and washed 3 times with high purity water (MQ
water, 18.2 M� cm, Milli-Q; Merck Ltd., Taipei, Taiwan).

Surface Modification of Nanoparticles
With Vancomycin
The IONPs (6× 1015 particles) were dissolved in 0.1 mL of 0.1 M
2-ethanesulfonic acid (MES) buffer with 0.5 M sodium chloride.
The solution was then charged with 2 mg of carbodiimide
(EDC) and 2.5 mg of N-hydroxysuccinimide (NHS) (all: 2
Sigma-Aldrich, St. Louis, MO) and mixed for 30 min at 4◦C to
activate the functional group for conjugation. After the reaction
with EDC/NHS, the IONPs were attracted by a magnet and
washed 3 times with MES buffer to remove residual EDC/NHS.
The activated IONPs were then conjugated with 0.5 mg of
vancomycin in 0.1 mL of MES buffer and stirred for 3 h
at room temperature. The resulting vancomycin-loaded IONPs
(van-IONPs) were centrifuged at 15,500× g and the supernatant
was collected for the free vancomycin quantification. The pellets
were washed 3 times with 0.1 mL of MES buffer and finally
dispersed in 0.05 mL of MES (concentration: 500 µg/mL) and
stored at 4◦C.

Confirmation of Vancomycin-Modified
Nanoparticles by Fourier Transform
Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) was used to
confirm that the vancomycin had been successfully conjugated
on the surfaces of IONPs. The data were collected using the
synchrotron radiation (SR-FTIR) spectromicroscopy facility at
the National Synchrotron Radiation Research Center (NSRRC)
beamline 14A1 (BL14A1) in Taiwan. An FTIR spectrometer
(Thermo Nicolet 6700; Thermo Fisher Scientific, Waltham, MA,
United States) and continuum infrared microscope were used to
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record the data (resolution: 4 cm−1, step size: 15 µm, aperture
size: 30 µm, and 128 scans).

Quantification of Vancomycin Loaded on
Nanoparticles
Microplate readers (SpectraMax M2/M2e; Molecular Devices,
San Jose, CA, United States) were used to measure the
fluorescence emission spectra of vancomycin hydrochloride
(Sigma-Aldrich) solutions. To plot the standard curve of
vancomycin concentration, a 96-well plate was loaded with
solutions (0.1 mL at vancomycin concentrations of 0, 0.0625,
0.125, 0.25, and 0.5 mg/mL). Fluorescence was measured using
a 280 nm excitation wavelength and a 380 nm emission
wavelength. 0.1 mL supernatants collected from the conjugation
step were moved to a 96-well plate to measure fluorescence. The
final concentrations of the supernatants were compared with
the initial concentrations to calculate the binding amount of
vancomycin on the van-IONPs.

Bacterial Culture and Spore Purification
C. difficile CCUG 37780 (tcdA−, tcdB−) and BAA-1805
(tcdA+, tcdB+) were purchased from the Culture Collections
of the University of Göteborg (Göteborg, Sweden), and
from American Type Culture Collection (Manassas, VA,
United States), respectively. All strains were incubated in brain-
heart infusion medium (BHIS; BD Difco, Franklin Lakes, NJ,
United States), which supplemented with 0.5% yeast extract (BD
Difco) and 0.1% L-cysteine (Amresco, Solon, OH, United States),
at 37◦C under anaerobic conditions. The spores were prepared
with modifications and then purified as previously described
(Sorg and Sonenshein, 2010). Briefly, 0.2 mL of C. difficile in
BHIS medium was spread on 6-well dishes with BHIS, and then
the dish was incubated at 37◦C in an anaerobic chamber for 7
days. After the incubation, the 6-well dishes were washed with
200 µL of ice-cold water to separate the cells on the dishes; the
cells were resuspended in 3 mL of ddH2O. To further separate the
spores with the residual vegetative cells, 100 µL of the suspension
was spread on top of the 1 mL 50% Nycodenz R© solution in an
Eppendorf tube, and then centrifuged at 15,500 × g for 30 min
to separate spores from vegetative cells. The pellets were washed
and centrifuged 5 times with ice-cold ddH2O to remove the
Nycodenz, and then stored at 4◦C.

Spore Germination Assay
The stock solutions containing the spores were incubated
at 60◦C for 30 min and then the supernatant had been
removed, the BHIS was added to a final spore concentration
(15,500 × g) of OD600 0.2. Two microliters of solution
were dispensed into each Eppendorf tube, which was then
centrifuged at 15,500 × g to remove the BHIS. The pellets
were resuspended in 100 µL of ddH2O test medium for
the following groups: (1) free vancomycin (18 mg/mL),
(2) bare IONPs (500 µg/mL), (3) the van-IONPs (IONP:
500 µg/mL; Equivalent vancomycin on such concentration of
IONPs: 18 mg/mL), (4) 3% bleach (Wako, Osaka, Japan),
and (5) ddH2O alone (negative control). After 20 min of

incubation, each tube was centrifuged at 15,500 × g, washed
3 times with ddH2O, and then resuspended in 180 µL
of BHIS. A 90 µL solution from each test sample was
then transferred to a 96-well plate that contained 10 µL of
taurocholic acid (TA)(Sigma-Aldrich) to the final concentration
10 mM to induce spore germination. The germination process
was analyzed for 12 min at a wavelength of 600 nm (an
optical density of 600: OD600) determined at 1 min intervals
using a spectrophotometer (Tecan Austria GmbH, Grödig,
Austria) at room temperature. The Tn and T0 denote the
OD values at time n and time 0. Untreated spores were
used as negative controls. Spore germination induction and
analyses were modified from previously described protocols
(Sorg and Sonenshein, 2010).

Spore Viability Analysis
After the germination assay, 100 µL of solution was removed
from the 96-well plate, serially diluted, and spread evenly on the
BHIS dishes. The plate-counts (CFU/mL) were done after 48 h of
incubation in an anaerobic tank at 37◦C.

Nanoparticle-Spore Binding Efficiency
Assay
C. difficile BAA-1805 spores at a concentration of OD600 2.0 were
incubated with 100 µL van-IONPs (75, 150, 300, 500, 700 µg/mL)
in ddH2O in tubes for 20 min. The spore samples treated with
ddH2O were mock controls. The samples were then placed
next to a magnet for 20 min to transfer all the supernatant to
clean tubes. The OD600 of the supernatants were measured and
compared with the control. The binding efficiency was calculated
as followed.

Efficiency =

(
1−

OD600 of supernatant of experiment group
OD600 of supernatant of mock control

)
× 100%

Then, the magnet-concentrated fractions were washed 3 times
with ddH2O to remove the residual supernatant and resuspended
in 100 µL of ddH2O. The spores were lysed via heating the van-
IONP pellet-spore complex in 95 Celsius degree for 15 min to
extract the DNA from spores (Rose et al., 2011). A polymerase
chain reaction (PCR) was used to measure 1 µL of magnetically-
concentrated fractions and of supernatants for the presence
of the TPI gene, a C. difficile housekeeping gene. Images of
spores and of van-IONP pellets in the supernatant were captured
using a transmission electron microscope (TEM) (JEM-1400;
JEOL, Tokyo, Japan).

Spore Adhesion Assay
To assess the ability of our van-IONPs to reduce the adherence
of spores to the intestinal epithelial cells, we used in vitro human
intestinal epithelial cells (HT29). We adapted and modified the
method previously described to assay the adherence of spores
to the intestinal epithelial cells (Mora-Uribe et al., 2016). In
brief, HT29 cells were incubated in the 24-well plate (1.8 × 105

cells/well). C. difficile BAA-1805 spores (1.8 × 106; MOI 10)
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were treated with FM 4-64 fluorescent dye, coincubated with
van-IONPs for 20 min, and then added to the plate. The spores
were added to the wells to infect the HT29 cells. The spore-
infected cells were incubated for 3 h for spore adherence. After
they had been incubated, the spores unbound to cells were
washed away 3 times with PBS, and the HT29 cells remaining
on the plate were examined under a fluorescence microscope.
The fluorescence intensity was measured by ImageJ and the
relative fluorescence was calculated by setting intensity of spore
alone group as one.

In vivo Analysis of the Efficacy of
Vancomycin-Conjugated Nanoparticles
Animal studies were approved by the Laboratory Animal Center
of the National Cheng Kung University Medical College (IRB #:
NCKU-IACUC-105-182) and performed according to the local
guidelines. To evaluate the in vivo efficacy of the targeted
therapy, an infected mouse model was used. The protocol was
adapted and modified from previous report (Hung et al., 2015).
Briefly, the mice were given an antibiotic cocktail (0.4 mg/mL
of kanamycin, 0.035 mg/mL of gentamicin, and 0.057 mg/mL
of colistin) in their drinking water for 48 h, and then they
were given an oral 200 µL proton pump inhibitor (PPI)
(2 mg/mL) every 12 h for 2 days before they were infected
with C. difficile spores. All the mice were pre-gavaged with
a 50 µL PPI (2 mg/mL) and then intraperitoneally (i.p.)
injected with clindamycin (4 mg/kg). C. difficile BAA-1805
spores (2 × 106 CFU) were then coincubated with 0.1 mL
500 µg/ml van-IONPs, 0.1 mL 500 µg/ml IONP, 0.1 mL
18 mg/ml vancomycin and 0.1 mL ddH2O as spore alone
group for 20 min to enable attachment of van-IONPs to
the spores. before the mice were fed with sample solution
through oral route. The antibiotic cocktail water was replaced
with normal water after the C. difficile infection symptoms
(e.g., diarrhea, weight loss, hunched posture, and death) were
monitored. All mice were anesthetized with isoflurane with
oxygen and their colon tissue was harvested 72 h later.
TRIzol reagent (Sigma-Aldrich) was used to extract colon
tissue RNA. The levels of inflammatory gene expression were
estimated using a real-time PCR assay (StepOnePlus; Applied
Biosystems). Histopathology was used to evaluate the damage
caused by CDI to the intestinal mucosa. The colon samples
were fixed in 4% formaldehyde buffered with PBS and then
embedded in paraffin. Deparaffinized 6 µm-thick sections
were stained with hematoxylin and eosin (H&E) and Periodic
acid-Schiff (PAS) stains. The results were captured using an
optical microscopy.

Statistics
All data were expressed as the mean ± standard deviations
and statistical comparisons among the groups were analyzed
by Student’s t-test. Multiple intergroup comparisons were
assessed by one-way ANOVA, followed by post hoc Tukey’s test
with GraphPad Prism version 6.0. Statistical significance was
set at P < 0.05.

RESULTS

Clostridium difficile Spore Germination
Assay of Free Vancomycin
To show whether the free vancomycin can target spores and
inhibit the spore germination as well as the following vegetative
cells growth, an optical density-based spore germination assay
was done. The CCUG 37780 spores after vancomycin treatment
were washed 3 times with ddH2O and activated in 10 mM
of taurocholic acid (TA) solution. Spore germination was not
significantly inhibited after vancomycin treatment at 18 mg/mL
concentration (Figure 1A). Colony-forming unit (CFU) assay
showed no significant inhibition of spore germination 48 h
after they had been treated with vancomycin at 18 mg/mL
concentration (Figure 1B). The results suggest the vancomycin
cannot specifically target to spores and to exert antibacterial
effect (n = 4).

Targeting the Efficacy of
Vancomycin-Loaded Fe3−δO4
Nanoparticles on C. difficile Spores
FTIR analysis (Supplementary Figure 1) and fluorescence
spectroscopy confirmed the conjugation and loading capacity
of the vancomycin and the IONPs (n = 5). Vancomycin has
a fluorescence emission peak of 350 nm when excited by
280 nm photons (Zarkan et al., 2016). We obtained a standard
curve and estimated that there were 5.8 ± 1.5 molecules of
vancomycin on each IONP.

To estimate the dose dependence of van-IONP in spore
binding, we perform the nanoparticle-spore binding efficiency
assay (n = 4). The results showed that nanoparticles targeted
to the spores were dose-dependent and reached a plateau at
concentration of 500 µg/mL (Figure 1C). Furthermore, to
confirm the spores were successfully captured by the van-
IONP, PCR analysis was performed, and the result confirmed
the presence of C. difficile spores on the surface of the van-
IONPs. The band of the TPI gene, which is the housekeeping
gene of C. difficile, showed that the van-IONPs captured the
spores (Figure 1D). Based on the binding efficiency assay which
showed a plateau after 500 µg/mL, we chose 500 µg/mL as
our standard concentration of van-IONPs in the following
experiments. The concentration of vancomycin on van-IONP
was estimated to be 18 mg/mL.

The specific targeting effect of the van-IONPs on the C. difficile
spores was also assayed using a transmission electron microscope
(TEM). TEM images showed that spores treated with 500 µg/mL
van-IONPs were fully surrounded by the IONPs (Figure 1E).

In vitro Assay of the Therapeutic
Potential of Vancomycin-Conjugated
Nanoparticles
To investigate whether van-IONPs have inhibitory effect on
spore germination, an optical density-based spore germination
assay was done (n = 4). The spore germination was significantly
inhibited by both van-IONP and IONP (Figure 1F). After

Frontiers in Microbiology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 1141122

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01141 May 24, 2019 Time: 11:25 # 5

Chen et al. Targeted Therapy for C. difficile Infection

FIGURE 1 | In vitro assay of the targeting property and therapeutic potential of van-IONPs. (A) The vancomycin treatment at 18 mg/mL did not significantly inhibit
spore germination in the 12-min germination induction analysis. (B) There was no significant difference in the CFU count between the 18 mg/mL vancomycin-treated
group and the 10 mM TA-treated group after 48 h of incubation. The result of both 12 min germination induction analysis and 48 h incubation showed that the free
vancomycin was unable to specifically target the spores and to exert prolonged antibacterial effect on vegetative cell outgrowth. (C) The OD600 binding test shows
the binding efficiency of van-IONPs to spores reach a plateau after 500 µg/mL. (D) The PCR assay of magnetically-concentrated fraction showed the presence of
TPI gene, a housekeep gene of C. difficile spores, on the van-IONPs. (MF, magnetically-concentrated fraction; S, supernatant). (E) The upper TEM image shows that
native spores have a smooth coat; the lower TEM images show accumulated van-IONPs on spore surfaces with rough surface after incubation and that the spores
were completely covered with 500 µg/mL van-IONPs. (F) The van-IONP treatment can significantly inhibit the germination of spores in the 12 min germination
induction analysis (G) The CFU of the vegetative cell outgrowth was counted by plating and incubating them on BHIS for 48 h and showed van-IONP is efficacious in
inhibition the vegetative cell outgrowth. ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

germination, the spores were plated for the CFU assay. The CFU
assay showed that after 48 h of incubation, the vancomycin on
the van-IONPs had bound to the spores and that the growth of
newly germinated vegetative cells had been inhibited (Figure 1G)
The CFU assay showed that the vancomycin was brought to the
surface of spores via van-IONP to inhibit the outgrowth of the
vegetative cells.

To further illustrate the protective effect of van-IONP to the
intestinal mucosa, a spore adhesion assay (n = 4) was conducted
and showed that spores treated with van-IONPs had fewer
adherence with intestinal mucosal comparing with the control
group (spore-only) (Figure 2A). The fluorescence intensity was
measured by ImageJ and the control group was significantly
higher than that of the van-IONP-treated group (Figure 2B). The
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FIGURE 2 | In vitro assay of intestinal protective potential of van-IONPs. (A) Fluorescence (upper) and light-overlaid (lower) micrographs of adhered
fluorescent-labeled C. difficile spores (red) to monolayers of HT29 cells. The amount adhered to spores was lower in the van-IONP-treated group than in the control
group. (B) The fluorescence intensity was counted using ImageJ software; the intensity was significantly higher in the control group than in the van-IONP-treated
group (n = 5). ∗∗∗P < 0.001.

result implied the van-IONPs can reduce the binding affinity of
spores to the intestinal cells.

In vivo Assay of Therapeutic Effects of
Vancomycin-Conjugated Nanoparticles
To investigate the potential of the targeted therapy of van-IONPs
in clinical translation, we compared the therapeutic effects of
the free vancomycin, which is widely used to treat CDI, with
vancomycin-conjugated nanoparticles. In our infection model
(n = 6), the mice were orally infected by the toxigenic C. difficile
BAA-1805 spores, resulting in 17% mortality after 3 days from
infection without treatment. The inflammatory signal peaked 3
days after C. difficile infection had been induced (Lee et al., 2017).
Thus, in our in vivo mice experiment, the mice were sacrificed 3
days after infection for analysis. A real-time reverse transcription
quantitative polymerase chain reaction (RT-qPCR) was used to
determine the gene expression of the proinflammatory cytokines
TNF-α and IFN-γ. The inflammation level in van-IONP is
significantly lower than spore alone, vancomycin, and INOP
group. To note that, the expression level of TNF-α and IFN-γ
in free vancomycin group is significantly higher than van-IONP
group, suggesting that a high dose of free vancomycin can further
increase inflammation level in CDI mice (Figures 3A,B). In the
clinical outcome, both body weight loss and cecum weight have
no difference between free vancomycin, IONP and van-IONP
group (Figures 3C,D). The histopathological image showed
lower neutrophil infiltration in van-IONP group compared to
spore alone and IONP group (Figure 3F). The mucosal cells of
free vancomycin showed more erosion than van-IONPs group
(Figure 3F) and the PAS stain also showed more mucosal
cell viability in mucus production in van-IONP comparing to
free vancomycin group (Figure 3G). The pathological scores
measured by the inflammatory cell infiltrate, epithelial changes

and mucosal architectures in 6 random fields of tissue sections
according to the suggested guideline (Erben et al., 2014). The
result of van-IONP showed significantly lower score than other
groups which indicate the therapeutic effects of van-IONP
in vivo (Figure 3E).

DISCUSSION

C. difficile is a major cause of healthcare-acquired life-
threatening diarrhea, which is associated with substantial
mortality around the world (Ananthakrishnan, 2011). The
traditional treatments of choice include the use of antibiotics
metronidazole and vancomycin. However, the off-target effect of
the traditional antibiotics can contribute to intestinal dysbiosis
(aka: dysbacteriosis) and result in recurrent infection (Hopkins
and Wilson, 2018). To reduce the off-target effect, one on the
paradigms is to deliver the therapeutics via targeting vehicles.
Antibiotics-loaded nanoparticles have been widely used in
combating other strains of bacteria, such as e.g., Staphylococcus
aureus (Alvarez et al., 2014; Kavruk et al., 2015; Hussain et al.,
2018), and Pseudomonas aeruginosa (Kwon et al., 2017), to
provide sustained and targeted delivery to enhance the increase
therapeutic efficacy. However, the carrier nanoparticles of those
delivery systems do not possess any therapeutic efficacy.

