
Amine-Coated Carbon Dots
(NH2-FCDs) as Novel Antimicrobial
Agent for Gram-Negative Bacteria
Asmita Devkota1, Anju Pandey1, Zeinab Yadegari 2, Korsi Dumenyo1 and Ali Taheri 1*

1Department of Agricultural and Environmental Sciences, College of Agriculture, Tennessee State University, Nashville, TN,
United States, 2Department of Life and Physical Sciences, Fisk University, Nashville, TN, United States

Multidrug resistance (MDR) is a major concern in battling infectious bacterial diseases. The
overuse of antibiotics contributes to the emergence of resistance by eradicating the drug-
sensitive strains, leaving behind the resistant strains that multiply without any competition.
Nanoparticles are becoming popular as novel antimicrobial agents that follow a different
mode of action from standard antibiotics and are therefore desirable against MDR bacteria.
In this study, we synthesized carbon dots from different precursors including glucosamine
HCL (GlcNH2·HCl) and 4,7,10-trioxa-1,13-tridecanediamine (TTDDA, and studied their
antimicrobial effects in a diverse list of Gram-negative bacteria including Escherichia coli,
Pseudomonas syringae, Salmonella enterica subsp. enterica serovar Typhimurium,
Pectobacterium carotovorum, Agrobacterium tumefaciens, and Agrobacterium
rhizogenes. We demonstrated the antimicrobial properties of these carbon dots
against these bacteria and provided the optimum concentration and incubation times
for each bacterial species. Our findings indicated that not all carbon dots carry
antimicrobial properties, and there is also a variation between different bacterial
species in their resistance against these carbon dots.
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BACKGROUND

Microorganisms like bacteria and viruses are the major cause for many infectious diseases, resulting
inmillions of deaths each year (Jones et al., 2008). Lately, multidrug resistance (MDR) is on the rise in
a wide range of pathogens. According to the Centers for Disease Control and Prevention (CDC)
Annual Threat Report for 2019, there were more than 2.8 million antibiotic-resistant infections with
the human death toll up to 35,000 in the United States. In addition, more than $4.6 billion annually is
spent to treat infections caused by multidrug-resistant pathogens (Centers for Disease Control and
Prevention, 2019). The surge in MDR is mainly due to the availability of a handful of antibiotics,
which resulted in continuous exposure of pathogens to these antibiotics for a long period of time. It is
predicted that by 2050, the rise of MDR could cause 300 million more deaths and cost up to US$100
trillion (Dong et al., 2020). Globally, antibiotic resistance is also one of the greatest health threats
according to the World Health Organization (WHO) (Piddock, 2012). Hence, there is a significant
urge in the scientific community for developing alternative antimicrobial strategies with superior
properties. There are different approaches for eradicating these pathogens. One of the most common
methods is the use of antiseptics and disinfectants. However, a downside of these methods includes
extreme dermal irritation and toxicity, resulting in mild to severe health complications. Furthermore,
these agents are becoming less effective owing to the increased bacterial resistance. The present well-
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tested strategy for combatting these pathogens is the use of
antibiotics. The golden era of antibiotics began with the
discovery of penicillin by Sir Alexander Fleming in 1928
(Piddock, 2012; Ventola, 2015; Sagbas and Sahiner, 2019). The
use of antibiotics helped extend the life expectancy in the world
(Piddock, 2012). For example, in the United States, the life
expectancy has increased from 56.4 years in 1920 to 78.7 years
(Xu et al., 2018). Due to popularity and overuse of antibiotics for
the eradication of these pathogens, new resistant strains have
emerged due to random mutation and evolution in these species.
Epidemiological studies have shown a direct relationship between
the use of antibiotics and emergence and dissemination of drug-
resistant bacterial strains (Michael et al., 2014a). The overuse of
antibiotics contributes to the emergence of resistance by
eradicating the drug-sensitive strains leaving behind the
resistant strains which multiply without any competition
(Read and Woods, 2014).

