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The human skin is home to millions of bacteria, fungi, and viruses which form part of a unique microbiome. Commensal microbes, including Cutibacterium acnes can occasionally become opportunistic resulting in the onset of dermatological diseases such as acne. Acne is defined as a chronic inflammatory disorder based on its ability to persist for long periods throughout an individual’s life. The synthesis of gold nanoparticles (AuNPs) was performed using the bottom-up approach by reduction of a gold salt (HAuCl4.3H2O) by the methanol extract (HO-MeOH) and aqueous decoction prepared from the dried aerial parts of Helichrysum odoratissimum (HO-Powder). The HO-MeOH and HO-Powder AuNPs were prepared as unstabilised (−GA) or stabilized (+GA) by the omission or addition of Gum Arabic (GA) as the capping agent. The characterization of the AuNPs was performed using Transmission Electron Microscopy (TEM), dynamic light scattering (DLS), Ultraviolet-Visual spectroscopy (UV-Vis), Thermogravimetric Analysis (TGA), X-Ray Diffraction (XRD) and Zeta-potential. The MBIC50 values for HO-MeOH − GA and HO-MeOH + GA were 1.79 ± 0.78% v/v and 0.22 ± 0.16% v/v, respectively. The HO-Powder AuNPs showed potent inhibition of C. acnes cell adhesion to the 96-well plates. The HO-MeOH − GA and HO-Powder + GA exhibited IC50 of 22.01 ± 6.13% v/v and 11.78 ± 1.78% v/v, respectively. The activity of the AuNPs validated the anti-adhesion activity of the methanol extract in the crude form. The study emphasizes the selectivity of H. odoratissimum AuNPs for the prevention of C. acnes cell adhesion and not antimicrobial activity, which may prevent the emergence of resistant strains of C. acnes through reduced bactericidal or bacteriostatic activity, while targeting mechanisms of pathogenesis.

Keywords: Cutibacterium acnes, Helichrysum odoratissimum, gold nanoparticles, bacterial adhesion, biofilm


INTRODUCTION

The human skin is a host to numerous species of bacteria, fungi, and viruses; each with their own optimal micro-environment. Differences in skin physiology, including oil content, moisture content or absence thereof, have a large influence on the variability of microbial species. These microorganisms have essential functions as protectors against invasive pathogens, inducers of immune responses, and metabolizers of natural products. In addition to the protective role of commensal microbial species, the human skin provides a physical barrier to potential pathogens. Factors influencing the onset of skin disease and even systemic disease often include damage to the skin which affects barrier protection and an imbalance between beneficial host microorganisms and invasive pathogenic microorganisms (Byrd et al., 2018). Cutibacterium acnes is a Gram-positive, anaerobic rod which is considered one of the major species that inhabits the human skin and mucosal surfaces. Although this microorganism has been described as a commensal, it has been implicated in the progression of the inflammatory skin disorder acne vulgaris (acne) and other infections related to orthopedic prosthetic devices and prostatitis, suggesting that it is more likely an opportunistic bacterium (McDowell et al., 2013; Sahdo et al., 2013). Acne is defined as a chronic inflammatory disorder based on its ability to persist for long periods in an individual’s life and its ability to recur often resulting in relapse (Tuchayi et al., 2015). The word cosmeceutical refers to a cosmetic product that contains active constituents which promote health through the induction of drug-like benefits. Natural ingredients, especially those derived from plants, have been used for hundreds of years to promote skin health and their use is becoming more popular, with ingredients of modern cosmetic formulations often containing these ingredients as the active constituents (Ribeiro et al., 2015). South Africa is home to 24,000 higher plant species of which approximately 3,000 species have been reported to have therapeutic or medicinal properties (De Wet et al., 2013). The genus Helichrysum is reported consist of around 500 species, of which 245 are indigenous to South Africa. Species from this genus are used across Africa and Europe in the treatment of wounds, infections and skin disorders such as atopic dermatitis (Lourens et al., 2004). Helichrysum odoratissimum commonly referred to as the most fragrant Helichrysum or impepho, is an aromatic perennial shrub which is not only widely distributed throughout South Africa but can also be found in Lesotho, Malawi, Mozambique, Swaziland, and Zimbabwe. Traditionally the plant is boiled and used as a facial ointment for pimples (Swelankomo, 2004). To overcome barrier function for enhanced permeation and delivery of these natural ingredients, many studies have investigated the use of nanotechnology, in particular the use of colloidal gold, for the green synthesis of gold nanoparticles (AuNPs). The surface of these nanoparticles is rapidly modified with the addition of chemical compounds or other bioactive molecules (Gupta and Rai, 2016). Gum arabic was used to maintain the electrostatic interactions and steric hinderance between the nanoparticles and the aqueous system in which they are dispersed, in order to prevent nanoparticle aggregation. The synthesis of nanoparticles using gum arabic also increases the biocompatibility, assists with reducing toxicity and is a cost-effective solution for prevention of nanoparticle aggregation (Chawla et al., 2020). In this study the antibacterial and anti-biofilm activity of nanoparticles coated with phytochemicals found in both an aqueous decoction of the powdered aerial plant material and methanolic extract of H. odoratissimum were investigated against the acne causing bacterium C. acnes. The study aimed to determine whether the AuNPs synthesized using H. odoratissimum would show similar antimicrobial and anti-biofilm activity when compared to that of the extract alone, which was previously reported by De Canha et al. (2020).