The interaction of C. difficile spores to the intestinal mucosa
plays a significant role in many stages of the CDI infection:
the initial stage of infection, the persistence of C. difficile
spores in healthy individuals and the CDI relapse (Paredes-Sabja
and Sarker, 2012). While vancomycin is highly active against
vegetative cells, there is no evidence to show it has antispore
activity (Baines et al., 2009); and although new antibiotics,
fidaxomicin, was reported to inhibit sporulation, its inhibitory
effect on preexisting spores is unclear (Babakhani et al., 2012).
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FIGURE 3 | In vivo assay of therapeutic effects of van-IONPs in mice (n = 6). (A) The TNF-α expression level of the van-IONP was significantly lower than spore
alone, free vancomycin and IONP group. TNF-α expression is highest in free vancomycin group which suggests the intestinal cell damage caused by free
vancomycin. (B) The IFN-γ expression level was significantly lower than spore alone, free vancomycin and IONP group (C) The cecum weight of the mice was not
significantly different between each group. (D) The body weight loss of the mice was not significantly different between each group (E) The pathological scores were

(Continued)
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FIGURE 3 | Continued
measured by 6 randomly selected sections of intestinal tissue and the van-IONP group is significantly lower than other groups (F) Histopathological images showed
lower neutrophil infiltration in the lamina propria (LP) and submucosa (SM) of van-IONP group compared to spore alone and IONP group. The mucosal layers of the
free vancomycin group showed greater erosion than the van-IONP group. (G) PAS staining shows the decreased mucosal cell viability damaged by free vancomycin.
(LP, lamina propria; MM, muscularis mucosae; SM, submucosa; white arrow, lesion site) ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

FIGURE 4 | Schematic illustration of the potential mechanisms that underlay the dual-function efficacy of van-IONPs to C. difficile infection. Van-IONPs bound to
spores and inhibited their germination and adhesion to intestinal mucosa, which increased clearance of the spores from the mucosa surface. The bounded
van-IONP can also eliminate the newly germinated vegetative cells. This was enabled by conjugating vancomycin to the surface of IONPs (Box: top right) and
creating a locally concentrated dosage of vancomycin around spores.

Because C. difficile infection contains spore germination
phase and vegetative outgrowth phase, we developed a dual-
function targeted therapy using van-IONPs by conjugating
IOPNs with vancomycin to inhibit germination as well as
outgrowth. We firstly confirmed that IONPs have spore-specific
binding properties that make them useful for the targeted delivery
of synergistic therapeutics. TEM images showed that our van-
IONPs had surrounded the spores even after they had been
rigorously washed, which indicated the strong binding affinity.
The mechanism by which the van-IONP can possess strong
binding affinity to the spores is still not very well understood.
It is probably due to the hydrophobic interaction between the
exosporium and the nanoparticles (Joshi et al., 2012; Knowles
et al., 2018). The van-IONP also showed inhibitory effect on
the spore germination in the germination assay. One of the
possible mechanisms is the interference of the CspC receptor
pathway caused by surrounded nanoparticles that are needed
in the spore germination, which is a bile salt sensitive receptor
and plays an important role in initiating the spore germination
(Francis et al., 2013).

Moreover, several studies report that immobilization of
antibiotics on nanocarriers can be a general strategy for
enhancing the concentration and potentiate the antimicrobial
effect to the surface of pathogens (Hassan et al., 2017; Hussain
et al., 2018). In our study, the van-IONPs and the conjugated
vancomycin surround the spore very densely under the TEM

images. The bioavailability of conjugation of vancomycin to the
surface of nanocarriers through EDC/NHS reaction has been
shown in past studies and the vancomycin can still preserved
the functional groups to form specific hydrogen bonding toward
gram-positive C. difficile vegetative cells at the terminal d-alanyl-
d-alanine moieties (Gu et al., 2003; Kell et al., 2008). We found
that the van-IONPs significantly inhibited the outgrowth of
germinated spores after 48 h of incubation whereas the IONPs
and free vancomycin cannot. The result showed vancomycin can
be brought to the surface of spores by our spore-targeting van-
IONPs. This local aggregation of van-IONP around spores may
concentrate the vancomycin dosage around the spores (Qi et al.,
2013; Hassan et al., 2017). We also observed that under the same
concentration, the van-IONP can inhibit outgrowth of vegetative
cells and IONP cannot (Supplementary Figure 2). Thus, our
van-IONPs not only inhibit spore germination, but also enable
vancomycin to accumulate on the spore surface, which optimizes
its antibacterial efficacy to outgrowth of vegetative cells. This
dual-function design is necessary to solve the unmet needs in
current CDI therapy, which cannot deal with the spores.

Studies showed the outer layer of the C. difficile spores
contain enterocytic-surface-specific ligands and receptor that
provide specific adherence to the intestinal mucosal cells. The
hydrophobicity of the intact exosporium of the spores also
contribute to stronger attachments to the cells. The alternation to
the ultrastructure of the exosporium reduced the hydrophobicity
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and adherence (Joshi et al., 2012; Paredes-Sabja and Sarker, 2012;
Mora-Uribe et al., 2016). We hypothesized the coating of the van-
IONPs around the spores can interfere with the ligand-receptor
and hydrophobic interactions between the exosporium and the
intestinal mucosal cells and significantly reduce the number of
residual spores in the gut. In our study, after three rounds of
washing with buffer, lower amount of residual fluorescence of
dyed spores was observed in the HT29 cells in van-IONP treated
group. We found that vancomycin does not affect the IONP
adherence to spore and can significantly reduce spore adherence
to mucosal cells, which indicate the vancomycin is not important
for reducing spore adherence (Supplementary Figure 3). In the
present study, van-IONP can significantly reduce adherence of
spores to the HT29 and show potentially protective effect to the
intestinal mucosa.

The 22 nm IONP has been shown to have high
biocompatibility in previous report (Lee et al., 2017) and
conjugation of vancomycin through EDC/NHS reaction
to nanoparticle won’t increase its toxicity (Qi et al., 2013).
The vancomycin on van-IONP was also stable in the acidic
environment of the mouse digestive tract. To evaluate the
therapeutic effect and the benefit of specific targeting provided
by our van-IONP, we analyzed the clinical severity and the
inflammation levels in the mouse intestines. 500 µg/mL
van-IONPs can significantly reduce severity of infection
in inflammatory characteristic and pathological outcome
comparing to other groups. However, there were no significant
differences in total body weight loss or cecum weight between
the groups. This might be associated with many confounding
factors such as the uncontrollable intake of food and water
of each mouse. The expression of interferon gamma (IFN-γ)
and tumor necrosis factor alpha (TNF-α) is significantly lower
in van-IONP group than in other groups, which showed the
potential for van-IONPs as an effective therapeutic agent.
The surge of necrosis factor alpha (TNF-α), which mediates
the necrotic cell death pathway of the most cells (Morgan
et al., 2008), in free vancomycin group suggested the excessive
concentration of antibiotics might create reactive oxidative
stress to the cells and induce mitochondrial dysfunction to
initiate cell death (Kalghatgi et al., 2013). This is consistent with
reports (Sekirov et al., 2008) that vancomycin might induce
tissue damage, disrupt intestinal microbiota, and result in a
more severe inflammation. Though vancomycin was effective in
suppressing acute infection but the perturbation of antibiotics
to the intestinal tissues lead to more susceptible to infection
(Warren et al., 2013). The histopathologic analysis of the colon
tissue showed more mucosal cell shedding in H&E stain in free
vancomycin group and PAS staining also confirmed that mucus
secretion was lower in the free vancomycin-treated CDI mice
than in the van-IONPs-treated group, which indicated profound
damage to the intestinal mucosa.

CONCLUSION

In conclusion, we developed a vancomycin-targeted delivery
system against CDI in which the nanocarrier also inhibited spore

germination. The underlying mechanisms that our van-IONPs
utilized were shown in Figure 4 and include: (1) the van-IONPs
strongly bind to Clostridium difficile spores and reduce their
adherence to the intestinal mucosa; (2) biocompatible van-IONPs
with a high loading capacity aggregates vancomycin around the
pathogens; (3) the van-IONPs also inhibited spore germination.
Finally, the van-IONPs could be scaled up using green synthesis
processing at a significantly lower cost than current antimicrobial
targeting biologics. Furthermore, the intriguing mechanisms
underlying the specific interaction between van-IONPs and
Clostridium difficile spores warrant additional investigation,
which might lead to new prophylactic or therapeutic to a wide
spectrum of other spore-generating pathogens in human and
livestock diseases.
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Fusarium graminearum is a leading plant pathogen that causes Fusarium head blight,
stalk rot, and Gibberella ear rot diseases in cereals and posing the immense threat
to the microbiological safety of the food. Herein, we report the green synthesis of
zinc oxide nanoparticles from Syzygium aromaticum (SaZnO NPs) flower bud extract
by combustion method and investigated their application for controlling of growth
and mycotoxins of F. graminearum. Formation of SaZnO NPs was confirmed by
spectroscopic methods. The electron microscopic (SEM and TEM) analysis revealed the
formation of triangular and hexagonal shaped SaZnO NPs with size range 30–40 nm.
The synthesized SaZnO NPs reduced the growth and production of deoxynivalenol and
zearalenone of F. graminearum in broth culture. Further analysis revealed that treatment
of mycelia with SaZnO NPs resulted in the accumulation of ROS in the dose-dependent
manner. Also, SaZnO NPs treatment enhanced lipid peroxidation, depleted ergosterol
content, and caused detrimental damage to the membrane integrity of fungi. Moreover,
SEM observations revealed that the presence of diverged micro-morphology (wrinkled,
rough and shrank surface) in the macroconidia treated with SaZnO NPs. Taken together,
SaZnO NPs may find a potential application in agriculture and food industries due to their
potent antifungal activity.

Keywords: green synthesis, zinc oxide nanoparticles, mycotoxin, deoxynivalenol, zearalenone
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INTRODUCTION

The world population is estimated to reach about 10.5 billion
by 2050, and accessibility of food needs to rise about 60% to
accomplish the food security (Alexandratos and Bruinsma, 2012).
The food security could be improved through production and
minimizing the food losses. In the interim, agriculture is facing
climate change and limitation in land and water, and therefore,
hard to increase food production (Aulakh and Regmi, 2013).
As per FAO, about 1300 million tons of food are wasted per
annum worldwide due to inappropriate post-harvesting practices
(FAO, 2012). Thus, saving the food loss at a post-harvesting
session could be the greatest resolve to improve the food security
(Gustavsson et al., 2011). In this context, particularly fungal
infestations are the foremost accountable for food loss, and
FAO estimated that about 25% of agricultural commodities
were contaminated with fungi (Smith et al., 2016). The fungal
infestation brings unacceptable features in color, texture, flavor,
and taste of food and introduces hazardous mycotoxins in food
(Kumar et al., 2016).

The major mycotoxigenic fungal species liable for infestations
are Aspergillus, Alternaria, Claviceps, Fusarium, Penicillium,
and Stachybotrys (Richard, 2007). Among these mycotoxigenic
species, Fusarium graminearum is one of the most accountable
for food waste and food safety worldwide. The F. graminearum
is devastating plant pathogen and causes FHB, stalk rot, and
Gibberella ear rot diseases in cereals and accountable for
loss of billion dollars worldwide (Pasquali et al., 2016). It is
also liable for production of hazardous mycotoxins, including
DON, NIV, and ZEA (Mudili et al., 2014). These mycotoxins
classified as the group 3 carcinogens and cause a variety of toxic
effects, such as neurotoxicity, hepatotoxicity, immunotoxicity,
reproductive and developmental toxicity, nephrotoxicity, etc.
(Richard, 2007; Venkataramana et al., 2014; Escrivá et al., 2015;
Kalagatur et al., 2017, 2018b). Consequently, F. graminearum
is posing the immense threat to the microbiological safety of
food. Since last decade, microbiologists and food technologists
have given greatest attention toward F. graminearum infestations
and proposed variety of combat methods (Kalagatur et al.,
2015, 2018c,d,e; Kumar et al., 2016; Sellamani et al., 2016).
Unfortunately, most of the approaches have limitations and not
acceptable. The application of synthetic fungicidal agents is not
satisfactory due to its hazardous nature and development of
fungicide-resistant fungi. Though, irradiation and high-pressure
processing decontamination techniques are still not wide-spread
owing to the prerequisite of high-cost equipment and skilled
workers. The plant-based antifungal materials, i.e., crude extracts,

Abbreviations: ANOVA, analysis of variance; CZA, czapek dox agar; CZB,
czapek dox broth; DCFH-DA, dichloro-dihydro-fluorescein diacetate; DON,
deoxynivalenol; DPBS, dulbecco’s phosphate-buffered saline; EDX, energy
dispersive X-ray diffractive; FAO, Food and Agriculture Organization; FHB,
fusarium head blight; FTIR, fourier-transform infrared spectroscopy; GC-MS, gas
chromatography-mass spectroscopy; GFP, green fluorescent protein; HPLC, high-
performance liquid chromatography; MDA, malondialdehyde; NIV, nivalenol;
PI, propidium iodide; ROS, reactive oxygen species; SaZnO NPs, Syzygium
aromaticum zinc oxide nanoparticles; SEM, scanning electron microscope; TEM,
transmission electron microscopy; UV, ultraviolet; XRD, X-ray diffraction; ZEA,
zearalenone; ZnO, zinc oxide.

essential oils, and phytocompounds are biodegradable and not
cause side-effects (George et al., 2016; Kalagatur et al., 2018d,e).
Therefore, there is a huge demand for the plant-based antifungals.
Hence, plant-based synthesis of antifungal nanoparticles could be
the novel, promising, and satisfactory tactic.

At present, nanotechnology has created an enormous
revolution in the researchers. Zinc oxide nanoparticles (ZnO
NPs) have roused a considerable interest among scientists due
to their environment-friendly and potential applications in the
field nanomedicine, biosensors, antibacterial, antifungal, and
photochemical activities (Zhang P. et al., 2017; Zheng et al.,
2017; Zhu L. et al., 2017). ZnO is a semiconductor material
(II–VI), having a wide band gap of Eg = 3.37 eV semiconductor
material with an extensive exciton binding energy of 60 meV
at room temperature (Iorgu et al., 2013). In recent years, the
interest in ZnO NPs applications for microbial control have
grown considerably due to development of multidrug resistance
among microbes (Kadiyala et al., 2018). Green synthesis of
ZnO NPs is preferred over chemical and physical method as
it is an eco-friendly and cost-effective method without use
of high temperature, pressure toxic chemicals, and eliminates
the generation of hazardous substances (Basnet et al., 2018).
Among the green mediated synthesis of ZnO NPs, plant-
mediated biofabrication of ZnO NPs has gained popularity
over another method as its easily available in large quantity,
it contains secondary metabolites, it reduces the processing
time in maintaining bacterial and fungal cultures and cross-
contamination is negligible among plant extracts (Ahmed et al.,
2017; Vijayakumar et al., 2017).

The Syzygium aromaticum L. (clove) is an evergreen tree that
rises to a height ranging from 7 to 13 m, which produces a
flower bud that has numerous medicinal properties. The main
constituents of the clove buds are eugenol, carvacrol, thymol, and
cinnamaldehyde (Chen et al., 2016). The health benefits of cloves
have been known for centuries such as an effective remedy for
a headache, indigestion problem, cough, nausea, hypertension,
etc. (Kheawfu et al., 2017). Clove buds extracts have been used
in Ayurveda as a source of antimicrobial agents against oral
microorganisms that are generally connected with dental caries
and also finds use in fragrance and flavoring industries (Hamed
et al., 2012; Chatterjee and Bhattacharjee, 2015).

To the best of our knowledge, for the first time an attempt
has been made to report the inhibition of F. graminearum growth
and mycotoxins production from SaZnO NPs, synthesized from
S. aromaticum flower bud extracts, no such study has been
reported, so far.

MATERIALS AND METHODS

Chemicals and Reagents
Zinc nitrate hexahydrate (Zn (NO3)2.6H2O), DON (purity 98%
TLC and CAS number: 51481-10-8), Dulbecco’s phosphate
buffer saline pH 7.4 (DPBS), lipid peroxidation assay kit, and
ZEA (purity 99% HPLC and CAS number: 17924-92-4) were
purchased from Sigma-Aldrich, India. Peptone, Tween 80, CZA,
CZB, PI, sterile gauze, DCFH-DA, syringe filters (0.45 µm),
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double-layered muslin cloth, and Whatman no.1 filter papers
were obtained from HiMedia, India. Immuno-affinity columns
specific for DON and ZEA were obtained from Vicam, Waters,
United States. All other chemicals and reagents were of AR
grade and purchased from Merck Millipore, India. The plastic
ware was purchased from Nunc, India. Glassware used were
washed with 2% sodium hypochlorite solution and maintained
in sterile condition.

Preparation of Syzygium aromaticum
Extract
Syzygium aromaticum flower buds were collected from the
local market, Mysore, and the voucher was identified and safe-
guarded in Department of studies in Biotechnology, University
of Mysore, India.

Flower buds (10 g) were rinsed 2–3 times in de-ionized water,
shade dried for 144 h and powdered utilizing a clean electric
blender and put away in sterile polyethylene test sacks before
utilize. The powder obtained was macerated with solvent hexane
at the ratio of 1:6 (w/v) in a glass screw cap reagent bottle and was
kept for 96 h. Subsequently, the supernatant was filtered through
twofold layered muslin fabric, and the supernatant was recovered
by centrifugation at 4000 rpm for 10 min. The supernatant
was sieved through Whatman No. 1 filter paper and achieved
filtrate was considered as mother extract and kept aseptically
in a darker screw capped bottle at 4◦C for additionally utilize
(Cansian et al., 2016).

GC-MS Analysis of S. aromaticum
Extract
To determine chemical constituents of S. aromaticum flower
bud, the extract which served as a mother extract was subjected
to gas chromatography (GC) and mass spectrophotometer
(MS) analyses using Clarus 680 GC equipped with Elite-5MS
(95% dimethylpolysiloxane, 5% biphenyl, ID × 250 µm df,
30 m × 0.25 mm) and the components were separated using
Helium gas as a transporter gas at a steady flow of 1 mL/min.
A quantity of 1 µL S. aromaticum extract was injected into the
instrument, and the oven temperature was maintained as per the
following: 60◦C for 2 min and elevated till it reaches 300◦C at the
rate of 10◦C min−1 where it was seized for 6 min. Mass detector
conditions were as follows: ionization mode electron impact at
70 eV and ion source temperature 240◦C with a scan interval
of 0.1 to 0.2 s. The spectrums of the obtained constituents were
equated with the database of known spectrum constituents from
the GC-MS NIST (2008) library (Bhuiyan, 2012; Ali et al., 2014).

Biosynthesis of SaZnO NPs
Zinc nitrate (Zn(NO3)26H2O) was used as the substrate, and
S. aromaticum extract was used as fuel at the ratio of 1:5 (w/v)
and mixed to form a solution. The solution was transferred
to China dish and mixed in magnetic stirrer for ∼ 5–10 min
and then placed in a preheated muffle furnace maintained at
400 ± 10◦C. The entire combustion process was completed in
less than 4 min (Lakshmeesha et al., 2014). The final product
as-synthesized SaZnO NPs was off-white color.

Characterization of SaZnO NPs
UV-Vis spectroscopic absorption measurements were carried
out at room temperature using a UV–Vis spectrophotometer
Beckman Coulter, (DU739, Germany) over the range of
200–800 nm. Fourier transform infrared (FTIR) transmittance
was carried out with a PerkinElmer Spectrum 1000, (Shimadzu-
8400S) in the range of 450–4000 cm−1. The crystallinity and
phase purity of SaZnO NPs were characterized by XRD using a
Rigaku Desktop MiniFlex II X-ray powder diffractometer with
Cu kα radiation at an angle 2θ (λ = 0.15418 nm). The particle
size was determined by Scherrer equation.

D =
0.89λ

β cos θ

Where λ is the wavelength (Cu Kα) of X-Rays, β is the full width
at half- maximum (FWHM) of the peak, and θ is the diffraction
angle. The XRD pattern of SaZnO NPs was analyzed with the
ICDD Powder Diffraction File database (International Centre for
Diffraction Data) using Crystallographica Search-Match Version
2, 1, 1, 1. The surface morphology of SaZnO NPs samples is
studied using SEM HITACHI (S-3400 N, Japan). The size of
SaZnO NPs was studied using TEM (Tecnai G2 Spirit Bio-TWIN
Transmission Electron Microscope).