One of the promising approaches for microbial inhibition is
the use of disinfectants that carry photodynamic inhibition (PDI)
properties, and they lead to non-specific oxidative damage to the
vital biomolecules inside the cells (Dong et al., 2020). In PDT, the
infected cells are killed locally by the release of free radicals such
as reactive oxygen species (ROS) (Carrera et al., 2016; Qi et al.,
2019) and reactive chlorine species (RCS) (Thangudu et al., 2020)
produced by a photosensitizer (PS). It is reported that multi-
antibiotic–resistant bacterial strains are easily killed by
photodynamic therapy (PDT) and that bacteria do not readily
develop resistance against PDT (Hamblin and Hasan, 2004).
However, current applications of PDI compounds are often
limited due to various drawbacks such as poor photostability,
poor water dispersibility, and inability to be absorbed in the
region (>700 nm) (Ge et al., 2014). Recently, carbon
nanoparticles (carbon dots) are considered as novel PDI
compounds having excellent photostability and
autofluorescence with better antimicrobial properties including
quick acting, minimal to zero cytotoxicity, and specificity towards
pathogenic microorganisms (Gupta et al., 2019). Carbon dots
(CDs) are zero-dimensional photoluminescent particles which
are mostly less than 20 nm (Sun et al., 2006; Ponomarenko et al.,
2008; Fernando et al., 2015; Sagbas and Sahiner, 2019). Carbon
dots were accidentally produced and reported for the first time,
while they were planning to purify single-walled carbon
nanotubes (SWCNTs). Since then, scientists’ interest shifted
toward carbon dots which carry functions similar the toxic
metal-based nanomaterials but are less toxic to the
mammalian cells and the environment (Li et al., 2010; Michael
et al., 2014b). The inhibitory roles of CDs against bacteria are
mostly associated with the production of reactive oxygen species
(ROS). These mechanisms include adhesion of CDs to the
bacterial surface, disruption of the bacterial cell wall, random
oxidative damage to nucleic acids and proteins, altering the gene
expression patterns and affecting other biomolecules (Meziani
et al., 2016; AlAwak et al., 2017; Li et al., 2018). Li et al., 2018
developed carbon dots from vitamin C and reported their
inhibitory effects against various bacteria like S. aureus, B.
subtilis, and E. coli. Fabricated hydrophobic CDs and
embedded them in polydimethylsiloxane and polyurethane.

Similarly, Muktha et al. (2020) synthesized CDs from organic
wastes of watermelons and pomegranates and observed that CDs
synthesized from pomegranate were found to be an effective
antimicrobial agent against various bacteria and fungi such as
Staphylococcus aureus and Fusarium oxysporum (Muktha et al.,
2020).

The objective of this study was to evaluate the antimicrobial
properties of four different carbon dots which were reported for
cell imaging (Balouiri et al., 2016; Cao et al., 2018;Wu et al., 2018)
and screen their antimicrobial properties. Amine-coated carbon
dots (NH2-FCDs), synthesized from glucosamine HCL
(GlcNH2·HCl) and 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA), displayed better inhibitory effects on Escherichia
coli (E. coli) cells, and they were used for further analysis in a
diverse list of Gram-negative bacteria, such as Pseudomonas
syringae pathovar tomato DC 3000 (PST) (P. syringae),
Salmonella enterica pathovar typhimurium (13311) (S.
enterica), Pectobacterium carotovorum (P. carotovorum),
Agrobacterium tumefaciens (A. tumefaciens), and
Agrobacterium rhizogenes (A. rhizogenes).

MATERIALS AND METHODOLOGY

Materials
The chemicals for synthesizing the carbon dots (glucosamine HCl
(GlcNH2·HCl, CAS# 66–84–2), 4,7,10-trioxa-1,13-
tridecanediamine (TTDDA, CAS#4246–51–9), β-alanine
(C3H7NO2, CAS# 107–95–9), glucose (C6H12O6, CAS#
50–99–7), L-arginine (C6H14N4O2, CAS# 74–79–3), citric
acid (C6H8O7, CAS# 5949–29–1), and polyethyleneimine
(PEI) [(C37H24O6N2)n, CAS# 71–2353] were purchased from
VWR. Components for the preparation of growth media for these
bacteria such as bacteriological agar, yeast extract, tryptone, NaCl,
proteose peptone, potassium phosphate dibasic, magnesium
sulfate heptahydrate, glycerol, Bacto Peptone, and sterile water
were also ordered from VWR or Fisher Scientific.