MATERIALS AND METHODS


Chemicals and Reagents

The gold (III) salt (HAuCl4.3H2O), gum arabic (isolated from Acacia seyal and Senegalia senegal), sodium chloride (NaCl), cysteine, bovine serum albumin (BSA), tetracycline and 99.5% methanol were purchased from Sigma-Aldrich (Johannesburg, South Africa). The Dulbecco’s Modified Essential Medium and phosphate buffer saline (PBS) were purchased from Separations Scientific (Johannesburg, South Africa). The Brain Heart Infusion (BHI) agar and broth were purchased from Anatech Instruments (Pty) Ltd (Johannesburg, South Africa). The Oxoid AnaeroGen 2.5 L sachets were purchased from Thermofisher (Johannesburg, South Africa).



Plant Extract Preparation and Gold Nanoparticle Synthesis


Plant Collection and Extraction

The aerial parts of Helichrysum odoratissimum (L.) Sweet were collected from Verulum (Kwazulu Natal, South Africa) in December. The species was identified by Ms. Magda Nel at the H.G.W.J. Schweickerdt Herbarium (University of Pretoria) and a herbarium voucher specimen was deposited (PRU 11863) in December 2012. The plant material was processed to a fine powder using an IKA MF 10 Basic grinder (4.0 mm sieve). The powdered plant material (3.5 kg) was macerated using 99.5% methanol (7 L) and agitated on a shaker for 48 h. The mixture was then filtered through a vacuum Büchner filter system and Whatman No. 1 filter paper. The methanolic extract was then concentrated under reduced pressure using a rotary evaporator (Büchi Rotavapor R-200). The dried methanolic extract was then logged into an extract library and stored at 4°C until further use.



Synthesis of Gold Nanoparticles (AuNPs)

The nanoparticles were synthesized according to the methods described by Khoobchandani et al. (2013), with minor modifications.

For complete green synthesis, 300 mg of dried powdered aerial parts of Helichrysum odoratissimum were added to a 50 mL glass beaker, with 18 mL of distilled water (dH2O). The mixture was then stirred and heated to 45°C and allowed to extract for 15 min. The plant material was then separated from the mixture using a using a vacuum Büchner filter system and Whatman No. 1 filter paper. The filtrate was placed back on the heating plate and maintained at 45°C, while stirring. For the stabilized gold nanoparticles, 36 mg of gum arabic was added to the filtrate and allowed to dissolve completely, after which 300 μL of a 0.1 M solution of HAuCl4.3H2O was added and allowed to react for a further 15 min. Successful synthesis of gold nanoparticles was observed by the formation of a deep purple color, symbolic of a red wine (HO Powder AuNPs + GA). The non-stabilized nanoparticles were synthesized using the same method, merely omitting the addition of the gum arabic (HO Powder AuNPs − GA).

For preparation of the gold nanoparticles from the methanolic extract, 1 mL (18 mg/mL stock) was added to 17 mL of distilled water (dH2O) in a 50 mL glass beaker. The mixture was then stirred and heated to 45°C. For the stabilized nanoparticles, 36 mg of gum arabic was added and allowed to dissolve completely, after which 300 μL of a 0.1 M HAuCl4.3H2O solution was added and allowed to react for a further 15 min. Successful synthesis of gold nanoparticles was observed by the formation of a deep purple color, symbolic of a red wine (HO Powder AuNPs + GA). The non-stabilized extract nanoparticles were synthesized using the same method, merely omitting the addition of the gum arabic (HO Powder AuNPs − GA).



Characterization of Synthesized Nanoparticles


Ultraviolet-visual (UV-Vis) Spectroscopy

The formation of the AuNPs was confirmed by performing a full spectral scan. In a 24-well plate, 1 mL of a diluted dispersion form of the respective AuNPs (1:9 in distilled water) was added to each well. The full spectral absorbance scan was performed using a BIO-TEK power-wave XS plate reader (A.D.P., Weltevreden Park, South Africa) from 450 to 800 nm.