Antifungal and Antimycotoxin Activity of
SaZnO NPs on F. graminearum
Fungi Cultural Conditions
Fusarium graminearum isolated from maize kernels in our
previous study (Mudili et al., 2014) were grown for 14 days at
28◦C in CZA plates. The fungal spores were collected in peptone
water containing 0.01% Tween 80 and mycelium debris was
separated from the suspension by filtering through sterile gauze.
The spore number was estimated by hemocytometer and fixed
approximately to 106 spores/mL and used in further studies.

Treatment of SaZnO NPs
Different concentrations of SaZnO NPs (25, 50, 75, 100, 125,
and 140 µg/mL) were added to 250 mL of Erlenmeyer flask that
contained 100 mL of sterile CZB. The flasks were inoculated
with 10 µL of fungal spore suspension (106 spores/mL) and
incubated at 28◦C for 14 days with 12 h of light per day. The
flasks not contain SaZnO NPs and inoculated with fungi was
considered as a control. Following the incubation period, the
fungal mycelium was separated from the broth by sieving through
Whatman no.1 filter paper. The fungal mycelium and filtrate
were used for determination of fungal biomass (growth) and
mycotoxins, respectively.

Determination of Fungal Growth (Biomass)
Subsequently, attained fungal mycelium was washed with
deionized water for twice and packed in pre-weighed Whatman
no.1 filter paper. The sample was subjected to drying at 60◦C
employing hot-air oven and weighed.

Quantification of Mycotoxins
Briefly, the attained filtrate was blended with acetonitrile
(1:1, v/v) at 120 rpm for 30 min and 15 mL of the blend was
discretely passed through immunoaffinity columns of DON and
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ZEA mycotoxins at speed of 3 – 4 drops per sec as per the
guidance of the manufacturer, Vicam, United States. Following,
mycotoxins were eluted in 5 mL of acetonitrile and dried out at
60◦C using a water bath. Next, the final residue was re-dissolved
in 1 mL of acetonitrile and used for detection of DON and ZEA
mycotoxins. The quantification of DON and ZEA was done using
HPLC (Shimadzu, Japan) equipped with C18 column (5 µm,
250 × 4.6 mm) and a fluorescence detector. The analysis was
carried out in reverse phase, and mobile phase was acetonitrile
and water (1:1, v/v) with a flow rate of 1 mL/min, and an injection
volume of sample was 25 µL. The excitation and emission of
the detector were set to 365 and 455 nm for DON, and 334
and 450 nm for ZEA, respectively. The quantification of DON
and ZEA was determined from their corresponding standard
calibration curves. For the construction of calibration curves,
stock solutions of DON and ZEA were prepared separately in
acetonitrile (1 mg/mL) and different concentrations were made in
distilled water and used for HPLC quantification. The retention
time and limit of detection for DON and ZEA were noticed as
7.31 and 12.06 min, and 24 and 21 ng/mL, respectively. The
calibration curves of mycotoxins were constructed with peak area
versus concentration.

Assessment of Antifungal Mechanism of
SaZnO NPs on F. graminearum
The antifungal mechanism of SaZnO NPs on F. graminearum was
assessed by determining the intracellular ROS, lipid peroxidation,
ergosterol content, membrane integrity, and micromorphology
of macroconidia.

Estimation of ROS Generation
A quantity of 10 µL of fungal spore suspension was aseptically
inoculated to 1 mL of CZB in 12-well plate and allowed to
grow for 3 days at 28◦C. Following, different concentration of
SaZnO NPs (25, 50, 75, 100, 125, and 140 µg/mL) was added
and further incubated at 160 rpm (rotary shaker) and 28◦C for
24 h with 12 h light per day. The CZB contained only fungal
inoculum and not treated SaZnO NPs was referred as a control.
Following, samples were stained with 5 µM of DCFH-DA and
washed for twice with DPBS. The optical density was measured
at excitation of 495 nm and emission of 550 nm using the
plate reader (Synergy H1, BioTek, United States) and results
was expressed in percentage of ROS release with respect to
control. The standard curve of ROS released versus hydrogen
peroxide was constructed and used for quantification of ROS
release. In addition, phase-contrast and fluorescent images were
also captured using the inverted fluorescence microscope (EVOS,
Thermo Scientific, United States).

Estimation of Lipid Peroxidation
A quantity of 1 mL CZB was inoculated with 10 µL of fungal
spore suspension (106 spores/mL) in 12-well plate and incubated
at 28◦C for 3 days. Following, fungi were treated with different
doses of SaZnO NPs (25, 50, 75, 100, 125, and 140 µg/mL)
and incubated at 160 rpm (rotary shaker) and 28◦C for 24 h
with 12 h light. The fungal sample not treated with SaZnO NPs
was denoted as a control. The MDA, the end product of lipid

peroxidation was quantified using lipid-peroxidation assay kit
as per instructions from the manufacturer (Sigma-Aldrich). The
results were expressed with respect to control.

Estimation of Ergosterol Content
A volume of 10 µL of fungal spore suspension (106 spores/mL)
and different concentration of SaZnO NPs (25, 50, 75, 100, 125,
and 140 µg/mL) were added to 100 mL of CZB in 250 mL
Erlenmeyer flask and incubated at 28◦C and 160 rpm (rotary
shaker) for 7 days with 12 h light per day. Following, 50 mg of
fungal mycelia was recovered and washed with distilled water for
twice and used for determination of ergosterol. The extraction
and HPLC quantification of ergosterol were done as per our
previous reported methodology of Sellamani et al. (2016).

Assessment of Membrane Integrity of Spores
A quantity of 1 mL of seven-day-old fungal spore suspension
(106/mL) was treated with different concentration of SaZnO NPs
(25, 50, 75, 100, 125, and 140 µg/mL) in 2 mL Eppendorf and
incubated at 160 rpm (rotary shaker) and 28◦C for 24 h with
12 h of light. The spore suspension not treated with SaZnO
NPs was considered as control. Following spore suspension was
stained with 5 µM of PI for 15 min and washed for twice with
DPBS by centrifugation at 5000 rpm for 5 min. The PI stained
spores were measured at excitation of 490 nm and emission
of 635 nm using the flow cytometry (Beckman Coulter) and
results was expressed in percentage with respect to control. The
phase-contrast and fluorescent images of spores were captured
under an inverted fluorescence microscope (EVOS, Thermo
Scientific, United States).

Observation of Micromorphology of Macroconidia
The fungi were grown at 28◦C for 7 days with 12 h light per
day on CZA plate and 1 cm2 of mycelia was collected under
aseptic condition. The CZA slides were prepared with different
concentrations of SaZnO NPs (100, 125, and 140 µg/mL)
and inoculated with 7-days old fungal mycelium (1 cm2) and
incubated in the sterile humid atmospheric chamber at 28◦C for
3 days with 12 h light per day. The CZA slide not contains SaZnO
NPs and inoculated with fungi was control. Following, mycelium
mat was recovered and attached to dual adhesive carbon tape
and micrographs of macroconidia were captured under SEM (FEI
Quanta 200, United States) in an environmental mode at 20 KV.

Statistical Analysis
The studies were performed independently for six times, and
results were expressed as mean ± SD. The data were analyzed by
one-way ANOVA and statistical difference between experimental
groups was compared by Tukey’s test using GraphPad Prism trial
version 7. The p-value was stated as a significant at ≤ 0.05.

RESULTS

GC-MS of S. aromaticum Extract and
Characterization of SaZnO NPs
The S. aromaticum hexane extract subjected for GC-MS revealed
the presence of eugenol (C10H10O2), beta-caryophyllene
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FIGURE 1 | GC-MS chromatogram of S. aromaticum flower buds hexane extract.

(C15H24), acetyl eugenol (C12H14O3), and many other
compound types (Figure 1 and Table 1). The results were
in agreement with the earlier studies (Ali et al., 2014; Sheweita
et al., 2016; Chen et al., 2017a,b). Eugenol was regarded as
the major component of S. aromaticum (Kovács et al., 2016),
the probable mechanism of formation of SaZnO NPs may be
attributed to repeating structural units of eugenol participating
in intermolecular cross-linking with ZnO to form a stable SaZnO
NPs structure. UV–visible spectra of SaZnO NPs are shown in
Figure 2A. It can be observed that there is a maximum absorption
peak in the UV region of ∼378 nm, which is a characteristic
band for the wurtzite hexagonal pure SaZnO (Reddy et al.,
2011). Figure 2B shows the FTIR spectrum of SaZnO NPs
acquired in the range of 400–4000 cm−1. The appearance of
peaks in the region of 406 cm−1 is ascribed to the formation
of metal-oxygen bond (Kavyashree et al., 2015). The SEM
micrographs (Figure 2C) shows the SaZnO NPs formed are of
highly agglomerated, to form a well-defined triangular to nearly
hexagonal shape in nature, which can be attributed to wurtzite
structure of ZnO NPs which is in accordance with recent findings
(Velmurugan et al., 2016; Ahmed et al., 2017).

TABLE 1 | Major components of S. aromaticum flower buds hexane extract.

Component Eugenol Beta caryophyllene Acetyl eugenol

Retention time 20.71 22.33 27.10

Molecular formula C10H10O2 C15H24 C12H14O3

Molecular weight 164.2 204.36 206.24

The EDX (Figure 2D) study was carried out for the
synthesized SaZnO NPs showed the peaks corresponded to zinc
yield (82.96%) and oxygen elements (12.64%) of the ZnO NPs
which indicates that the SaZnO NPs synthesized is of pure form
(Chen et al., 2017b). The XRD pattern of the synthesized SaZnO
NPs as seen in Figure 2E. The appearance of all diffraction peaks
corresponds to (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), (202), (104), and (203) planes are indicated
to hexagonal wurtzite structure of ZnO and could be readily
indexed to (JCPDS Card No. 75-576). The Miller indices (100),
(002), and (101) XRD peaks correspond to Bragg angles 31.8,
34.5, and 36.4◦, respectively (Reddy et al., 2011) which indicates
that the ZnO NPs are of good crystalline in nature. The (hkl)
standard intensity plane was taken from JCPDS data. All the
diffraction peaks can be fit to the hexagonal wurtzite phase ZnO
with cell constants of a = 3.25 A◦ and c = 5.21 A◦ (Suresh et al.,
2015). No other additional diffraction peaks from impurities were
observed in the spectrum confirms the phase purity of ZnO NPs.
The average grain size (D) of ZnO samples calculated from the
Scherrer’s equation (Prashanth et al., 2018) using the sharpest
reflection was 35.69 nm. The TEM image (Figure 2F) supported
the SEM results of SaZnO NPs which are hexagonal in shape and
having an average size in the range of 30–40 nm.

Effect of SaZnO NPs on Fungal Growth
and Mycotoxins Production of
F. graminearum
In the present study, the inhibitory effect of SaZnO NPs on
fungal growth (fungal biomass) and mycotoxins (DON and ZEA)
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FIGURE 2 | Characterization of SaZnO-NPs. (A) UV-Visible spectrum of SaZnO NPs, (B) FTIR spectrum of SaZnO NPs, (C) SEM micrograph of SaZnO NPs,
(D) EDX pattern of SaZnO NPs (E) XRD pattern of SaZnO NPs, (F) TEM micrograph of SaZnO NPs.

production of F. graminearum was determined in broth culture.
The SaZnO NPs has successfully decreased the fungus growth and
mycotoxins production in broth culture (Figure 3). A quantity of

47.98 ± 3.61 mg of fungal biomass, 520.5 ± 28.46 µg of DON,
and 678.8 ± 29.40 of ZEA were noticed in 100 mL of control
broth culture (SaZnO NPs untreated). Whereas, the SaZnO NPs
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FIGURE 3 | Dose-dependent inhibitory effect of SaZnO NPs on (A) mycelial biomass (fungal growth), (B) deoxynivalenol (DON), and (C) zearalenone (ZEA) of
F. graminearum in broth culture. The data was analyzed by one-way ANOVA according to Tukey’s multiple comparison test and experimental clusters denoted with
different alphabetic letters were significant (p < 0.05).

treated test samples were exhibited the lower levels of fungal
growth and mycotoxins compared to control. The complete
eliminations of fungal growth and mycotoxins were noticed at
140 µg/mL of SaZnO NPs. The inhibitory effects of SaZnO NPs
on fungal growth and mycotoxins were assessed by constructing
linear regression curves (Supplementary Figure S1). The linear
regression curves have exhibited goodness of fit (R2) of 0.9703,
0.9938, and 0.9872 for fungal biomass, DON, and ZEA,
respectively (Supplementary Table S1). The regression models
have confirmed that effect of SaZnO NPs on fungal growth and
mycotoxins production was effective and dose-dependent.

Antifungal Mechanism of SaZnO NPs
Analysis of ROS Generation and Lipid Peroxidation
The effect of SaZnO NPs on ROS generation and lipid
peroxidation was determined by DCFH-DA staining and MDA
analysis, respectively. The phase-contrast and GFP images
of control and SaZnO NPs treated fungal samples of ROS
investigation were depicted in Figure 4A. The accumulation
of ROS molecules was significantly (P < 0.05) high in SaZnO
NPs treated samples compared to control (Figure 4B). The
results determined that accumulation of ROS molecules was
directly proportional to the dose of SaZnO NPs and it shows
the dose-dependent manner. Likewise, lipid peroxidation was
also highly influenced by SaZnO NPs and MDA levels were
increased in fungi with the treatment of SaZnO NPs (Figure 5A).
Furthermore, the accumulation of MDA levels was directly
proportional to SaZnO NPs and it was dose-dependent and in
accordance with the results of ROS analysis.

Analysis of Ergosterol Content and Membrane
Integrity
Ergosterol is a key sterol component in the cell membrane of
fungi and helpful for guarding the permeability and fluidity
of membrane through interactions with phospholipids and
other components of the membrane. The ergot is present only
in fungi and yeast, and it is absent in animals. Therefore,
disruption of ergot biosynthesis is considered as one of the
particulars focuses for the advancement of new antifungal agents
(Ahmad et al., 2010). The effect of SaZnO NPs on the ergosterol

biosynthesis of F. graminearum was depicted in Figure 5B.
A quantity of 42.7 ± 3.10 µg of ergosterol was measured in
SaZnO NPs untreated control sample. Whereas, biosynthesis
of ergosterol was reduced with treatment of SaZnO NPs and
showed the dose-dependent mode of decrease. The fungal
growth was absent at 140 µg/mL of SaZnO NPs and ergosterol
was not determined.

Sustaining the membrane integrity is most necessary for viable
cells and therefore, is often used as an index of living cells. The
loss of membrane structure and integrity release cytochrome c
and activate the death of cells by the apoptosis process. The
membrane integrity of fungal spores is generally estimated by a
fluorometric method using PI staining. The PI is a fluorescent
stain that intensely binds to DNA and is incapable to enter
the membrane of viable cells, and however, it uniquely stains
DNA of non-viable cells by crossing the damaged cell membrane.
Phase-contrast images and its corresponding RFP images of
control and SaZnO NPs treated fungal spores were depicted
in Figure 6A. The fluorescence intensity of fungal spores was
enhanced on the treatment of SaZnO NPs related to untreated
control. The percentage PI stained spores were recorded by
flow cytometry and their number was increased with the dose
of SaZnO NPs (Figure 6B). The results evidently proved that
SaZnO NPs induces the detriments in membrane integrity of
fungal spores and thereby promotes the death of fungi in a
dose-dependent fashion.

Assessment of Micromorphology of Macroconidia
The micromorphology of fungal macroconidia was observed
using SEM under environmental mode (Figure 7). The macro-
conidia in the control sample have exhibited healthy morphologi-
cal characters, such as smooth, turgid, and regular. Whereas,
SaZnO NPs treated macroconidia have shown detrimental micro-
morphological features, including irregular, wrinkled, disrupted,
shrunk, and blebs. Captivatingly, severe detrimental micro-
morphological changes in fungal macroconidia were noticed at
the high dose of SaZnO NPs related lower doses and control
(Figures 7A–D). The study decided that fungicidal action of
SaZnO NPs is due to detrimental damage of macroconidia,
and it could be due to the surge of intracellular ROS and
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FIGURE 4 | Assessment of different concentration of SaZnO NPs on generation of intracellular reactive oxygen species (ROS). (A) phase-contrast and green
fluorescent protein (GFP) images of control and SaZnO NPs treated fungal samples. (B) Dose-dependent effect of SaZnO NPs on accumulation of ROS in fungi. The
data was analyzed by one-way ANOVA according to Tukey’s multiple comparison test and experimental clusters denoted with different alphabetic letters were
significant (p < 0.05).

FIGURE 5 | (A) Effect of different concentration of SaZnO NPs on fungal lipid peroxidation (MDA release). (B) Effect of different concentration of SaZnO NPs on
fungal ergosterol content. The data was analyzed by one-way ANOVA according to Tukey’s multiple comparison test and experimental clusters denoted with
different alphabetic letters were significant (p < 0.05).

lipid peroxidation, and the collapse of ergosterol content and
membrane integrity.

DISCUSSION

Since last decade, nanotechnology has offered various beneficial
assistances to the agriculture and food industry. Which include
antimicrobial agents, nanobiosensors, food packaging material,

catalysts, etc. (Zhu and Deng, 2017; Zhu H. et al., 2017; Zhu L.
et al., 2017; Siddaiah et al., 2018; Kalagatur et al., 2018a; Gunti
et al., 2019). As of now, the contagious pervasion and mycotoxin
pollution of nourishment is one of the principals stresses of
agribusiness and sustenance industry (Adeyeye, 2016). Right
now, microbiologists have given extraordinary significance to
seek novel antifungal and antimycotoxin mixes, which ought
to be unique in relation to as of now accessible antifungal
and antimycotoxin substances or ought to have productive
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FIGURE 6 | Assessment of different concentration of SaZnO NPs on membrane integrity of fungal spores. (A) phase-contrast and red fluorescent protein (RFP)
images of control and SaZnO NPs treated fungal spore samples. (B) Flowcytometric estimation of percentage of propidium iodide (PI) stained fungal spores. The
data was analyzed by one-way ANOVA according to Tukey’s multiple comparison test and experimental clusters denoted with different alphabetic letters were
significant (p < 0.05).

antifungal and antimycotoxin movement. Be that as it may,
best of our insight utilization of nanomaterials for controlling
development and creation of mycotoxins in rare. In this way, an
exertion made to investigate the biosynthesized SaZnO NPs for
controlling of development and mycotoxins of wrecking plant
pathogen F. graminearum.

The antifungal mechanism of SaZnO NPs on F. graminearum
was unveiled by evaluating the aggregation of ROS, lipid
peroxidation, ergosterol content, membrane integrity, and
micromorphology of macroconidia. The antimicrobial activity of
ZnO NPs directly correlated to detrimental action of radicals such
as •OH, H+, HO2

• and H2O2 on cell wall and other cellular
constituents. The ZnO NPs with deformities can be enacted by
both UV and noticeable light electron-gap sets (e−h+). Initially,
protons and electrons generate from SaZnO NPs by action of
light energy. Following, protons react with water molecules and
form •OH and electrons react with O2 and generate •O2. Next,
combination of •OH and •O2 generates HO2

• and succeeding,
HO2

• recombines with proton and electron and generate H2O2
(Zhang et al., 2007; Padmavathy and Vijayaraghavan, 2008). The
overall generation of radicals is represented in below reaction.