Synthesis of Amine-Coated Carbon Cots
(NH2-FCD)s
The carbon dot was prepared according to a study conducted by
Hill et al. (2016). Glucosamine hydrochloride (1.00 g, 4.63 mmol)
was dissolved in distilled H2O (20 ml) and stirred to complete
dissolution in a 250-ml conical flask. 4,7,10-trioxa-1,13-
tridecanediamine (TTDDA) (1.11 ml, 5.09 mmol) was added to
the sugar solution and agitated to ensure homogeneity. The
conical flask was then placed in a domestic microwave 700W,
and the solution was heated for 3 min at 700W (full power). A
viscous brown residue was obtained and dissolved in distilled
H2O (10 ml) and centrifuged for 3 min at 8500 rpm. The solution
was purified by dialysis method for 4 days using Spectra/Por®
seven dialysis membrane tubes of 11.5 mm diameter. The dialysis
water was refreshed every 2 h for the first 8 h and then once a day
for the remaining 4 days. Then the purified CDs were further
sterilized by passing the solution through a filter of 0.45 µm pore
size. Other carbon dots including COOH-FCDs (glucosamine +
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b-alanine), N-CDs (glucose + L-arginine), and PEI-CDs (citric
acid + PEI) were also synthesized according to the studies
conducted by Hill et al. (2016), Cao et al. (2018), and Wu
et al. (2018), respectively (Supplementary Table S1).

Bacterial Culture
Six bacterial strains belonging to different taxonomic groups were
used, namely, E. coli (DH5α), Pectobacterium carotovorum
(Ecc7), Agrobacterium tumefaciens (EHA101), Agrobacterium
rhizogenes (K599), Pseudomonas syringae, and Salmonella
enterica subsp. enterica serovar Typhimurium 13311)
(Figure 1). Agrobacterium and Pseudomonas were cultured in
the YEP medium and King’s medium B, respectively.
Pectobacterium, E. coli, and Salmonella strains were grown in
the LB medium. Agrobacterium, Pectobacterium, and
Pseudomonas were grown at 28°C, while E. coli and Salmonella
were grown at 37°C. The OD (600 nm) was adjusted at 0.5 by
subculturing the overnight grown cells and harvesting the cells at
the logarithmic growth phase 5 ml of culture was centrifuged, and
the cells were washed three times with sterile distilled water and
eluted in 1 ml of 15% glycerol 50 µl of cells were further aliquoted
to 0.65-ml tubes and stored at a −80°C freezer for future use.

Characterization of CDs and Confocal
Imaging
FTIR analyses were performed to confirm the functional groups
of CDs. The ATR–FTIR analysis of freeze-dried CDs was carried
out using a Perkin Elmer Frontier Infrared spectrometer
equipped with a liquid N2 cooled MCT-A (Mercury
cadmium telluride) detector and an optic compartment
purged with CO2- and H2O-free air delivered by a
Balston–Parker air purger. The FTIR spectra of the CDs were
recorded between 600 and 3800 cm−1. Furthermore,
photoluminescence properties such as absorbance, emission,
and excitation wavelength of the CDs were recorded using a
Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek,
Winooski, VT). A Zetasizer nano ZS (Malvern Panalytical Inc.,
Westborough MA) was used to measure the electrostatic
charges carried by CDs. For the confocal microscopy, 5 µl of
NH2-FCDs (15 µg/µl) and 50 µl of cells (OD600 � 0.5) were
incubated for 15 min and 1 h, respectively. The cells were
centrifuged and washed three times with sterile water to
remove LB and carbon dots outside of the bacteria. Earlier
reports indicated that NH2-FCDs synthesized through this
approach are in 2–10 nm particle size range (Hill et al., 2016).