ZnO+ light−→ proton (h+)+ electron (e−)

h+ +H2O−→ OH• +H+: e+ + O2 −→
•O2

OH• + •O2 −→HO2
•

HO2
•
+H+ + e− −→H2O2

The microorganisms on their cell wall bear a negative charge
while SaZnO NPs carry a positive charge along these lines this

cooperation makes an electromagnetic fascination between the
organisms and nanoparticles. As SaZnO NPs on coming into
contact with the surface of microbes produce ROS by action of
light. Antifungal mechanisms of SaZnO NPs might be credited to
the ROS such as hydroxyl radicals (OH•) superoxides (•O2) and
hydrogen peroxide (H2O2) (Prasanna and Vijayaraghavan, 2017;
Wang et al., 2017; Youssef et al., 2017).

In a biological context, intracellular ROS assume an
unequivocal part as couriers in quality articulation and cell
flagging and expressly starts oxidative pressure intervened
apoptosis (Simon et al., 2000). The ROS molecules are
formed as byproducts in mitochondrial electron transport
by various inward and outer pressure factors, for example,
radiations, warm treatment, supplement lack, drugs, anti-
infection agents, antimicrobial peptides, nanoparticles, saltiness,
microbial poisons, metals, and so on (Matai et al., 2014; Zhang
Z.-Z. et al., 2017; Kalagatur et al., 2018d,e). The elevated ROS
molecules attack the lipid molecules comprising of carbon-
carbon double bonds in polyunsaturated fatty acids and fetch
lipid peroxidation (Sebaaly et al., 2016). Furthermore, elevation
of ROS levels eventually impairments the proteins, lipids, and
nucleic acids, and triggers oxidative-stress mediated apoptosis by
releasing mitochondrial cytochrome c and death receptors.

Antifungal and antimycotoxin activities of SaZnO NPs might
be due to an elevation of ROS and thus, it could induce death of
fungi by oxidative-stress mediated apoptosis. In support of the
present study, several studies have evidenced that nanoparticles
(Mitra et al., 2017), physical agents (Calado et al., 2014; Kalagatur
et al., 2018d,e), synthetic fungicides (Delattin et al., 2014)
and bio-fungicides (Sebaaly et al., 2016; Sellamani et al., 2016)
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FIGURE 7 | Scanning electron microscopic images of fungal macroconidia at (A) 0 (Control), (B) 100, (C) 125, and (D) 140 µg/mL of SaZnO NPs.

could induce the death of fungi through oxidative-stress
mediated apoptosis by elevation of ROS. Specifically concerning
to nanomaterials, few reports were available on antifungal
and antimycotoxin capabilities of nanomaterials. Best of our
knowledge, until the date, no report is available on antifungal
and antimycotoxin abilities of biofabricated ZnO NPs on
F. graminearum and present study is first report. Most
recently, Hernández-Meléndez et al. (2018) reported that flower-
shaped ZnO inhibit the growth and aflatoxin production
of A. flavus by multiple degenerative alterations in fungi
via ROS generation. Besides, Savi et al. (2013) proved that
zinc compounds could generate intracellular ROS and exhibit
strong inhibitory activity on growth and fumonisin mycotoxin
production of F. verticillioides by detrimental action on hyphae
and conidia. Captivatingly, Mitra et al. (2017) reported that
citrate decorated silver nanoparticles independently inhibit the
fungal growth and aflatoxin production in A. parasiticus and
revealed that silver nanoparticles inhibit aflatoxin production

by downregulating the aflatoxin biosynthesis genes at its below
the lethal dose.

In addition, our study revealed that SaZnO NPs might exhibit
potent fungicidal activity on F. graminearum through inhibition
of ergosterol biosynthesis and disrupting the membrane
integrity. In support of the present result, Sellamani et al.
(2016) demonstrated that Pediococcus pentosaceus isolated
from dairy products has exhibited potent antifungal activity on
F. graminearum by inhibiting the ergosterol biosynthesis. Ahmad
et al. (2010) have proven that the antifungal activity of thymol
and carvacrol is due to disruption of ergosterol biosynthesis and
membrane integrity. In the same way, Prasher et al. (2018) have
confirmed that green synthesized silver nanoparticles exhibit
the potent antifungal activity through disturbing ergosterol
biosynthesis and membrane integrity. However, molecular
mechanism involved in inhibition of growth and mycotoxins
production of fungi by nanomaterials is unclear and exhaustive
studies are needed.

Frontiers in Microbiology | www.frontiersin.org 10 June 2019 | Volume 10 | Article 1244139

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01244 June 12, 2019 Time: 14:57 # 11

Lakshmeesha et al. Antimycotoxin Activity of Bio-Fabricated Nanoparticles

CONCLUSION

In conclusion, we have synthesized a highly facile, non-toxic
and inexpensive approach to the green synthesis of SaZnO
NPs. The SaZnO NPs has presented potent inhibitory activity
against growth and mycotoxin production of F. graminearum.
Furthermore, the antifungal mechanism of SaZnO NPs on
F. graminearum was established by assessing the membrane
integrity, ROS generation, lipid peroxidation, ergosterol
content, and micromorphology of macroconidia. These
studies demonstrated that SaZnO NPs has upraised the ROS
levels and lipid peroxidation, and depleted the ergosterol
content, and detrimentally altered the membrane integrity and
micromorphology of macroconidia. The proposed antifungal
mode suggested that SaZnO NPs could efficiently restrain
the growth and mycotoxin production of devastating plant
pathogen F. graminearum and could be used in novel fungicide
formulations as the potent substitute of synthetic fungicides for
agriculture and food industry.
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Fernando R. Pavan3, Marlus Chorilli2 and Saulo S. Garrido1*

1 Department of Biochemistry and Chemical Technology, Institute of Chemistry, UNESP – São Paulo State University, 
Araraquara, Brazil, 2 Department of Drugs and Medicines, School of Pharmaceutical Sciences of Araraquara, UNESP – São 
Paulo State University, Araraquara, Brazil, 3 Department of Biological Sciences, School of Pharmaceutical Sciences of 
Araraquara, UNESP – São Paulo State University, Araraquara, Brazil

Currently 75–88% of fungal infections are caused by Candida species, and Candida 
albicans is the main microorganism that causes these infections, especially oral candidiasis. 
An option for treatment involves the use of the antifungal peptide Histatin 5 (Hst 5), which 
is naturally found in human saliva but undergoes rapid degradation when present in the 
oral cavity, its site of action. For this reason, it is important to develop a way of applying 
this peptide to the oral lesions, which promotes the gradual release of the peptide. In the 
present study, we  have evaluated the development of liposomes of different lipid 
compositions, loaded with the peptide as a way to promote its release slowly and gradually, 
preserving its antifungal potential. For this, the peptide 0WHistatin 5, an analog of the 
peptide Hst 5, was synthesized, which contains the amino acid tryptophan in its sequence. 
The solid phase synthesis method was used, followed by cleavage and purification. The 
liposomes were produced by thin film hydration technique in three different lipid 
compositions, F1, F2, and F3 and were submitted to an extrusion and sonication process 
to standardize the size and study the best technique for their production. The liposomes 
were characterized by dynamic light scattering, and tests were performed to determine 
the encapsulation efficiency, release kinetics, stability, and evaluation of antifungal activity. 
The extruded liposomes presented average size in the range of 100 nm, while sonicated 
liposomes presented a smaller size in the range of 80 nm. The encapsulation efficiency 
was higher for the sonicated liposomes, being 34.5% for F1. The sonicated F3 presented 
better stability when stored for 60 days at 4°C. The liposomes showed the ability to release 
the peptide for the total time of 96 h, with the first peak after 5 h, and a further increase 
of the released after 30 h. Time-kill assay showed that the liposomes were able to control 
yeast growth for 72 h. The data suggest that the liposomes loaded with 0WHistatin 5 
maintained the action of the peptide and were able to limit the growth of C. albicans, 
being a suitable system for use in the treatment of oral candidiasis.

Keywords: antifungal system, oral candidiasis, Candida albicans, Histatin 5, liposomes
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INTRODUCTION

In recent decades, there has been an increase in mortality 
caused by fungal infections which have gone from isolated 
and rare cases to one of the greatest global public health 
problems especially among immunocompromised individuals 
(Robbins et al., 2016). This fact is related to medical interventions 
such as chemotherapy for cancer treatment, immunosuppression 
for transplantation, and the high prevalence of HIV infections 
(Berkow and Lockhart, 2017). This has allowed the appearance 
of prevalent fungal infections among which the main pathogens 
are Candida albicans, Cryptococcus neoformans, and Aspergillus 
fumigatus (Robbins et  al., 2016). These pathogens cause the 
death of more than 1 million people annually in the world 
with 75–88% of fungal infections being caused by Candida 
species, which generated a cost of $ 1.7 billion for public 
health in the US and the increase of severe cases of hospital 
infections (Berkow and Lockhart, 2017).

C. albicans exists as a commensal microorganism of the 
skin, mouth, and gastrointestinal tract. Its spread is controlled 
by coexistence with the normal human microbiota and also 
by the processes of defense related to immune system. However, 
when there is suppression of the immune response against 
C. albicans, colonization of the tissue occurs establishing the 
infection, more commonly manifested as candidiasis and 
oropharyngeal candidiasis (Robbins et  al., 2016).

Because it is a polymorphic microorganism, C. albicans is 
able to transition between the yeast and hypha lifestyles. The 
hypha has greater resistance and greater invasive capacity in 
tissues compared to the yeast. For this reason, this species 
demonstrates resistance to the most common antifungals, such 
as polyenes (nystatin and amphotericin B) or azoles (itraconazole, 
miconazole, and fluconazole) (Hawser and Douglas, 1995).

An alternative treatment is the use of fluconazole and 
amphotericin B, which are more effective but have higher levels 
of toxicity and should not be  used in constant or routine 
doses (Johnson et  al., 1995; Cannon et  al., 2007). For this 
reason, the search for new treatment options and new drugs 
are constantly developing mainly in the biotechnology field. 
An example of this is the biologically active peptides naturally 
found in living organisms such as the antimicrobial peptides 
(AMPs) of Histatin class.

One of these AMPs, that is, the focus of this data is Histatin 5 
(Hst 5), one of the peptides of the Histatin class naturally 
present in human saliva and potentially active against pathogenic 
yeast such as C. albicans (Helmerhorst et  al., 1999; Baev et  al., 
2002). Hst 5 is a peptide of about 3  kDa composed of a 
linear sequence of 24 amino acid residues, has a positive charge 
at physiological pH, assumes α-helix structure in DMSO 
(dimethylsulfoxide) and TFE (trifluorethanol)/water, and in 
water preferably takes on a random structure (Seo et al., 2012).

Recent studies have demonstrated that Hst 5 is able to 
inhibit C. albicans growth in concentrations ranging from 25 
to 800  μg  ml−1 (Moffa et  al., 2015b) with MIC of 25  μg  ml−1 
(Konopka et  al., 2010). Another feature of this peptide is its 
ability to protect the oral epithelium from C. albicans infection, 
proven in in vitro studies with gingival fibroblast cells, in which 

at a concentration of 50  μg  ml−1, there was no invasion of 
the cells by the microorganism (Moffa et  al., 2015b).

However, we  have reported that Hst 5 undergoes rapid 
degradation, and the proteolysis has been the major focus 
aimed at explaining that degradation causes the reduction or 
even loss of its antifungal activity (Moffa et al., 2015a). Another 
problem observed was that Hst 5 can interact with other 
proteins present in saliva, such as amylase, resulting in a 
complex free of antifungal activity (Moffa et  al., 2015a).

One way to overcome this problem would be  the use of 
nanocarriers, such as liposomes, that can incorporate the peptide 
and increase its availability at the site of action. Liposomes 
have been used in therapeutics for more than 40 years, presenting 
many advantages, including biocompatibility, because they are 
constituted by phospholipids, such as the biological membranes 
of the cells (Chorilli et  al., 2013).

The liposome advantage is related to a longer duration of 
the therapeutic effect of the drug (De Araújo et  al., 2003), 
prolonging its action and allowing larger doses to be administered 
without the risks of toxicity (Frézard et  al., 2005). Thus, there 
are a lower number of drug administrations throughout the 
treatment, as demonstrated by studies with liposome-encapsulated 
LL-37 peptide which showed improved bioactivity and reduced 
toxicity for treatment of HSV-1. The studies carried out indicated 
the LL-37 liposomal formulation as an effective system for 
carrying and delivering the peptide to the action target 
(Ron-Doitch et  al., 2016).

Liposomes are also effective in promoting protection against 
external degradation by enzymes or by proteolytic degradation 
(Voltan et  al., 2016). For this reason, they are used for 
encapsulation of peptides and proteins. Liposomes encapsulated 
with peptide ghrelin, used to treat cachexia, characterized as 
extreme weakness in patients afflicted with chronic diseases, 
showed that liposomes were able to protect the peptide from 
the attack of trypsin and carboxylesterase enzymes by 20 and 
81%, respectively (Salade et  al., 2017).

Thus, these positive aspects about the use of liposomes 
motivated us to elaborate a system to apply Histatin 5, with 
the main interest in increasing peptide availability at the site 
of action, causing its fungicidal effect to be  preserved and 
intensified over a longer period, thus optimizing treatment 
against C. albicans.

MATERIALS AND METHODS

Chemicals and Microorganisms
Reagents N-α-fluorenylmethyloxycarbonyl-amino acids (Fmoc-
amino acid) and Fmoc-tyr-wang resin were purchased from 
Novabiochem®. N-hydroxybenzotriazole (HOBt), N,N′-
diisopropylcarbodiimide (DIC), dichloromethane (DCM), 
dimethylformamide (DMF), and trifluoroacetic acid (TFA) were 
purchased from Fluka®. Ethanedithiol (EDT), glacial acetic 
acid, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), 
chloroform, and grade HPLC acetonitrile (ACN) were purchased 
from Merck®. The microorganism C. albicans (ATCC 90028) 
was donated by the National Institute of Quality Control in 
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Health (INCQS – Fundação Oswaldo Cruz Brazil). All lipids 
were purchased from Sigma®.

Peptide Synthesis
The peptide was synthesized manually according to the Fmoc 
chemistry (Merrifield, 1963). In each synthetic cycle, the 
deprotection of the α-amino group deprotection was performed 
with 20% piperidine in DMF for 20  min. The coupling 
reactions were performed with a threefold excess of DIC 
component and HoBt in DMF/DCM (1:1, v:v). After 
approximately 2  h of coupling, the ninhydrin test was 
performed to confirm the occurrence of the reaction. Final 
cleavage of the peptide from the resins and the deprotection 
of the side-chain protector groups were done by treatment 
with a solution containing TFA (94.5%), deionized water 
(2.5%), EDT (2.5%), and TIS (0.5%) at 25°C for 3  h. After 
the cleavage procedure, the crude peptides were precipitated 
with ethyl ether, separated from the soluble non-peptidic 
contents by centrifugation, extracted into 10% acetic acid 
in water and lyophilized.

The analog peptide 0WHistatin 5 (0WHst 5) was synthesized 
with the addition of the amino acid tryptophan (W) in amino 
terminal extremity, as can be  seen in Table 1. Because it is 
a fluorescent amino acid, with excitation at the wavelength of 
280  nm and emission of fluorescence at the wavelength of 
360  nm, its addition allowed its monitoring by fluorescence 
technique, with greater sensitivity as can be  seen in the 
following sections.

The purification process of the crude peptides was performed 
in semi-preparative HPLC with a Zorbax Eclipse XDB C18 
reverse phase column (9.4 mm  ×  250  mm and 5  μm). The 
qualitative analysis was performed analytically using a Shimadzu 
LC-10A/C-47A separation system coupled to a Shimadzu 
LC-10A/C-47A UV/Vis detector with a Waters Symmetry 
C18 column (2.1 mm  ×  150  mm and 5  μm). The 
chromatographic conditions in the semi-preparative mode 
were: solvents A (0.045% TFA.H2O) and B (0.036% TFA.
ACN), gradient of 0.33%/min solvent B over 90  min, flow 
rate of 5  ml/min, and detection wavelength at 220  nm. For 
the analytical mode, the conditions were: solvents A (0.045% 
TFA.H2O) and B (0.036% TFA.ACN), gradient from 5 to 
95% solvent B in 30  min, flow rate of 0.6  ml/min, and 
detection wavelength at 220  nm. After the purification 
procedure of the peptide, the molecule characterization was 
done using mass spectrometry. The analysis of pure peptides 
was performed by HPLC coupled to mass spectrometer 
operated in electrospray positive mode (LC/ESI-MS+) in a 

Bruker® type Ion Trap Amazon SL mass spectrometer. This 
procedure allowed to determine the quality and identity of 
the sample simultaneously.

Preparation of Liposomes
Three different liposome formulations were produced by the 
thin film hydration technique. The lipid film was composed 
of soy dipalmitoyl phosphatidylcholine (DPPC), cholesterol 
(Chol), polyethylene glycol (PEG), and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-rac-1-glycerol (POPG). The lipid mixtures 
were dissolved in chloroform and then were evaporated under 
nitrogen flow, to form a thin lipid film in tube wall. For 
resuspension of the lipid film, solutions with or without the 
peptides solubilized in a 10  mM Tris HCl buffer, pH 7.4, was 
used. A suspension of large multilamellar vesicles (MLV’s) was 
obtained and submitted to two different techniques for 
homogenization: extrusion, using Avanti Polar Lipids® extruder 
equipped with Nuclepore® polycarbonate membrane, GE 
Healthcare Life Science, with pores of 100 nm, and sonication, 
using titanium tip sonicator (QSonica® Q700).

Physical Characterization of Liposomes
Determination of the Mean Hydrodynamic 
Diameter, Polydispersity Index, and Zeta Potential
The mean hydrodynamic diameter (Z-Ave or d.nm) and 
polydispersity index (PDI) were determined by dynamic light 
scattering (DLS, Zetasizer Nano NS, Malvern Instruments®, 
Malvern, UK). The zeta potential (ZP) of the liposomes was 
evaluated by the electrophoretic mobility of the particles according 
to the Helmholtz-Smoluchowski equation and processed using 
the Zetasizer Nano NS equipment software (Malvern 
Instruments). The suspensions of empty and loaded liposomes 
were diluted in 10  mM Tris HCl buffer, pH 7.4, in a 1:10 
ratio. All experiments were run in triplicate at 25°C.

Encapsulation Efficiency
The unencapsulated peptide separation was performed by 
molecular exclusion chromatography technique, using a 
Sephadex® G-50 column, with 10 mM Tris HCl buffer, 150 mM 
NaCl, pH 7.4.

The fractions with liposomes were frozen in liquid nitrogen 
and lyophilized for 48  h. Then 3  ml of methanol were added 
to the samples, an aliquot of this solution was diluted in 
methanol and analyzed in spectrofluorometer to quantify the 
encapsulated peptide. Once the encapsulated peptide 
concentration was determined, the encapsulation efficiency, EE, 
was calculated using Equation 1.

 EE
Encapsulated peptide

Total added peptide
%( ) = ´100  (1)

Formulation Stability
The produced formulations, F1, F2, and F3, were stored at 
8°C and at 37°C. The mean size, polydispersity index, and 
zeta potential were analyzed after 1, 5, 10, 15, 30, 45, and 
60  days of storage.

TABLE 1 | Amino acid sequence of Histatin 5 and the synthesized 0WHistatin 5 
analog peptide.

Peptide Amino acid sequence

Histatin 5 D S H A K R H H G Y K R K F H E K H 
H S H R G Y

0WHistatin 5 W D S H A K R H H G Y K R K F H E K 
H H S H R G Y
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In vitro Release Study
The release kinetics of the encapsulated peptide was performed 
using the fluorescence technique, since the inserted tryptophan 
(W) provides fluorescence to the molecule. Spectrofluorometer 
Varian® CaryEclipse coupled to a circulation system of the 
solution 10  mM Tris HCl, pH 7.4, was used. About 1  ml 
of the solution of liposome and 0WHst 5 was added to a 
cellulose acetate dialysis membrane (Sigma-Aldrich® cut-off 
14,000  kDa).

The peptide that permeated the dialysis tube and exited 
into the buffer solution was monitored by the Kinetics Varian® 
CaryEclipse software, with maximum fluorescence emission at 
360  nm for 96  h. The maximum fluorescence was plotted 
against the time and, by the use of the standard curve, the 
total peptide released by the system was evaluated by the plot 
of the maximum released concentration against the time.

Time-Kill Curve Studies
For the preparation of the standardized suspensions of C. albicans 
(ATCC 90028), an inoculum size of 1.105  CFU  ml−1 was used. 
Nine milliliters of Sabouraud Dextrose Broth (SDB) prepared 
with the microorganism were added in an Erlenmeyer for the 
growth control, 512  μg  ml−1 of fluconazole was used for the 
positive control (cell death) and for testing the systems produced 
1  ml of the liposomal system encapsulated or not with 0WHst 
5 was added. The Erlenmeyers were then incubated at 37°C, 
under constant stirring, and aliquots of 100 μl were withdrawn 
and serially diluted every 3  h for 12  h. After this period, the 
aliquots were withdrawn and serial diluted every 12  h for 
60  h. About 100  μl of each dilution were transferred to a 
plate with SDA and incubated for 48  h. The colonies in each 
plate were then counted.

Statistical Analysis
t-Student test was used to verify the statistical difference between 
the last points of the time kill test curves. The level of significance 
was 90%. The growth control and fluconazole curves were 
performed in duplicate.

RESULTS AND DISCUSSION

Preparation of Liposomes
In this work, three liposomal formulations were used according 
to the amounts shown in Table 2. The amounts are represented 
in mass. The peptide used was successfully obtained with high 
purity (>95%) and loaded into the liposomes as described in 
the methodology section.

To determine the amount of extrusion cycles and sonication 
time required for the formation of the liposomes, periodic 
measurements were made in a spectrophotometer (Chorilli 
et  al., 2013). The results shown in Figure 1 indicates that 
there is a decrease in absorbance at 410  nm as a function of 
sonication time and amount of extrusion cycles, respectively, 
for all formulations developed.

All the formulations produced required 15 extrusion cycles 
to be  formed, thus, the addition of PEG in F2 and POPG in 
F3 did not promote differences in the number of extrusion 
cycles observed for F1 which does not have any of these 
components. When PEG and POPG were added to the 
formulation of these liposomes, the main objective was to 
promote better features like fluidity and stability to vesicles. 
For the sonication technique, monitoring was performed after 
every 2  min, as seen in Figure 1B, and the stabilization of 
the absorbance values was achieved in the time of 4  min for 
all formulations. As in the extrusion, the addition of PEG 
and POPG in F2 and F3 did not affect the minimum time 
of 2  min of sonication observed for formulation F1 that does 
not contain these components.

Physical Characterization of Liposomal 
Formulation
The mean size, zeta potential, and polydispersity index (PDI) 
for empty and loaded liposomes with 0WHst 5, can be  seen 
in Tables 3 and 4.

The mean size of the empty and sonicated liposomes was 
lower than for the empty liposomes obtained by extrusion. This 
can be observed by comparing the sizes for the empty liposomes 
obtained by extrusion and sonication seen in Tables  3 and 4.

This fact is related to the technique of obtaining the liposomes. 
The 100 nm pores of the polycarbonate membrane used in the 
extruder, ensures final sizes closer to 100  nm. In sonication, 
there is no way to control or predict the final mean size 
of the liposomes, which may vary as the amplitude, sonication 
time, and potency of the equipment change.

There was an increase in the mean size of loaded liposomes 
when compared to empty liposomes and this was observed 
for all formulations obtained by both techniques. According 
to Table 3, the empty F2 size was 97.2  nm, and after the 
addition of 0WHst 5, it had a size of 119.2  nm. For sonicated 
F3, the mean size before loading of the peptide was 82.2  nm, 
rising to 133.6  nm with 0WHst 5. The same can be  observed 
sonicated F1, which after addition of 0WHst 5 presented a 
144.3 nm, against 88.1 nm when empty. We observed an increase 
in size for liposomes after peptides had been encapsulated, 
and this indicates that 0WHst 5 was incorporated into the 
liposomes, probably in the inner aqueous compartment because 
it is a water-soluble molecule (Nii and Ishii, 2005; Mohan et al., 
2016). These data are interesting from the point of view of 
the intended application, which aims to stabilize the peptide 
and promote a better availability of it at the site of action.

The zeta potential of the produced liposomes is negative 
for all formulations prepared. The zeta potential value became 
less negative for all sonicated formulations after incorporation 
of the peptide. 0WHst 5 is a positively charged peptide  

TABLE 2 | Lipid composition of the liposomes.

Formulation DPPC Chol PEG POPG

F1 40 2 – –
F2 40 2 1 –
F3 40 2 – 1
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(net charge at pH 7: +5.7) that interferes with the final 
charge of the liposomes, making them less negative. The 
POPG lipid used in the F3 formulation is anionic and confers 
a greater amount of negative charges to the external lipid 
bilayer which may be  less influenced by the positive charge 
of 0WHst 5. The standard zeta potential value used for this 
is ±30  mV (Ebrahimi et  al., 2015; Berbel Manaia et  al., 
2017; Sato et  al., 2017). The sonicated and extruded 
encapsulated F1, F2, and F3 formulations have zeta potential 
in the range of −30 to −50 mV, indicating that all formulations 
are stable.

PDI values in the range of 0.07 to 0.09 were found for all 
extruded formulations containing 0WHst 5, as can be  seen in 
Table 3. Thus, it can be  stated that there is a monodispersion. 
For sonication, PDI values of 0.371, 0.382, and 0.287 were 
found for empty F1, F2, and F3, respectively, indicating 
homogeneity of the analyzed sample. However, there are vesicles 
in other size ranges, characterizing a polydispersity.

The PDI values fell to 0.255, 0.124, and 0.241, respectively, 
when 0WHst 5 was loaded into the liposomes prepared by 
sonication. Addition of the peptide to the formulations made 
them more homogeneous. The same effect was also observed 
for the liposomes obtained by extrusion, with 0.128 of PDI 
for empty and 0.081 for loaded F1 formulation.

Encapsulation Efficiency
The encapsulation efficiency (EE) for the 0WHst 5 is below 
40%, as seen in Table 5. Addition of cholesterol to all 
formulations may have hindered encapsulation. This component 
prevents the phase transition of the lipid bilayers and always 
maintains them in a state of intermediate fluidity, tending to 
be  more rigid, which hinders the incorporation of molecules 
(Roy et  al., 2016).

However, EE was higher for formulations produced by 
sonication, with the highest value of 34.5% for F1. This 
formulation also showed the highest efficiency among the 
formulations obtained by extrusion, with a value of 17.7%. F1 
is composed of DPPC and cholesterol, DPPC has Tm (phase 
transition temperature) of 42°C, with a room temperature of 
25°C bilayer is in its gel phase and rigid. Even so, it is the 
formulation that incorporated the largest amount of the peptide 
for the two techniques used.

The absence of other components contributed to the 
incorporation of the peptide according to this methodology. 
The presence of PEG in F2 and POPG in F3 made it difficult 
to incorporate 0WHst 5 into the liposomes. The encapsulation 
efficiency for F3 was little higher when compared to F2. The 
presence of POPG in this formulation aims to favor the 
crystalline liquid phase of the bilayer and grant more fluidity, 
since this lipid has Tm of −2°C, contributing the incorporation 
of the peptide. The lower EE was for F2, which has PEG in 
its composition. However, the presence of this component 
increases the physical-chemical stability of the liposomes, as 
will be  seen in the following results. The increase in stability 

A B

FIGURE 1 | Effect of the amount of extrusion cycles on different liposome compositions (A) and effect of sonication time on different liposome compositions (B).

TABLE 4 | Size, PDI, and zeta potential for empty and loaded F1, F2, and F3 
liposomes, obtained by sonication.

Formulation Size (nm) PDI Zeta potential 
(mV)

F1 88.1 ± 8.03 0.371 ± 0.01 −51.4 ± 8.94
F1/0WHst 5 144.3 ± 0.35 0.255 ± 0.01 −48.6 ± 0.21
F2 96.4 ± 10.41 0.382 ± 0.05 −56.4 ± 2.28
F2/0WHst 5 147.4 ± 1.45 0.124 ± 0.09 −51.5 ± 1.79
F3 82.2 ± 4.77 0.287 ± 0.02 −56.5 ± 3.78
F3/0WHst 5 133.6 ± 0.82 0.241 ± 0.01 −52.3 ± 8.17

TABLE 3 | Size, PDI, and zeta potential for empty and loaded F1, F2, and F3 
liposomes, obtained by extrusion.

Formulation Size (nm) PDI Zeta potential 
(mV)

F1 106.1 ± 1.70 0.128 ± 0.06 −49.8 ± 1.17
F1/0WHst 5 116.6 ± 0.30 0.081 ± 0.10 −43.0 ± 0.50
F2 97.1 ± 1.77 0.099 ± 0.04 −38.5 ± 2.29
F2/0WHst 5 119.2 ± 0.80 0.087 ± 0.08 −42.2 ± 0.90
F3 105.1 ± 0.70 0.113 ± 0.06 −42.7 ± 1.89
F3/0WHst 5 112.6 ± 0.50 0.068 ± 0.08 −47.4 ± 0.50

TABLE 5 | Efficiency of encapsulation for the formulations F1, F2, and F3.

Formulation Extrusion (%) Sonication (%)

F1 17.7 34.5
F2 9.5 12.2
F3 12.7 14.2
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A

B

FIGURE 2 | Mean size and polydispersity index (PDI) for F1, F2, and F3 obtained by sonication stored at 4°C (A) and at 37°C (B).

prolongs their presence in the human organism, by decreasing 
the uptake of the vesicles by the cells of the immune system 
and favors adherence in mucous membranes (Ron-Doitch et al., 
2016; Jøraholmen et  al., 2017), which may be  a desirable 
characteristic for the intended application.

Stability Studies
According to Figure 2A, there were slight changes in average 
size and PDI for the sonicated F1 stored at 4°C. For this 
reason, sonication produced liposomes with better stability than 
the extrusion, maintaining the formulation stable during 60 days 
at 4°C. Storage at 37°C was more damaging to all formulations, 
providing many variations on mean size and PDI over time, 
which was also observed by Çelik et  al. (2017).

The temperature of 4°C favors the storage of liposomes 
obtained by both techniques. It can be  observed that for F2 
(Figures 2A,B) up to 30  days, the average size and PDI did 
not show great variations, and after 45  days, a small variation 

of average size, from approximately 160 to 130 nm for sonication 
and from 160 to 110  nm for extrusion, with increase of PDI. 
Sonicated F1 and F2 presented better parameters and better 
stability when stored at 4°C. F2 has PEG in its composition, 
which according to some studies favors the maintenance of 
vesicle stability as also observed by Rai et  al. (2008). Even 
though it does not favor encapsulation efficiency, as discussed 
previously, this component helps to maintain the stability of 
the formulation, which remains intact for longer when stored 
at 4°C.

Sonicated F3 is the most stable formulation compared to 
F1 and F2, according to the graphs of Figures 2A and 3A.

In general, the best storage temperature is 4°C for all 
formulations. The technique that presents better stability is 
sonication. The lipids used in the liposomes may influence 
the stability, since the best stability was for F3, which has 
POPG in its composition. This component provides a more 
fluidity to the lipid bilayer, which can generate better adaptation 
throughout the storage period. POPG also confers a greater 
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amount of negative charges to the bilayer, which difficult the 
aggregation of the liposomes. F2, which contains PEG, also 
showed better stability than F1, which has only DPPC and 
cholesterol. The addition of different lipids to the liposomes 
has made peptide encapsulation more difficult as previously 
seen, but may improve stability, as seen in these results.

In vitro Release Study
Graph A of Figure 4 represents the crossing of the unencapsulated 
peptide over the dialysis membrane. This test was performed 
as a control for the release experiments of the developed 
liposomal system. Thus, it was possible to know the time 
required for the non-encapsulated peptide to leave the dialysis 
membrane, once the peptide encapsulated in the liposomes 
would only come out after its rupture, which would take a 
longer time. The total crossing over of the unencapsulated 
peptide occurs after 5  h. For F1, F2, and F3 (Figures 4B–D), 
a 5-h time release peak is observed, similar to the unencapsulated 
peptide release profile.

The release profile indicates the occurrence of burst effect, 
which is characterized by the large amount of drug that is 
released in the first 24  h (Huang and Brazel, 2001). This effect 
is advantageous since the release of a large amount of 0WHst 
5  in a short period of time can be  used as the dose of attack 
to inhibit the growth of microorganisms moments after its 
application at the site of action. Because it is a release system 
that is intended for topical application for the treatment of 
oral lesions caused by C. albicans, a rapid release directly at 
the site of action would rapidly inhibit the proliferation of 
the microorganism (Huang and Brazel, 2001).

For all formulations, the profiles observed for extrusion and 
sonication were similar, and the use of distinct techniques for 
the production of liposomes does not interfere with their release 
kinetics. The burst effect observed in the first 5  h indicates that 
the released content is not encapsulated in the liposomes, or 
that it may be  interacting with its outer surface, as also observed 
by Calienni et  al. (2017). Thus, the release process for these 
liposomes occurs in two steps, initially there is a rapid release, 

A

B

FIGURE 3 | Mean size and polydispersity index (PDI) for F1, F2, and F3 obtained by extrusion stored at 4°C (A) and at 37°C (B).
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A B

C D

FIGURE 4 | Release profile for: free 0WHistatin 5 (A); F1 (B); F2 (C); and F3 (D), loaded with 0WHistatin 5.

followed by a drop indicating the dialysis system’s equilibrium 
due to osmotic forces. In a second moment, release of the 
remaining amount of the peptide occurs slowly for 80  h. The 
slow release step is related to disruption of the liposomes, which 
thereby releases the peptide contained therein (Lopes et al., 2012).

The release kinetics for nanocarriers is related to their 
encapsulation efficiency (EE) and stability. A higher EE will 
certainly result in a higher release peak, especially if burst 
effect occurs (Luan et al., 2006). Thus, in general, the formulations 
obtained by sonication, which have higher EE, also show greater 
increase in their second moment in the release profile.

Killing Curve Studies
The experimental points shown in the graphs were calculated 
according to Equation 2, where F is the dilution factor, C is 
the colony forming unit count, and V is the volume of the 
portion used in the final dilution. The uncertainty of each 
experimental point was calculated from the standard uncertainty 
values and expanded uncertainty according to Corry et  al. 
(2007) and Niemi and Niemelä (2001). The error bars do not 
appear in the graphs presented, since the expanded uncertainties 
presented results of one to two orders of magnitude lower 
than the experimental values.

  y UFC ml F
C

V
/( ) = ·       (2)

ATCC 90028 was used in this test because it is considered 
a standard strain for screening tests for new antifungal agents. 
Besides, this study is based on the proposal of developing a 
liposomal system capable of prolonging the release of the anti-
fungal peptide Histatin 5. The idea emerged from two studies 
of our research group involving this peptide for the treatment 
and prevention of oral candidiasis, mainly caused by C. albicans 
(Moffa et  al., 2015a,b).

Previously, MIC assay was performed, and the values found 
for this strain were 128 μg ml−1 for fluconazole and 257.8 μg ml−1 
for Histatin 5, as well as for the analog peptide 0WHistatin 5. 
The concentration of 512  μg  ml−1 for fluconazole in the time 
kill assay represents four times the MIC value, since the intention 
was to visualize the cell death caused by the drug, which was 
used as a positive control. For the peptide, the MIC value 
was used since it was also the value used to prepare the 
liposomes and perform the encapsulation efficiency tests.

MIC assay was performed following the M27-A3 methodology 
of the Clinical and Laboratory Standards Institute Manual with 
the peptides 0WHistatin 5 and Histatin 5 using SB medium. 
This medium was chosen to provide enough nutrients to the 
microorganism during the 72  h of the time kill assay. It was 
necessary that there was enough amount of nutrients in the 
medium to promote the microorganism growth for the total 
time, because the developed system showed release for more 
than 60 h. Therefore, the observed death effect would be caused 
by the action of the peptide 0WHistatin 5 and not due to 
lack of nutrients.

The obtained result is consistent with the literature, and 
the MIC value for Histatin 5 and 0WHistatin 5 was 64.45 μg ml−1. 
Thus, the use of the SB medium did not interfere with the 
antifungal activity of the peptide and indicated that it can 
be  used to perform time kill assays.

To determine MIC for the liposomal preparations is not 
possible, because the encapsulated peptide is in the liposome 
internal aqueous compartment, and, when serial dilutions are 
made, only the number of liposomes present in solution is 
diluted, while their internal concentration is not.

The internal concentration was determined by calculating 
the encapsulation efficiency. Therefore, performing a serial 
dilution test, such as the MIC, would not give us an enlightening 
result regarding the concentration of liposomal system to 
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be  used. Thus, it was determined 1  ml of liposomal system 
for use in the tests to make it possible to apply the value 
obtained in the encapsulation efficiency tests to estimate the 
concentration of the encapsulated peptide.

Data of the time-kill assay (Figure 5) show that for 12  h 
the peptide inhibited the growth of the microorganism the 
same way that fluconazole. A dose of 257.8  μg  ml−1 of 0WHst 
5 and a dose of 512  μg  ml−1 of fluconazole were used, 
demonstrating that 0WHst 5  in a lower dosage is capable of 
performing the same inhibition. This result is in agreement 
with Moffa et  al. (2015b), which found inhibition in the range 
of 800–25  μg ml−1 for Hst 5. When incubating the peptide 
with C. albicans for only 1.5  h, Moffa et  al. (2015b) obtained 
an approximate 2-log reduction in the CFU ml−1. As shown 
in the graph of Figure 5, after 12  h at 4-log reduction in 
CFU ml−1 was observed.

The t-student test showed that the means of the last point 
of the growth control curve and the last point of the curves 
F1  +  0WHistatin 5, F2  +  0WHistatin 5, F3  +  0WHistatin 5, 
and 0WHistatin 5 were statistically different, at the level of 
significance of 90%. This occurred for the systems produced 
by extrusion and sonication and showed that the produced 
liposomal system was effective in controlling the growth of 
C. albicans. This demonstrates that with prolonged treatment 
with 0WHst 5, it is possible to further reduce the growth of 
the microorganism.