Antimicrobial Activity Assays
The agar plate well-diffusion method was utilized to examine the
antimicrobial activity of CDs diluted at different concentrations
on Gram-negative bacteria (Balouiri et al., 2016). The agar plates
were inoculated by spreading 50 µl bacterial suspension (OD600 �
0.5) using sterile glass beads. The experiment consisted of three
replicates for each treatment. A well of 0.6 mm diameter was cut
on the inoculated plates using a cork borer (back of sterile
20–200 µl pipette tips can also be used instead). Then, 80 µl of
CD solution was added into each well and allowed to diffuse
overnight at 28°C or 37°C depending upon the organism. To
determine the minimum incubation time for complete inhibition
of bacterial cells, we mixed 50 µl of cells harvested at an OD600 of
0.5 with 5 µl of freshly prepared CDs and incubated the solution
for different time intervals ranging from 1 to 24 h. The incubation
time at which there is complete inhibition of cells was noted.

Statistical Analysis
The diameter of the inhibition zone for each bacterium was
tabulated and analyzed using R software (V3.6.3). The mean of
the treatments was calculated, and the post hoc analysis was
carried out using the Tukey HSD test to compare mean difference
between the treatments.

RESULT AND DISCUSSION

Synthesis and Characterization of CDs
Fourier-transform infrared (FT-IR) spectroscopy was carried out
to characterize the chemical functional groups on the NH2-FCDs.
Thus, the prepared CDs showed peaks at 870.2 cm-1(C-O) of
double olefinic bonds in single vinyl (C�CH2), 1461 cm-1 (C≡N)
of the nitrile group, 1616 cm-1 (C�O) of the ketone group,
2867 cm-1 (C�OH) of the aldehyde group, and 3255 cm-1
(-OH) of the hydroxyl (Nandiyanto et al., 2019) (Figure 2A).
The photoluminescence properties showed an absorbance profile
maximum of 280 nm which lies between t 200 and 450 nm
range—a characteristic value for the CDs synthesized using a
bottom-up approach (Figure 2). The defined peak of 280 nm
could be attributed to π–π* transition of aromatic/alkenyl C�C
bonds or C≡N bonds (Tan et al., 2016). The fluorescence
emission profile showed an emission band at 450 nm when
excited at 365 nm. This emission band at 450 nm is typical for
carbon dots, which gives blue fluorescence (Carbonaro et al.,
2018) (Figure 2B). The electrokinetic potential, commonly
known as the zeta potential, of the NH2-FCDs was measured

FIGURE 1 | Phylogenic tree of the bacteria used for evaluating the antimicrobial properties of CDs.
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using a Malvern Zetasizer Nano-ZS ZEN 3600 (Figure 2C). The
zeta potential value of NH2-FCDs was found to be (10.50 ± 0.3)
mV. The positive charge is the result of primary amines derived
from TTDA linker (Hill et al., 2016) (Figure 2C). The physical
properties of other carbon dots were also measured as before and
are presented in supplementary files (Supplementary Figures
S1–S3).

Confocal Microscopy
As indicated in Figure 3, the CDs are interacting with the
bacterial membrane. For sensitive bacteria (e.g., Pseudomonas),

no single colony was observed after 1 h of incubation, confirming
complete dissolution of cell membranes in these bacteria. Under
the microscope, CDs were found interacting all over the bacterial
cell surfaces, indicating their adherence to the cell membranes
even after multiple washing steps (Figure 3, Supplementary
Figures S4, S5).

Antibacterial Activity
In an initial experiment, the antimicrobial properties of these four
carbon dots were measured to identify the variation between
these carbon dots in their toxicity to different bacterial strains.

FIGURE 2 | (A) Photoluminescence properties of NH2-FCDs. A) FTIR spectrum of NH2-FCDs. (B) Graphs representing excitation, emission, and absorbance
wavelength for the CDs. (C) Zeta potential of NH2-FCDs [CDs were diluted with distilled water (pH 4)].
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FIGURE 3 | Bacterial strains under DIC and confocal fluorescence microscopy after 1 h incubation with NH2-FCDs (15 mg/ml) (Scale bar �15 um).