However, Moffa et al. (2015a) proves that Hst 5 undergoes 
proteolytic action when present in human saliva, in addition 
to complexing with the enzyme salivary amylase, which leads 
to a decrease in the antifungal action of the peptide. These 
two effects occur rapidly as soon as the peptide is mixed 
with the total human saliva content. Encapsulating this 
peptide in liposomes is an attempt to protect it from these 
actions, allowing it to act for an extended period when 
added to its site of action. The data for the liposomal systems 
developed in this work (Figures 5 and 6) demonstrated 
prolonged activity for all the produced formulations, as well 
as the peptide 0WHistatin 5. This proves that the encapsulated 
peptide does not lose its action and maintains its antifungal 
potential. In addition, encapsulating the peptide in the 

FIGURE 5 | Time-kill curves for C. albicans (ATCC 90028) treated with 
extruded F1, F2, and F3 loaded with 0WHistatin 5. The lines referring to 
F1 + 0WHistatin 5, F2 + 0WHistatin 5, and F3 + 0WHistatin 5 systems are 
overlapping because the number of counted colonies were close.

FIGURE 6 | Time-kill curves for C. albicans (ATCC 90028) treated with 
sonicated F1, F2, and F3 loaded with 0WHistatin 5. The lines referring to 
F2 + 0WHistatin 5and F3 + 0WHistatin 5 systems are overlapping because 
the number of counted colonies was close.

FIGURE 8 | Time-kill curves for C. albicans (ATCC 90028) treated with 
extruded and empty F1, F2, and F3.

FIGURE 7 | Time-kill curves for C. albicans (ATCC 90028) treated with 
sonicated and empty F1, F2, and F3.
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liposomes improves the growth limitation, as it becomes 
more stable than for the non-encapsulated peptide. In Figure 5, 
after 24  h of incubation, there was a 3-log reduction in 
CFU ml−1, which remained constant during the 72-h test, 
reaching a reduction of 4 logs in CFU ml−1 at the end. For 
liposomes obtained by sonication (Figure 6), after 24  h 
incubation, the reduction was 4 logs for F2 and F3 and 2 
logs for F1. This reduction was also maintained over the 
72-h test period. For F2 and F3, the reduction was 6 logs 
at 72  h.

Han et  al. (2016) inhibited close to 100% of C. albicans 
cells by treating them with 16  μg  ml−1 Hst 5, after a total 
time of 1  h. This demonstrates that this peptide acts very 
well in the first few moments after addition to the medium. 
Thus, this study demonstrates that the use of a nanocarrier, 
such as liposomes, is able to prolong the time of peptide 
action, inhibiting the growth of the microorganism for 72  h.

The t-student test was applied to compare the last points 
of the F1, F2, and F3 curves with the last point of the growth 
control curve. For F1, the means compared are statistically 
equal. For F2 and F3, the means are statistically different. 
However, it can be  noted from Figure 8 that there is no 
pronounced cell death as in Figures 5 and 6.

In Figure 7, the means of the last points of F1, F2, F3, 
and growth control are statistically different. There is also no 
pronounced cell death, as in Figure 8. This demonstrates that 
the liposomal system without the peptide 0WHst 5 does not 
affect the growth of C. albicans, with 0WHst 5 being responsible 
for the effect discussed above.

CONCLUSION

The results obtained in this work indicate that the extruded 
liposomes are more homogeneous while the sonicated liposomes 
have a greater polydispersity. However, encapsulation efficiency 
values were higher for sonicated liposomes, which also produced 
more stable liposomes during storage at 4°C, among which 
F3 was the most stable. The results observed in the release 

kinetics studies indicate that there is a relationship between 
the stability of the liposome formulation and the release profile 
over time, the liposomes exhibit good stability, which controlled 
and prolonged release of the peptide. The time-kill results 
using ATCC 90028 showed that the liposomal systems preserved 
the antifungal activity of the peptide and were able to limit 
yeast growth for 72  h. As the results were promising and 
demonstrated to limit the growth of this microorganism, the 
intent of the research group is testing the systems for other 
strains, including clinical isolates and resistant strains of 
C. albicans. We can conclude that the liposomal system produced 
has the potential to limit the growth of the microorganism. 
Complementary tests, such as system degradation in human 
saliva and in vivo tests are the future steps off this work.
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In the present study, for the first time, biomimetization of hydroxyapatite (HA) with Azadirachta 
indica (AI) was proposed and established its antioxidant, antibacterial, and anti-inflammatory 
potential on lipopolysaccharide (LPS). The ethanolic extract of AI was found rich with 
phenolics and flavonoids, and determined their concentration as 8.98 ± 1.41 mg gallic 
acid equivalents/g and 5.46 ± 0.84 mg catechin equivalents/g, respectively. The HA was 
prepared by sol-gel method from calcium nitrate tetrahydrate and orthophosphoric acid, 
and successfully biomimetization was performed with ethanolic extract of AI. The FTIR 
analysis settled that as-synthesized HA-AI composite was comprised of both HA and AI. 
The XRD pattern and Zeta potential revealed that the HA-AI composite was crystalline and 
negative in charge (−24.0 mV). The average-size distribution, shape, and size of the HA-AI 
composite was determined as 238.90 d.nm, spherical, and 117.90 nm from size distribution, 
SEM, and HR-TEM analysis, respectively. The SEM-EDX concluded that the HA-AI 
composite was comprised of elements of HA as well as AI. The HA-AI composite presented 
potential antioxidant activity and its EC50 values (dose required to inhibit about half of the 
radicals) for ABTS and DPPH assays were determined as 115.72  ±  2.33 and 
128.51 ± 1.04 μg/ml, respectively. The HA-AI composite showed potent antibacterial 
activity, and minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) towards S. aureus (ATCC 700699) and E. coli (ATCC 10536) were correspondingly 
determined as 266.7  ±  28.87 and 600.0  ±  50.0  μg/ml, and 400.0  ±  86.6 and 
816.7 ± 76.38 μg/ml. Most importantly, HA-AI composite presented the potential anti-
inflammatory response toward lipopolysaccharide (LPS) in RAW 264.7 cells. The dose of 
250 μg/ml of HA-AI composite has shown optimum protection against LPS-induced stress 
(1 μg/ml) by scavenging oxidants and regulating mitochondrial membrane potential (MMP), 
inflammatory and apoptotic factors. Thus, this study concluded that the impartation of 
potential biofunctional features to HA from plant sources through biomimetic approach is 
much beneficial and could find potential application in dentistry and orthopedic.

Keywords: biomimetic, hydroxyapatite, Azadirachta indica, antioxidant, antibacterial, anti-inflammation
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INTRODUCTION

The earth is an affluent source of biominerals, such as calcium 
carbonates, calcium phosphates, iron hydroxides, and iron 
oxyhydroxides of unicellular and multicellular organisms that 
occur in the form of shell, ivory, teeth, magnetic crystals, etc. 
(Driessens and Verbeeck, 1990; Dhami et  al., 2013). The 
biominerals possess excellent strength, fracture toughness, highly 
smooth finish of surface, are non-toxic and eco-friendly, and 
have the potential to be  used as implanting agents in the 
dental and orthopedic fields (Cao et  al., 2010). Particularly, 
the group of calcium apatite known as hydroxyapatite (HA) 
is the principal biomineral constituent and takes over 70% of 
weight in the bone and tooth enamel and exists in trace amount 
in the pineal gland and corpora arenacea (Shetty and Kundabala, 
2013). HA owns great mechanical strength, biocompatibility, 
low resorbability, osteoconductivity, etc. Thus, HA is extensively 
used in orthopedic and dentistry as metallic implant coating 
and cavity filling material and also, as the key constituent in 
toothpaste and mouthwashes to remineralize artificial carious 
lesions (Pepla et  al., 2014).

Regrettably, HA is highly biocompatible and apposite for 
prevalence bacterial biofilm and endotoxins (Zablotsky et  al., 
1992). Endotoxins, also known as lipoglycans and 
lipopolysaccharides (LPS), consist of lipid and polysaccharide 
O-antigen, and are exclusively present in the outer membrane 
of Gram-negative bacteria (Raetz and Whitfield, 2002). LPS 
induces the bulk release of inflammatory cytokines, which 
may result in septic shock, systemic inflammatory response 
syndrome, severe tissue damage, and multiple organ dysfunction 
(Lamping et  al., 1998). With the advent of nanotechnology, 
the proficiency of HA as an implant in orthopedic and 
dentistry has been greatly boosted by doping it with chemical 
elements such as titanium, cobalt, magnesium, zinc, silver, 
and gold (Lin et  al., 2007; Mo et  al., 2008; Nirmala et  al., 
2011; Kramer et  al., 2014; Gayathri et  al., 2018; Sathiskumar 
et  al., 2018). However, these chemical elements detrimentally 
interact with blood cells, including erythrocytes, leukocytes, 
platelets, and macrophages due to the generation of oxidative 
stress and inflammatory response (Asharani et al., 2010; Chen 
et  al., 2015). Typically, these chemical elements form fibrous 
local pseudocapsules interacting with fibroblasts and deposit 
in the local tissues and organs. Also, these chemical substances 
translocate and disseminate into the key organs such as liver, 
spleen, lung, and kidney via blood circulation and constitute 
a health risk (Kim et  al., 2010; Khan et  al., 2012; Wang 
et al., 2016). Insight of the aforementioned demerits, biomimetic 
of HA composite with potent antibacterial and anti-
inflammatory bioresources could be  highly preferred and 
recommended over chemical substances for orthopedic 
implants. In the current scenario, plant sources are highly 
preferred due to their non-toxicity and eco-friendliness 
(Kalaiselvi et  al., 2018; Phatai et  al., 2019). Therefore, the 
biomimetic of HA with plant sources could be highly appropriate 
and satisfactory.

To the best of our knowledge, the therapeutic potential of 
the biomimetic HA composite with plant sources on inflammatory 

response has not been documented so far, so this would be the 
first investigation. In the present study, HA was prepared by 
sol-gel method from calcium nitrate tetrahydrate and 
orthophosphoric acid. Furthermore, biomimetic of HA with 
ethanolic extract of Azadirachta indica (AI) was undertaken. 
AI is an ancient herbal medicinal plant that belongs to the 
Meliaceae family and is widely recommended in a variety of 
biological uses such as anti-allergic, antimicrobial, antimalarial, 
antiulcer, antitumor, insecticide, and pesticide (Biswas et  al., 
2002; Pankaj et al., 2011; Alzohairy, 2016).

The synthesized HA and biomimetic HA-AI composite were 
characterized by FTIR, XRD, Zeta potential and size distribution, 
SEM with EDX, and HR-TEM analysis. The in vitro radical 
scavenging potential of HA-AI composite was studied by DPPH 
and ABTS assays. The in vitro antibacterial activity of the 
HA-AI composite against pathogenic bacteria was determined 
in minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) by micro-well dilution 
technique. Furthermore, detrimental micro-morphological 
changes induced in pathogenic bacteria by the HA-AI composite 
were registered by SEM observation. The in vitro anti-
inflammatory response of the HA-AI composite against endotoxin 
LPS was assessed in macrophages (RAW 264.7 cells) by 
determining cell viability, oxidative and mitochondrial stress, 
inflammatory, and caspase-3 levels.

MATERIALS AND METHODS

Chemicals and Reagents
Ethanol (99.80%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Muller-
Hinton agar (MHA), Muller-Hinton broth (MHB), 2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and fetal 
bovine serum (FBS) were received from HiMedia, Mumbai, 
India. Calcium nitrate tetrahydrate, orthophosphoric acid, gallic 
acid, catechin, rutin, Dulbecco’s modified Eagle’s medium 
(DMEM), antibiotic and antimycotic solution, lipid peroxidation 
kit, Griess reagent, caspases kits (3/7, 8, and 9), antioxidant 
enzyme kits (SOD, CAT, and GSH), ELISA kits (TNF-α and 
IL-6), primer sequences (TNF-α, IL-6, iNOS, COX-2, and 
β-actin), dichloro-dihydro-fluorescein diacetate (DCFH-DA), 
TRI reagent, rhodamine 123, and 4′,6-diamidino-2-phenylindole 
(DAPI) were purchased from Sigma-Aldrich, Bengaluru, India. 
The live/dead dual staining kit was purchased from Thermo 
Fisher Scientific and iScript One-Step RT-PCR kit with SYBR 
green was obtained from Bio-Rad, Bengaluru, India.

Collection, Preparation, and 
Phytochemical Analysis of Plant Material
AI was collected from Bharathiar University Campus, Coimbatore, 
India. The voucher was authenticated in Department of Botany, 
Bharathiar University, and safeguarded. The stem was detached 
and washed twice with double distilled water and dried under 
shade at room temperature for 2 weeks. Following, 500  g was 
ground to a fine powder by electrical blender, and active 
components were extracted by ethanol solution following cold 
maceration technique (Pandey et al., 2014). The attained ethanolic 
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extract was concentrated by lyophilization (−39°C) and stored 
in a screw-capped amber glass vial at 4°C for further use.

Determination of Total Phenolics
The total phenolics of AI extract were determined by Folin-
Ciocalteu assay (Kalagatur et  al., 2018). In brief, different 
concentrations of AI extract were supplemented to 0.5  ml of 
7.5% sodium carbonate solution and 0.25 ml of Folin-Ciocalteu 
reagent and incubated in the dark at room temperature for 
30  min. Subsequently, optical density (OD) was monitored at 
765 nm using the multimode plate reader (Synergy H1, BioTek, 
USA). Gallic acid (GA) was considered as the reference standard 
and the calibration curve was constructed. The total phenolics 
of AI extract were derived from the calibration curve of GA 
and the result was expressed as milligrams of GA equivalents 
per gram of AI extract (mg GAE/g).

Determination of Total Flavonoids
The determination of total flavonoids of AI extract was 
undertaken by aluminum chloride colorimetric method 
(Kalagatur et  al., 2018). Briefly, different concentrations of AI 
extract were supplemented to 70  μl of sodium nitrite solution 
(5%) and allowed to rest for 5  min before being combined 
with 1.3  ml of distilled water, 0.5  ml of sodium hydroxide 
(1  M), and 0.15  ml of aluminum chloride (10%) and kept at 
room temperature for 5  min. Ensuing, OD was monitored at 
415  nm using a multimode plate reader (Synergy H1, BioTek, 
USA). Catechin (CC) was considered as the reference standard 
and a calibration curve was constructed. The total flavonoids 
of AI extract were derived from the calibration curve of CC 
and the result was expressed as milligrams of CC equivalents 
per gram of AI extract (mg CCE/g).

Preparation of Hydroxyapatite
HA was prepared by sol-gel process as described before (Sanosh 
et  al., 2009) with minor modifications. Calcium nitrate 
tetrahydrate (CNT) and orthophosphoric acid (PA) were used 
as the precursors. A solution of PA (0.25  M) was prepared 
in distilled water and ammonia was added by continuous 
stirring until the pH adjusted to 10. The ratio of Ca/P was 
maintained at ~1.67 by adding CNT solution (1  M in distilled 
water) and the solution was vigorously stirred at 200  rpm for 
1  h. The solution was subjected to aging for overnight and 
dried at 65°C in a hot air oven.

The obtained powder was washed repeatedly with distilled 
water to remove NH4 and NO3 and calcined in the electrical 
furnace at 800°C for 1  h. The HA powder was packed in 
amber glass vial and stored at room temperature for 
further purposes.

The following reactions occur in the formation of HA during 
sol-gel preparation,

 H PO 3NH OH NH PO 3H O3 4 4 4 3 4 2+ ® ( ) +  (1)

6 10

20
4 3 4 3 2 2 10 4 6 2

4 3

NH PO Ca NO 4H O Ca PO OH

NH NO
( ) + ( ) ® ( ) ( )

+
·   

  (2)

Preparation and Characterization of HA-AI 
Composite
The biomimetic of HA with AI, and thus the preparation of 
HA-AI composite, was done previously described (Bismayer 
et  al., 2005) with slight modifications. The ethanolic extracts 
of AI and HA were blended (400:400  mg, w/w) in 40  ml of 
ethanol, incubated overnight at 120  rpm, and dried out in 
hot air oven at 25–30°C. The prepared HA-AI composite was 
stored in an amber glass vial at 4°C in a dry place and used 
for further studies.

The physicochemical analysis of the prepared HA and 
HA-AI composite was assessed by various techniques, including 
Fourier transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), Zeta potential and size distribution, scanning 
electron microscope-energy dispersive X-ray (SEM-EDX), and 
high-resolution transmission electron microscopy (HR-TEM) 
analysis. The FTIR analysis was performed to confirm the 
successful frame-up of the HA-AI composite. The samples 
were pelletized with KBr and IR transmission spectra were 
recorded in attenuated total reflectance mode (ATR) from 
4,000 to 400  cm−1 at a data acquisition rate of 2  cm−1 using 
FTIR 84005 (Shimadzu, Tokyo, Japan). The XRD analysis 
was done to understand the nature of the HA and HA-AI 
composite using Ultima IV diffractometer (Rigaku, USA) with 
Cu Kα radiation (λ  =  1.541  Å) in 2θ range of 10°–80° with 
scan rate of 3°/min. The crystallite pattern of HA and HA-AI 
composite was calculated from the standard XRD pattern of 
the International Centre for Diffraction Data (ICDD). The 
surface charge and size distribution of the HA and HA-AI 
composite were measured using Zeta Sizer ZS 90 (Malvern 
Instruments, Germany) with He-Ne laser beam at 532  nm 
wavelength in backscattering mode. The surface microstructure 
and elemental composition of HA and HA-AI composite were 
examined using SEM-EDX (FEI, Quanta 200, Thermo Fisher 
Scientific, USA). The shape and size of the HA and HA-AI 
composite were confirmed by HR-TEM.

Antioxidant Potential of HA-AI Composite
The radical scavenging potential of the HA-AI composite was 
assessed by DPPH and ABTS radical scavenging activity (Kumar 
et  al., 2016). In case of DPPH assay, a stable DPPH radical 
solution was prepared by dissolving 2.4 mg of DPPH in 100 ml 
of methanol. For ABTS assay, an ABTS radical solution was 
prepared by incubating the reaction mixture of 7  mM ABTS 
in water and 2.45 mM potassium persulfate in water (1:1, v/v) 
for 12–16  h in the dark at room temperature. The ABTS 
radical solution was diluted with methanol to attain the optical 
density (OD) of 0.70 at 734  nm. Following, different 
concentrations of the HA-AI composite were prepared in 
methanol and 100  μl was added to 2.9  ml of DPPH and 
3.9  ml of ABTS radical solution. The blend was shaken 
vigorously and incubated for 30  min in the dark at room 
temperature. The ODs of DPPH and ABTS blends were 
determined using multiplate reader (Synergy H1, BioTek, USA) 
at 517 and 734  nm, respectively. The radical solution alone 
was considered as control and rutin was used as standard 
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antioxidant compound. The percentage of radical scavenging 
activity was estimated using the formula

DPPH or ABTS radical scavenging activity

t

%( )
= ´

A

Ac
100

where Ac and At were absorbance of control and test sample, 
respectively.

Microbicidal Activity of HA-AI Composite
The microbicidal activity of the HA-AI composite was determined 
by micro-well dilution method as per the Clinical & Laboratory 
Standards Institute (CLSI) (Qaiyumi, 2007). The selected 
pathogenic bacteria, Staphylococcus aureus (ATCC 700699) and 
Escherichia coli (ATCC 10536), were obtained from the American 
Type Culture Collection (ATCC), USA. The bacteria were grown 
overnight in MHB at 37°C, and OD was determined at 600 nm 
using a microplate reader (Synergy H1, BioTek, USA) and 
OD of broth culture was adjusted to 0.5 McFarland standard 
with sterile PBS pH 7.4. A quantity of 10  μl broth culture 
(0.5 McFarland standard) and different concentrations of HA-AI 
composite were added to the wells of the microtiter plate and 
the final volume was adjusted to 100 μl with MHB and incubated 
for 24  h at 37°C. The wells containing only bacteria without 
HA-AI composite were considered as control and tetracycline 
was used as a reference standard. Following the incubation 
period, OD was measured at 600  nm and the concentration 
of the HA-AI composite, at which an increase in OD (bacterial 
growth) is not registered, was stated as minimum inhibitory 
concentration (MIC). Subsequently, a volume of 10  μl was 
collected from each well of the microtiter plate and spread 
plated on MHA Petri plates and incubated for 24  h at 37°C. 
The concentration of HA-AI composite at which bacterial 
growth did not reoccur was specified as MBC.

Concurrently, 10  μl of control and test bacterial samples 
were collected from microtiter plate and heat fixed to the 
glass slide. The bacterial samples were fixed with the gradient 
solutions of glutaraldehyde (5, 10, and 15%) and sputter coated 
with gold-palladium as per the technique described by Kalagatur 
et al. (2015). The micro-morphology of bacteria was photographed 
using SEM (FEI, Quanta 200, Thermo Fisher Scientific, USA) 
at 20 kV in environmental mode.

Therapeutic Potential of HA-AI Composite 
on LPS-Induced Inflammatory Stress
Cell Culture and Treatments
The therapeutic potential of the HA-AI composite on LPS-induced 
inflammatory stress was revealed in RAW 264.7 cells 
(macrophages) of Mus musculus. The RAW 264.7 cells were 
acquired from the National Centre for Cell Science (NCCS, 
Pune, India) and maintained in DMEM supplemented with 
10% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml) 
in humidified atmospheric conditions of 5% CO2 and 95% air 
at 37°C. The cells were grown in 75  cm2 cell culture flasks, 
and media was regularly changed on alternate days, and confluent 
cells were utilized for the experiments. The stock solution of 

the HA-AI composite was prepared in dimethyl sulfoxide 
(DMSO) and the final concentration of DMSO in the 
experimental sample was not higher than 0.01%.

To test the anti-inflammatory effect of HA-AI composite 
on LPS-induced stress, 1.5  ×  104 cells were seeded in 96-well 
cell culture plates and allowed to settle overnight. The cells 
were pre-treated with different concentrations of the HA-AI 
composite for 12  h and exposed to 1  μg/ml of LPS for 24  h 
in DMEM devoid of FBS. In literature, several studies prominently 
produced inflammatory response in in vitro cell line model 
with 1  μg/ml of LPS (Alvarez-Suarez et  al., 2017; Gasparrini 
et  al., 2017). Therefore, in the present study, 1  μg/ml of LPS 
was used to stimulate the inflammatory response in RAW 
264.7 cells. The cells were treated with the same concentration 
of DMSO in which the HA-AI composite prepared was considered 
as control. Following, plates were distinctly employed for cell 
viability, oxidative and inflammatory stress, mitochondrial 
membrane potential (MMP), and apoptosis analysis.

Most importantly, before undertaking a detailed assessment 
of oxidative and inflammatory stresses, MMP, and apoptosis. 
The cytotoxic effect of different concentrations of HA and 
HA-AI composite on cell viability for 24  h were judged by 
MTT assay. Following, the protective efficacy of HA and HA-AI 
composite on LPS (1 μg/ml) induced cell death were distinctively 
studied by cell viability assays (MTT and live/dead) and 
superlative protective demonstrative on LPS-induced cell death 
was chosen for detailed investigations.

Cell Viability Analysis
MTT Assay
MTT assay measures the cell viability based on the redox 
potential of the cell. Following the cell culture and treatments 
stage, media were replaced with 100 μl of MTT reagent (5 mg/ml 
in DPBS) and incubated for 3  h at room temperature. Next, 
the MTT reagent was substituted with 100  μl of DMSO and 
kept for 30  min to solubilize the formazan crystals. The OD 
was measured at 570  nm using multiplate reader (Synergy 
H1, BioTek, USA). The results were stated with respect to 
control (100%) (Venkataramana et  al., 2014).

Live/Dead Dual Staining Assay
The percentage of live and dead cells was determined by the 
live/dual staining technique consisting of calcein AM  and 
ethidium homodimer-1. The calcein AM reacts with intracellular 
esterases of live cells and appears green in color. Whereas, 
ethidium homodimer crosses through damaged cellular 
membrane of dead cells and binds with the nuclei to produce 
red color (Haugland et  al., 1994). After the cell culture and 
treatment stage, cells were washed with DPBS and stained 
with 2 μM of calcein AM and 4 μM of ethidium homodimer-1 
for 15 min and washed with DPBS twice. The OD was recorded 
using multiplate reader (Synergy H1, BioTek, USA) as per 
instructions from the manufacturer. The percentage of live/
dead cells was computed using a technique previously described 
(Kalagatur et  al., 2017). Furthermore, images were captured 
using the inverted fluorescence microscope (EVOS FLC, Thermo 
Fisher Scientific, USA).
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Analysis of Oxidative and Inflammatory Stress
Estimation of Reactive Oxygen Species
The contents of intracellular reactive oxygen species (ROS) 
were determined by DCFH-DA staining (LeBel et  al., 1992; 
Kalagatur et  al., 2017). After the cell culture and treatment 
phase, cells were incubated with 5 μM of DCFH-DA for 15 min 
and washed twice with DPBS. The fluorescence intensity was 
recorded at an excitation of 495 nm and an emission of 550 nm 
using the microplate reader (Synergy H1, BioTek, USA). The 
standard curve for ROS released versus H2O2 constructed and 
used to express the amount of ROS released. The results were 
expressed with respect to control (100%). Moreover, microscopic 
images of cells were captured using phase contrast and green 
fluorescent protein (GFP) filters of an inverted fluorescence 
microscope (EVOS FLC, Thermo Fisher Scientific, USA).

Estimation of Nitrite
The nitrite (NO) content was determined using Griess reagent. 
After the cell culture and treatments phase, 100  μl of the 
cell culture supernatant was collected and added to an equal 
volume of Griess reagent according to the instructions from 
the manufacturer. The absorbance was monitored at 550  nm 
using a multiplate reader (Synergy H1, BioTek, USA). The 
standard curve of sodium nitrite (NaNO2) constructed and 
amount of NO released were expressed as μM of NaNO2 
(Giustarini et  al., 2008).

Estimation of Lipid Peroxidation
After cell culture and treatments, cells were lysed and 
absorbance of malondialdehyde (MDA), an indicator of lipid 
peroxidation, was measured at 532  nm using a multiplate 
reader (Synergy H1, BioTek, USA) as per instructions from 
the manufacturer. The standard curve for MDA was constructed 
and the amount of MDA released was expressed as nM 
MDA (Gaweł et  al., 2004).

Estimation of Antioxidant Enzymes
After cell culture and treatments, cells were lysed using the 
cell lysis buffer and supernatant was collected by centrifugation 
at 12,000× g for 10  min at 4°C and used for estimation of 
antioxidant enzymes (SOD, CAT, and GSH) using enzyme 
analysis kits (Sigma-Aldrich). The methodology was performed 
as manufacturer’s instruction (Djordjevic et  al., 2004).

Estimation of TNF-α and IL-6
The inflammatory markers, TNF-α and IL-6, were measured 
using ELISA kits. After “cell culture and treatments”, supernatant 
was collected and treated with reagents of TNF-α and IL-6 
of ELISA kits as per manufacturer’s instructions and OD was 
measured at 450  nm using multiplate reader (Synergy H1, 
BioTek, USA) (Bienvenu et  al., 1993).

Real-Time PCR Analysis
The inflammatory regulatory genes, TNF-α, IL-6, iNOS,  
and COX-2, were quantified by RT-PCR analysis. The β-actin 
was used as reference gene (Supplementary Table S1). 

Following cell culture and treatments, total RNA was extracted 
from cells using TRI reagent as per manufacturer’s instructions 
and RNA purity and quantity were determined measuring OD 
at 260/280 nm using NanoDrop 8,000 Spectrophotometer (Thermo 
Fisher Scientific, USA). The RT-PCR analysis was carried out 
using iScript One-Step RT-PCR kit as per manufacturer’s 
instructions employing Light cycler 480 (Roche, USA). Briefly, 
the total reaction mixture of 50  μl consisted of 1  μl of primer 
(450  nM) and template RNA (100  ng), 1  μl of iScript reverse 
transcriptase for one-step RT-PCR, 25  μl of 2X SYBR Green 
RT-PCR reaction mix, and 22  μl of nuclease-free water (PCR 
grade). The RT-PCR analysis consists of 10 min of cDNA synthesis 
at 50°C for one cycle, 5  min of polymerase activation at 95°C 
and followed by 35  cycles of PCR at 95°C for 10  s, and finally 
60°C for 30 s for combined annealing and extension. The relative 
fold expression of test genes was measured with respect to the 
normalized reference gene (Tellman and Olivier, 2006).

Estimation of Mitochondrial Membrane Potential
The MMP was determined by rhodamine 123 staining technique. 
After cell culture and treatments, cells were stained with 
rhodamine 123 for 15  min and washed with DPBS twice, and 
fluorescence intensity was recorded at excitation of 511  nm 
and emission of 534  nm under a microplate reader (Synergy 
H1, BioTek, USA) (Emaus et  al., 1986; Kalagatur et  al., 2018). 
The microscopic images of cells were captured using phase 
contrast and GFP filters of an inverted fluorescence microscope 
(EVOS FLC, Thermo Fisher Scientific, USA).

Analysis of Apoptosis
DAPI Staining
The nuclear content of cells was observed by DAPI staining. 
After cell culture and treatments, cells were stained with 1  μM 
of DAPI for 15  min and washed twice with DPBS. The images 
were captured under DAPI filter using the inverted fluorescence 
microscope (EVOS FLC, Thermo Fisher Scientific, USA). At 
least 1,000 cells were considered for apoptotic analysis in 10 
different microscopic fields and results were expressed as apoptotic 
bodies/100 cells (Tan et  al., 2006; Kalagatur et  al., 2018).

Caspase-3/7, 8, and 9 Analysis
After cell culture and treatments, cells were individually treated 
with fluorimetric reagents of caspase-3/7, 8, and 9 analysis 
kits as per manufacturer’s instructions and optical density was 
recorded at excitation of 360  nm and emission of 460  nm 
using a multiplate reader (Synergy H1, BioTek, USA) 
(Cohen, 1997; Tan et  al., 2006; Kalagatur et  al., 2018).

Statistical Analysis
The phytochemical, antioxidant, antimicrobial, and anti-
inflammatory analyses were performed individually in six 
replicates and the achieved results were stated as 
mean ± standard deviation. The data were statistically evaluated 
by one-way ANOVA following Tukey’s post hoc multiple 
comparison test. The statistical variance among the experimental 
groups was measured as significant at p  <  0.05.
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RESULTS AND DISCUSSION

Phytochemical Analysis of AI Extract
The successful biomimetic of nanomaterials with plant extract 
depends on their secondary metabolites, i.e., phenolics and 
flavonoids. The phenolics and flavonoids assist in reducing 
and stabilizing agents in biomimetic of nanomaterials (Ahmed 
et al., 2016). Hence, in the present study, phenolics and flavonoids 
were estimated. The obtained ethanolic stem extract of AI was 
found affluent with phenolics and flavonoids, and their 
concentrations were noted as 8.98  ±  1.41  mg GAE/g and 
5.46  ±  0.84  mg CCE/g, respectively (Figure 1). These results 
were in accordance with previous documented literature. 
However, the concentrations of phenolics and flavonoids in 
our study were quite varied compared to existing literature. 
Al-Jadidi and Hossain (2016) determined total phenolics and 
flavonoids in AI stem extract to be  in the range of 
20.80–107.29 mg/100 g and 136.50–484.50 mg/100 g, respectively. 
Furthermore, Choudhary and Swarnkar (2011) determined total 
phenolics and flavonoids in stem bark to be  42.12  ±  1.08  mg 
GAE/g and 08.08  ±  0.62  mg quercetin equivalents (QE)/g, 
respectively. By contrast, Choudhary and Swarnkar (2011) have 
documented quite diverse quantities of total phenolics and 
flavonoids in leaves extract and determined them to 
be  08.83  ±  0.35  mg GAE/g and 07.82  ±  0.39  mg QE/g. In 
another study, Sultana et al. (2007) used different solvent extraction 
techniques (ethanol, methanol, and acetone) and determined 
the total phenolics and flavonoids in AI bark in the range of 
9.30  ±  0.37–12.0  ±  0.36  mg GAE/g and 2.52  ±  0.10–
3.31  ±  0.16  mg CCE/g, respectively. The quality and quantity 
of secondary metabolites of plant depend on genome, part of 
the plant (leaves, stem, flower, fruit, and root), climatic conditions, 
nutrients, and as well extraction technique (Sultana et  al., 2007; 
Choudhary and Swarnkar, 2011). Hence, might be the concentration 
of phenolics and flavonoids were varied in our study.  

To conclude, the obtained ethanolic stem extract of AI was 
highly suitable for biomimetic of nanomaterials.

Physicochemical Characterization of  
HA-AI Composite
In the present study, HA was successfully synthesized by sol-gel 
approach using CNT and PA as precursors. The synthesized 
HA was washed thoroughly with distilled water to get rid of 
NH4 and NO3 and effectively calcined at 800°C. Furthermore, 
biomimetization of HA with AI was undertaken and attained 
combination was dried at 25–30°C and used in 
further determinations.

FTIR spectrum was recorded in the range of 4,000–400 cm−1 
and the infrared peaks of HA, AI, and HA-AI composite were 
depicted in Figure 2. In HA, peaks at 558.291, 606.503, 696.177, 
879.381, and 1,037.52  cm−1 show the characteristic presence 
of the phosphate group of HA. Furthermore, C=C stretching 
of alkene group was present at 1,639  cm−1 and the peak at 
2,047.07 cm−1 corresponds to carbonyl stretch. The broad peaks 
which subsist between 2,856.06 and 3,448.1  cm−1 conform to 
the presence of OH (Figure 2A; Sanosh et  al., 2009; Kramer 
et  al., 2014), while AI had exhibited characteristic peaks at 
1,046.19, 1,246.75, 1,328.71, 1,375.96, 1,512.88, 1,619.91, 1,735.62, 
2,925.48, and 3,396.99  cm−1, which corresponds to amines, 
carboxylic acids, aromatic compounds, phenols, nitro compounds, 
alkenes, aldehydes, alkanes, and alcohol of phytochemical 
constituents of AI stem extract (Figure 2B). Whereas, the 
HA-AI composite presented characteristic functional groups 
of both HA and AI and concluded the successful formation 
of the HA-AI composite (Figure 2C).

The XRD pattern of the synthesized HA and HA-AI composite 
was given in Figures 2D,E. The majority of the diffraction 
peaks for HA appeared at 2θ values of 17.25, 22.49, 25.85, 
28.10, 31.46, 32.97, 34.45, 40.10, 46.81, 53.15, and 59.91 were 
assigned to corresponding planes of 110, 111, 002, 102, 211, 
300, 202, 221, 222, 004, and 420 (Figure 2D). The presence 
of a sharp peak at 31.46 caused by 211 plane confirmed the 
formation of HA with pure crystalline phase. The obtained 
planes were well-matched with the standard ICDD File no: 
09-169 and 09-432 (Kaygili et  al., 2014; Atak et  al., 2017; 
Gayathri et al., 2018). Whereas, the HA-AI composite exhibited 
slight shifting in the diffraction peaks at 2θ values of 26.22, 
28.47, 31.46, 34.81, 47.55, 53.52, and 59.82. The observed 
shifting could be  due to the accumulation of AI within HA 
(Figure 2E). The XRD pattern of the HA-AI composite clinched 
that no noticeable change was observed in crystallinity of HA 
due to the accumulation of AI. However, the intensity of the 
diffraction peaks was reduced in HA-AI composite compared 
to HA due to the accumulation of phytochemical constituents 
of AI. In support of the present study, and earlier report (Gopi 
et  al., 2013) concluded that the biomimetic of HA composites 
with plant extracts does not change the crystallinity of HA.

Zeta potential measurement is carried out to determine the 
colloidal long-term stability and surface charge of the particles 
and results were depicted in Figure 3. The Zeta potentials of 
HA and HA-AI composite in ethanol were determined as −5.87 
and −24.0  mV, respectively, and concluded that the HA-AI 

FIGURE 1 | Total phenolics (mg GAE/g) and flavonoids (mg CCE/g) in 
ethanolic extract of A. indica (AI). The experiments were performed individually 
in six replicates and achieved results were stated as mean ± standard 
deviation. The data were statistically evaluated by one-way ANOVA following 
Tukey’s post hoc multiple comparison test. The statistical variance among the 
experimental groups was measured as significant at p < 0.05. The columns 
with different alphabets were significant within the respective study.
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composite was highly stable than HA (Figures 3A,B). The 
HA-AI composite with negative Zeta potential could be a highly 
appropriate implanted material intended for the maintenance 
of viable cells in biological systems (Chen et  al., 2009). Next, 
dynamic light scattering (DLS) pattern revealed the average 
size distribution of HA and HA-AI composite were at 186.54 
and 238.90 d.nm, respectively (Figures 3C,D). The polydispersity 
index of 0.130 and 0.227 were correspondingly noticed for 
HA and HA-AI composite, which was recognized as the 
lesser agglomeration.

Figure 4 shows the morphology and size of HA and HA-AI 
composite. The SEM showed that the size of HA and HA-AI 

composite was in the range of 306–320  nm and 320–496  nm, 
respectively (Figures 4A,B). The shape of HA and HA-AI 
composite was a characteristic slight agglomerated nanosphere 
shape, and the result was in accordance with the polydispersity 
index of HA and HA-AI composite. The result showed that 
incorporation of AI into HA increased the size of the HA-AI 
composite related to HA and however, does not affect the 
morphology. The HR-TEM analysis also confirmed that the HA 
and HA-AI composites were spherical in shape and their size were 
106.21 and 177.90 nm, respectively (Figures 4C,D). The elemental 
composition of HA, AI, and HA-AI composite was determined 
by SEM-EDX and results were depicted in Figures  4E–G.  

A 

B

C

D

E

FIGURE 2 | FT-IR spectrum of (A) hydroxyapatite (HA), (B) ethanolic extract of A. indica (AI), and (C) hydroxyapatite–A. indica (HA-AI) composite. XRD pattern of 
(D) HA and (E) HA-AI composite.

A

B

C

D

FIGURE 3 | Zeta potential of (A) hydroxyapatite (HA) and (B) hydroxyapatite–A. indica (HA-AI) composite. DLS pattern of (C) HA and (D) HA-AI composite.
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TABLE 1 | Elemental analysis of hydroxyapatite (HA), A. indica (AI), and HA-AI 
composite by SEM-EDX.

Elements HA AI HA-AI composite

Ca (%) 46.91 – 34.70
P (%) 32.14 – 28.88
O (%) 19.52 11.07 14.19
C (%) – 83.64 19.31
Cl (%) – 2.41 1.07
K (%) – 1.09
Total (%) 98.57 98.21 98.15

FIGURE 5 | ABTS and DPPH radical scavenging potentials of hydroxyapatite–
A. indica (HA-AI) composite. The experiments were performed individually in six 
replicates and achieved results were stated as mean ± standard deviation. The 
data were statistically evaluated by one-way ANOVA following Tukey’s post hoc 
multiple comparison test. The statistical variance among the experimental 
groups was measured as significant at p < 0.05. The columns with different 
alphabets were significant within the respective study.