FIGURE 4 |Minimum inhibitory concentration (MIC) of Gram-negative bacterial species in response to different concentrations of NH2-FCDs using the agar-plate
well diffusion method.
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Except PEI-CDs that had no antimicrobial effects on these
bacterial strains (Supplementary Figure S6), other carbon
dots displayed some degree of bacterial growth inhibition at
different concentrations (Figure 4, Supplementary Figures S7,
S8). The agar well diffusion method was used to determine the
minimum inhibitory concentration (MIC) of NH2-FCDs with
different concentration of CDs from 0.5, 1, 5 to 10 mg/ml. The
MIC was different depending on the species. Pseudomonas
growth was inhibited at 0.5 mg/ml (Figures 4, 5), whereas for
Agrobacterium, Salmonella, Pectobacterium, and E. coli at least
5 mg/ml was needed to observe growth inhibition. The growth
inhibition is dependent on the concentration of carbon dots, and
more growth inhibition was observed at higher concentration of
CDs. These inhibitory concentrations are far more than that
reported in the earlier reports for nanoparticles used as

antimicrobial agents. For example, the MIC for AgNPs
against different bacteria (E. coli, Pseudomonas syringae, and
Staphylococcus aureus) was reported as low as 4, 2, and 4 μg/ml
(Gondil et al., 2019). However, the MIC of CDs synthesized in
our laboratory was as high as 0.5 mg/ml for Pseudomonas and
5 mg/ml for other bacteria. Heavy metal–based nanoparticles
are known to be toxic to the bacterial and human cells. Thus,
even small concentration of these nanomaterials was effective
against bacterial growth. Other studies using carbon dots
synthesized from 2,2′-(ethylenedioxy)bis(ethylamine) (EDA)
also reported lower MIC (64 μg/ml) on E. coli cells (Dong
et al., 2017). However, it should be noted that the number of
E. coli cells that they have used (1 × 106) is 400x smaller than
that used in our study (OD600 � 0.5 which equals to 4 × 108

number of cells).

FIGURE 5 | Bar diagram representing the MIC of NH2-FCDs for different Gram-negative bacteria.
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In another experiment, both synthesized CDs and their
precursors were tested against six bacterial species to
determine if the antimicrobial effects are unique to the carbon
dots or their precursors. The result indicated that the
antimicrobial capacity was enhanced in NH2-FCDs compared
to the precursor solution (Figures 6, 7). Similar results were also
observed in COOH-CDs and N-CDs as well (Supplementary
Figures S9, S10). NH2-FCDs were more effective in E. coli,
Salmonella, Pectobacterium, and Agrobacterium. However,
both solution and NH2-FCDs were found to be equally
effective against Pseudomonas.

Incubation Time for Complete Inhibition of
Bacterial Cells
An experiment was setup to determine the minimum incubation
time required for complete inhibition of bacterial growth. 50 µl of
bacterial culture harvested at the log phase was incubated at
different time intervals with 5 µl (15.0 mg/ml) of freshly
synthesized CDs. Depending on the species, different bacterial
strains required different incubation times for complete
inhibitions by NH2-FCDs (Figure 8). The complete inhibition
was observed in E. coli after 16 h of incubation with CDs, and for
Salmonella, 24 h was necessary for complete inhibition. While 2 h
incubation time was required for Pectobacterium carotovorum,
other bacteria, including A. tumefaciens, A. rhizogenes, and
Pseudomonas syringae were more sensitive to the CDs and

required as low as 1 h of incubation for complete inhibition.
This experiment was also conducted for other CDs as well
(Supplementary Figures S11, S12) in which E. coli and
Salmonella displayed the highest resistance against these CDs.

CONCLUSION

In conclusion, we synthesized four different carbon dots and
evaluated their microbial activities against six different Gram-
negative bacterial species including Escherichia coli (E. coli),
Pseudomonas syringae pathovar tomato DC 3000 (P. syringae),
Salmonella enterica pathovar typhimurium (S. enterica),
Pectobacterium carotovorum (P. carotovorum), Agrobacterium
tumefaciens (A. tumefaciens), and Agrobacterium rhizogenes
(A. rhizogenes). Based on our findings, among the four
different carbon dots, CDs prepared from citric acid and PEI
did not have any antimicrobial effects against bacteria tested here,
while the other carbon dots showed some degree of inhibition to
the bacterial cells. It is an interesting observation that we do not
know the exact mechanism. Interestingly, the PEI-CDs are also
reported as a safe DNA delivery mechanism in other cells (plant
cells), which is an indication that earlier reports also did not
observe any inhibitory effects on using these CDs in their
experiments. It is true that carbon dots synthesized from CA
and PEI possessed positive charge. Despite their positive charge
that could interfere with the negatively charged cell membrane,

FIGURE 6 | Growth inhibition of different Gram-negative bacteria in response to 15 mg ml−1 concentration of NH2-CDs. Water and unprepared reactants were
used as control.
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FIGURE 7 | Inhibition on different Gram-negative bacteria in the presence of NH2-CDs and its precursors (Sol). Ns � no significant differences, *** � significant
differences at p ≤ 0.001.

FIGURE 8 | Minimum time required for complete inhibition of different bacterial cells using NH2-FCDs.

Frontiers in Nanotechnology | www.frontiersin.org November 2021 | Volume 3 | Article 7684878

Devkota et al. Antimicrobial Properties of Carbon Dots

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


there are numerous other factors that could affect the cellular
viability. Earlier reports indicate that the interaction between CDs
and microorganisms and their inhibitory effects on bacterial
growth depends on composition, size, shape, surface charge,
and chemistry of the CDs, as well as the structure and surface
chemistry of microorganisms (Lin et al., 2019).

In this report, we presented that the NH2-FCDs can be used as
a novel antimicrobial agent for a wide range of Gram-negative
bacteria in which some of them are pathogenic for human and
animals. These positively charged carbon dots would interact
strongly with a broad spectrum of bacteria via electrostatic
interactions (Li et al., 2019). The carbon dots’ uptake by cells
begins with the adhesion of these particles to the cells and
interactions with biomolecules. Confocal microscopy showed
that CDs were adhering all over the bacterial cell membrane.
The process is potentially followed by an energy-dependent CD
uptake mechanism and the internalization of carbon dots into the
cells (Rejman et al., 2004; Kneipp et al., 2006; Dausend et al., 2008;
Lesniak et al., 2013). The interactions of the CDs with the
bacterial cell membrane trigger enzymatic inhibition, oxidative
stress mechanisms (release of ROS species), and protein
deactivation that eventually leads to cell death (Wang et al.,
2017; Zaidi et al., 2017). In addition, the particle size also
plays a role in the toxicity of CDs to the cells. Smaller particle
sizes of NH2-FCDs (2.4 nm average size) as reported earlier (Hill
et al., 2016) would easily penetrate the cell and interfere with the
bacterial enzymatic processes. Furthermore, the surface of the
NH2-FCDs consists of various alkyl and aromatic moieties, such
as imidazole, pyridine, and pyrazine-type molecules, resulting
from the desymmetrization of TTDDA (Hill et al., 2016). These
N-heterocyclic complexes are described as antimicrobial agents in
earlier reports (Bansal and Silakari, 2012).

We demonstrated that the extent of bacterial resistance against
these NH2-FCDs varies depending on the bacterial species. The
emerging issue of MDR can be addressed using these
nanomaterials having antimicrobial capacity. However, further
studies are required to understand the mechanisms involved in
the antibiotic effect of these CDs and their efficacy against Gram-
positive bacteria. Further studies are also required for measuring
safety issues if they are going to be used for treating bacterial
infections in human and livestock. Considering the antibiotic

properties of these carbon dots against Agrobacterium which is a
common tool in the delivery of foreign DNA into plants, this
carbon dot can be used for the eradication of Agrobacterium from
the cell and tissue culture media, instead of common antibiotics
that are used for this purpose.
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