The HA was found to be  constituted of elements Ca (46.91%), 
P (32.14%), and O (19.52%), and AI was constituted of elements 
O (11.07%), C (83.64%), Cl (2.41%), and K (1.09%). The HA-AI 
composite found consists of both elemental constituents of 
HA and AI, which comprise of Ca (34.70%) P (28.88%), O 

(14.19%), C (19.31%), and Cl (1.07%). Thus, SEM-EDX analysis 
concluded that HA was successfully composed of constituents 
of AI (Table 1).

Antioxidant Potential of HA-AI Composite
The radical scavenging potential of the HA-AI composite was 
determined by ABTS and DPPH radical scavenging assays and 
obtained results were shown in Figure 5. The HA-AI composite 
exhibited dose-dependent radical scavenging activity and EC50 
values (dose required to inhibit about half of radicals) for 
ABTS and DPPH assays were determined as 115.72  ±  2.33 
and 128.51  ±  1.04  μg/ml, respectively. In support of our study, 
most recently, Sumathra et  al. (2018) loaded plant compound 
6-gingerol into phosphorylated chitosan armed HA composite 
and noticed DPPH radical scavenging activity up to 76.16% 
and reported its biocompatibility for advancing activity on 
osteoblast and osteosarcoma cells. In our study, a relevant 
antioxidant activity of the HA-AI composite was noticed, and 
it could be  due to phenolics and flavonoids of AI (Sultana 
et  al., 2007; Choudhary and Swarnkar, 2011). Mostly, 
environmental pollutants and microbial toxins exhibit toxic 
effects through the generation of oxidative stress (Zablotsky 
et al., 1992; Nason et al., 2009). Therefore, the developed HA-AI 
composite could be  highly applicable as an antioxidant in 
orthopedic and dental implants (Ramakrishnan et  al., 2010).

Microbicidal Activity of HA-AI Composite
The antimicrobial activity of the developed HA-AI composite 
was tested on selected pathogenic bacteria by micro-well dilution 
assay as per approved technique of CLSI. The MIC and MBC 
of HA-AI composite on S. aureus (ATCC 700699) and E. coli 
(ATCC 10536) were correspondingly determined as 
266.7  ±  28.87 and 600.0  ±  50.0  μg/ml, and 400.0  ±  86.6 and 
816.7  ±  76.38  μg/ml. In the interim, MIC and MBC values 
of standard antibacterial agent tetracycline on S. aureus (ATCC 
700699) and E. coli (ATCC 10536) were determined as 
10.32  ±  0.88 and 16.06  ±  1.02  μg/ml, and 22.90  ±  2.40 and 
38.32  ±  2.04  μg/ml, respectively. The determined antibacterial 

A

E F G

B C D

FIGURE 4 | SEM images of (A) hydroxyapatite (HA) and (B) hydroxyapatite–A. indica (HA-AI) composite. HR-TEM image of (C) HA and (D) HA-AI composite. 
SEM-EDX pattern of (E) HA, (F) AI, and (G) HA-AI composite.

161

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Nagaraj and Samiappan Biomimetic of Nanocomposites for Effective Biological Purposes

Frontiers in Microbiology | www.frontiersin.org 9 August 2019 | Volume 10 | Article 1757

activity of HA-AI composite was lower compared to 
standard tetracycline.

Furthermore, the antimicrobial potential of the HA-AI 
composite on the micromorphology of bacteria was confirmed 
by SEM (Figure 6). The HA-AI composite untreated (control) 
bacteria exhibited characteristic healthy morphology, i.e., smooth 
and regular surface, whereas bacteria treated with MIC and 
MBC of HA-AI composite showed detrimental changes in 
micromorphology, i.e., irregular surface, vesicles, and cellular 
debris. The evidential detrimental changes in the micromorphology 
of bacteria were noticed at MBC related to MIC.

In support of our study, Kalaiselvi et  al. (2018) synthesized 
HA nanorods using the flower extract of Moringa oleifera and 
observed the potent antibacterial activity on Gram-positive 
bacteria (Bacillus subtilis, Monococcus luteus, and S. aureus) 
and Gram-negative bacteria (Klebsiella pneumoniae, Pseudomonas 
aeruginosa, and Salmonella paratyphi). Likewise, Scatolini et al. 
(2018) tested biomimetic HA with different Brazilian propolis 
and noticed potent antibacterial activity on S. aureus ATCC 
25923  in the range of >12.5 to >100  μg/ml for MIC and 
>206.7–800 μg/ml for MBC. Gopi et al. (2013) also synthesized 
green template assisted HA nanorods using tartaric acid from 

sources such as banana, grape, and tamarind, and showed a 
potent antibacterial activity against E. coli and Klebsiella sp. 
at a concentration of 100  μl. Similarly, Lakshmeesha et  al. 
(2019) biofabricated zinc oxide nanoparticles with flower bud 
extract of Syzygium aromaticum and demonstrated a potent 
antifungal and antimycotoxin activity on F. graminearum, and 
Gunti et al. (2019) phytofabricated selenium nanoparticles with 
fruit extract of Emblica officinalis and showed their potent 
antibacterial activity on foodborne pathogens including bacteria 
(E. coli, L. monocytogenes, S. aureus, and E. faecalis) and fungi 
(A. brasiliensis, A. flavus, A. oryzae, A. ochraceus, F. anthophilum, 
and R. stolonifer).

The HA is highly biocompatible and will not have antimicrobial 
property (Zablotsky et al., 1992). In our study, HA-AI composite 
exhibited potent antimicrobial activity and it could be  by 
phytochemical constituents of AI. Correspondingly, several 
reports evidently demonstrated the antimicrobial activity of 
phytoconstituents of AI (Almas, 1999; Thakurta et  al., 2007; 
Joshi et  al., 2011). Our study suggests that HA successfully 
gained antimicrobial activity from AI through biomimetic and, 
thereby, could find a potential role as an antimicrobial agent 
in orthopedic and dental implants.

FIGURE 6 | SEM images of S. aureus (ATCC 700699) and E. coli (ATCC 10536) as untreated (control) and treated with minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) of hydroxyapatite–A. indica (HA-AI) composite.
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FIGURE 7 | Assessment of protective efficacy of hydroxyapatite (HA) and hydroxyapatite–A. indica (HA-AI) composite on LPS-induced death of RAW 264.7 cells 
by cell viability assays. Biocompatibility of (A) HA and (B) HA-AI composite on cell viability determined by MTT assay. Protective efficacy of HA against LPS-induced 
cell death determined by (C) MTT and (D) live/dead dual staining assays. Protective efficacy of HA-AI composite against LPS-induced cell death determined by (E) 
MTT and (F) live/dead dual staining assays. (G) Bright-fielding microscopic images representing the protective efficacy of HA-AI composite on LPS-induced cell 
death. The images were taken at magnification of 400×. (H) Live/dead dual staining microscopic images representing the protective efficacy of HA-AI composite on 
LPS-induced cell death. The scale bar is 200 μm. Green and red colors represent the live and dead cells, respectively. The experiments were performed individually 
in six replicates and achieved results were stated as mean ± standard deviation. The data were statistically evaluated by one-way ANOVA following Tukey’s post hoc 
multiple comparison test. The statistical variance among the experimental groups was measured as significant at p < 0.05. The columns with different alphabets 
were significant within the respective study.

Therapeutic Potential of HA-AI Composite 
on LPS-Induced Inflammatory Stress
At first, the effects of different concentrations of HA and 
HA-AI composite on viability of RAW 264.7 cells were assessed 
by cell viability assay, i.e., MTT assay. Both HA and HA-AI 
composite were found to be  highly biocompatible, and HA 
and HA-AI composite correspondingly exhibited a significant 
cytotoxicity after 2.50 and 1.00  mg/ml related to control 
(Figures 7A,B).

The LPS-induced inflammatory response was attenuated with 
pre-treatment of RAW 264.7 cells with different concentrations 
of HA and HA-AI composite. Thus, ≤3 and 1  mg/ml of HA 
and HA-AI composite were chosen to assess their therapeutic 
potential towards the inflammatory response of LPS (1  μg/ml). 
The cells pre-treated with HA (up to 3  mg/ml) were not found 
to be cytoprotective against LPS-induced cell death (Figures 7C,D). 
Whereas, cells pre-treated with the HA-AI composite showed 
an attenuated response against LPS-induced cell death. The cell 
viability assays, i.e., MTT and live/dead cell dual staining assays 
revealed that the HA-AI composite was effective in protecting 
the cells from LPS-induced inflammatory death, and this 
characteristic was determined to be dose-dependent (Figures 7E,F). 
The superlative protective activity of HA-AI composite was noticed 

at 250  μg/ml. The bright-field microscopic images of cells were 
depicted in Figure 7G, and images evidently showed that cells 
treated with LPS (1 μg/ml) produced detrimental morphological 
changes, i.e., disruption of characteristic cell morphology, disruption 
of cell membrane, and formation of apoptotic bodies and cellular 
debris. Whereas cells pre-treated with HA-AI composite survived 
from the LPS-induced death and optimum protection was noticed 
at 250  μg/ml of HA-AI composite. The other cell viability assay, 
live/dead dual staining cell images were depicted in Figure 7H. 
The cells treated only with LPS (1  μg/ml) evidently showed a 
greater number of dead cells (red) related to control, whereas 
cells pre-treated with HA-AI composite survived from LPS-induced 
death and a greater number of live cells (green) were perceived 
to be  related to LPS-treated cells. In accordance to bright-field 
microscopic images, optimum protection of HA-AI composite 
against LPS-induced death was noticed at 250 μg/ml. In conclusion, 
cell viability assays determined that the HA-AI composite was 
effective in protecting the cells from LPS-induced death and 
while HA does not have cytoprotective activity. Thus, we  can 
conclude that AI has successfully imparted protective efficacy 
to HA via biomimetic.

Next, the protective efficacy of the HA-AI composite on 
oxidative and inflammatory stress induced by LPS is depicted 
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in Figure 8. The HA-AI composite exhibited dose-dependent 
protective character against intracellular ROS molecules generated 
by LPS (Figure 8A). The phase-contrast and fluorescent 
microscopic images of cells exhibiting the protective efficacy 
of HA-AI composite on LPS-induced oxidative stress is shown 
in Figure 8B. The images evidently showed higher intensity 
(fluorescence) of oxidative stress in LPS-treated cells related 
to control. Whereas cells pre-treated with HA-AI composite 
showed an attenuated response towards oxidative stress generated 
by LPS related to cells treated alone with LPS and greater 
protective efficacy of HA-AI composite against LPS was noticed 
at 250  μg/ml. Likewise, the HA-AI composite exhibited dose-
dependent protective efficacy against nitrite generation and 
lipid peroxidation induced by LPS (Figures 8C,D). Moreover, 
HA-AI composite effectively protected the antioxidant enzymes 
(SOD, GSH, and CAT) from LPS-induced detrimental effects, 
and it was also found to be  dose dependent (Figures 8E–G). 
Thus, HA-AI composite successfully protected the cells from 
oxidative stress induced by LPS through safeguarding the 
antioxidant enzymes. Next, the inflammatory regulatory factors, 
TNF-α and IL-6, were quantified by ELISA. The results showed 
that the cells pre-treated with HA-AI composite attenuated 

generation of TNF-α and IL-6 induced by LPS related to cells 
treated alone with LPS and was found to be  dose-dependent 
in accordance with the outcomes of oxidative stress (Figures 
8H,I). Furthermore, RT-PCR analysis concluded that HA-AI 
composite successfully down-regulated the expression of 
inflammatory regulatory genes (TNF-α, IL-6, iNOS, and COX-2) 
induced by LPS (Figures 8J–M). Thus, oxidative and 
inflammatory studies concluded that the HA-AI composite 
protected the cells from LPS-induced inflammatory stress.

In another study, LPS has significantly depleted the MMP 
levels of cells related to control and, thus, concluded that LPS 
might induce cell death through depletion of MMP and 
obstruction of ATP synthesis. Whereas cells pre-treated with 
HA-AI composite protected the cells from depletion of MMP 
induced by LPS, and were also found dose-dependent on results 
of cell viability, and oxidative and inflammatory assays 
(Figure 9A). The phase-contrast and fluorescent microscopic 
images of MMP assay were depicted in Figure 9B. The images 
evidently showed the restoration of fluorescence (MMP) in 
cells pre-treated with HA-AI composite related to cells treated 
alone with LPS. Thus, assays concluded that the HA-AI composite 
aided in protecting the cells from LPS-induced cell death.

A C G K
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E

F J

I M

FIGURE 8 | Assessment of protective efficacy of hydroxyapatite–A. indica (HA-AI) composite on LPS-induced oxidative and inflammatory stress in RAW 264.7 
cells. (A) Dose-dependent protective efficacy of HA-AI composite on LPS-induced intracellular ROS generation by DCFH-DA staining. (B) Phase contrast and 
fluorescent microscopic images depicting the protective efficacy of HA-AI composite on LPS-induced intracellular ROS generation by DCFH-DA staining. The scale 
bar is 100 μm. (C) Dose-dependent protective efficacy of HA-AI composite on LPS-induced nitrite generation. (D) Dose-dependent protective efficacy of HA-AI 
composite on LPS-induced lipid peroxidation. (E–G) Dose-dependent protective efficacy of HA-AI composite on LPS-induced detrimental effect on antioxidant 
enzymes, i.e. SOD, GSH, and CAT. (H,I) Dose-dependent protective efficacy of HA-AI composite on LPS-induced inflammatory cytokines (TNF-α and IL-6) by 
ELISA. (J–M) Dose-dependent protective efficacy of HA-AI composite on LPS-induced inflammation regulatory genes (TNF-α, IL-6, iNOS, and COX-2) by real-time 
PCR analysis. The experiments were performed individually in six replicates and achieved results were stated as mean ± standard deviation. The data were 
statistically evaluated by one-way ANOVA following Tukey’s post hoc multiple comparison test. The statistical variance among the experimental groups was 
measured as significant at p < 0.05. The columns with different alphabets were significant within the respective study.
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A

B

FIGURE 9 | Assessment of restoring efficacy of hydroxyapatite–A. indica (HA-AI) composite on LPS-induced depletion of mitochondrial membrane potential (MMP) 
in RAW 264.7 cells by rhodamine 123 staining. (A) Dose-dependent restoring efficacy of HA-AI composite on LPS-induced depletion of MMP. (B) Phase contrast 
and fluorescent microscopic images depicting the restoring efficacy of HA-AI composite on LPS-induced depletion of MMP. The scale bar is 100 μm. The 
experiments were performed individually in six replicates and achieved results were stated as mean ± standard deviation. The data were statistically evaluated by 
one-way ANOVA following Tukey’s post hoc multiple comparison test. The statistical variance among the experimental groups was measured as significant at 
p < 0.05. The columns with different alphabets were significant within the respective study.
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B
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E

FIGURE 10 | Assessment of protective efficacy of hydroxyapatite–A. indica (HA-AI) composite on LPS-induced nuclear damage and apoptosis in RAW 264.7 cells. 
(A) Phase contrast and fluorescent microscopic images depicting the protective efficacy of HA-AI composite on LPS-induced nuclear damage by DAPI staining.  
(B) Dose-dependent protective efficacy of HA-AI composite on LPS-induced apoptosis by DAPI staining. (C–E) Dose-dependent restoring efficacy of HA-AI 
composite on LPS-induced depletion of caspases (3/7, 8, and 9). The experiments were performed individually in six replicates and achieved results were stated as 
mean ± standard deviation. The data were statistically evaluated by one-way ANOVA following Tukey’s post hoc multiple comparison test. The statistical variance 
among the experimental groups was measured as significant at p < 0.05. The columns with different alphabets were significant within the respective study.
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In the final study, the protective efficacy of the HA-AI 
composite on nuclear damage and apoptosis induced by LPS 
was evaluated by DAPI staining and measurement of caspases 
3/7, 8, and 9 (Figure 10). In Figure 10A, LPS detrimentally 
effaced the nuclear material of cell, resulting in the fragmentation 
and leakage of nuclear material from nucleus. Whereas cells 
pre-treated with HA-AI composite protected the cells from 
nuclear damage induced by LPS. Furthermore, a number of 
apoptotic bodies were high in LPS-treated cells related to 
control. On the other hand, fewer apoptotic bodies were noticed 
in cells pre-treated with HA-AI composite related to cells treated 
alone with LPS (Figure 10B). Moreover, LPS treated to cells 
pre-treated with HA-AI composite exhibited significantly low 
levels of caspases (3/7, 8, and 9) related to cells treated alone 
with LPS (Figures 10C–E). Thus, overall studies determined 
that HA-AI composite protected the nuclear material of cells 
from LPS-induced stress and regulate the apoptotic death 
through maintenance of caspase levels.

To the best of our knowledge, our study is first report that 
demonstrated the anti-inflammatory activity of biomimetic HA. 
However, earlier reports evidently proved the anti-inflammatory 
activity of various extracts of AI. The researchers reported 
that phenolics and flavonoids of AI were significantly inhibiting 
the functions of TNF-α, IL-6, iNOS, COX-2, and NFκB of 
macrophages and neutrophils relevant to the inflammatory 
response. The major phenolics and flavonoids responsible for 
anti-inflammatory responses are nimbin, nimbidin, azadirachtin, 
quercetin, salannin, gallic acid, catechin, and epicatechin (Atawodi 
and Atawodi, 2009; Schumacher et  al., 2011; Alzohairy, 2016). 
Moreover, in support of our study, researchers proved that 
phenolics and flavonoids of other plant extracts were highly 
efficient in contrasting inflammatory responses (Kalaiselvi et al., 
2013; Alvarez-Suarez et  al., 2017; Gasparrini et  al., 2017). In 
our study, HA alone did not show protective effectiveness 
against LPS-induced inflammatory stress. Whereas, the HA-AI 
composite presented potent anti-inflammatory activity against 
LPS-induced stress. It can be  concluded that the observed 
anti-inflammatory activity of HA-AI composite could be  due 
to phenolics and flavonoids of AI. In conclusion, our study 
demonstrated that antioxidant, antibacterial, and anti-
inflammatory proficiency could be  presented to HA via 
biomimetic with plant sources.

CONCLUSION

Ethanolic extract of AI was found rich with phenolics and 
flavonoids, and determined to be  a potential contender for 
biomimetic of nanomaterials. The HA was synthesized by sol-gel 
method and HA was biomimetic with AI to form HA-AI 

composite. The FTIR concluded that the as-synthesized HA-AI 
composite was successfully comprised of constituents of HA 
and AI. The XRD pattern and Zeta potential determined that 
the HA-AI composite was in crystalline phase, has negative 
charge and could be  highly suitable for biological purposes. 
The SEM showed that the HA-AI composite was spherical in 
shape, and furthermore, TEM concluded that the HA-AI 
composite was nano in size. The SEM-EDX concluded that 
the HA-AI composite comprised elements of HA and AI. The 
as-synthesized HA-AI composite has presented potential 
antioxidant, antibacterial, and anti-inflammatory activities against 
LPS which could be  due to phenolics and flavonoids of AI. 
The HA-AI composite protected the RAW 264.7 cells from 
LPS-induced cell death through scavenging oxidants, restoring 
MMP, and upholding inflammatory and apoptotic factors. The 
study showed that potential beneficial activities were imparted 
to HA from AI through biomimetic. Thus, the HA-AI composite 
could be  highly applicable as an antibacterial and anti-
inflammatory substitute in dentistry and orthopedic.
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