Stability of Synthesized AuNPs

Stability of the synthesized nanoparticles was determined in various buffer solutions and cell culture media, which mimic physiological environments. Various ratios of AuNPs to buffer solutions and culture media were tested (80:120 μL; 40:160 μL and 20:180 μL). The buffer solutions were comprised of 5% NaCl, 0.5% cysteine, 0.5% bovine serum albumin, and Dulbecco’s Modified Eagle’s Medium (DMEM). The stability was investigated at Day 0, 1, 4, and 7 by measuring a full UV spectral scan, reading the absorbance from 450 to 800 nm using a BIO-TEK power-wave XS plate reader (A.D.P., Weltevreden Park, South Africa).



High Resolution Transmission Electron Microscopy (TEM) Analysis

The shape, size and dispersion of each of the synthesized nanoparticles was determined using TEM. The nanoparticles were loaded on a carbon-coated copper grid by the addition of 5 μL of the dispersion form and allowed to dry overnight under a fume hood. After 24 h, the TEM grids were loaded in a JEOL JEM-ARM200F double Cs-corrected Transmission Electron Microscope equipped with a large solid angle energy dispersive spectrometer (EDS) (Akishima, Tokyo, Japan) and images were captured.



Dynamic Light Scattering (DLS) Analysis

The particle size distribution was measured by diluting the dispersion form of freshly synthesized AuNPs (1:14) in dH2O. Diluted nanoparticles were then added to a clean quartz curvette and analyzed using the Horiba Dynamic Light Scattering Particle Analyzer LB-550 (Horiba Ltd., Japan). Each of the synthesized nanoparticles were analyzed by three separate reads to obtain an average particle size. A blank of dH2O was used to reduce background signal.



Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Synthesized AuNPs were centrifuged at 4000 rpm for 10 min and washed with distilled water. Centrifuged nanoparticles were then freeze dried under vacuum at −50°C and 0.2 atm. The HO-MeOH extract was used as a blank for the HO-MeOH AuNPs and dried aerial parts of Helichrysum odoratissimum was used as a blank for the HO-Powder AuNPs. The analysis also compensated for background noise, by blanking with an empty read (no sample). The % transmittance was detected over an infrared range of 650–4000 nm.



X-ray Diffraction (XRD) Analysis

Freeze-dried AuNPs were loaded on sample mounting stages using glass cover slips. The crystal structure analysis of HO-MeOH AuNPs and HO-Powder AuNPs was determined using a PANalytical X’Pert PRO (PANalytical, Almelo, Netherlands) by irradiating AuNPs with monochromatized Cu Kα radiation (λ = 1.54 Å) between 30 and 90° (2θ) with a step size of 0.02°. The voltage and current were set to 45 kV and 40 mA, respectively.



Thermogravimetric Analysis (TGA)

The thermal decay of HO-MeOH and HO-Powder AuNPs was determined using a TG Q500 V20.13 build 39 (TA Instruments, Wilmington, DE, United States). Prepared freeze-dried AuNPs (10–20 mg) were loaded on platinum sample pans and heated from 40 to 900°C with 30°C/min ramp set-up.



Zeta (ζ) Potential

The Zeta-potential of the HO-MeOH and HO-Powder AuNPs was determined using the Zetasizer Nano ZS (Malvern, UK). The AuNPs were dispersed in deionized water (150 μL) and sonicated for 5 min. Zeta-potential was determined at 25°C using a reusable “dip” cell system. The set parameters included a count rate of 2.3 k, 100 zeta runs, a measurement position of 4.5 mm and an attenuator index of 11.



Quantification of Total Phenolic Content of the Synthesized Nanoparticles

To successfully compare whether the activity of the nanoparticles was better than those of the HO-MeOH alone [previously published in De Canha et al. (2020)] the total phenolic content of the synthesized nanoparticles was determined using the Folin Cioalteau technique as described by Basma et al. (2011) with modifications. The standard curves were prepared using the HO-MeOH (with and without gum arabic) and the aqueous decoction (with and without gum arabic) as described in section “Synthesis of gold nanoparticles (AuNPs)” to calculate the extract equivalents in the synthesized nanoparticles. Briefly, twelve (12) two-fold serial dilutions of each crude extract were prepared in a 96-well plate in dH2O (100: 100 μL). To each dilution, 50 μL of a 7.5% w/v Na2CO3 solution was added, followed by the addition of 50 μL of a 10% v/v solution of Folin Cioalteau reagent (1 in 10 mL dH2O). Plates were then incubated in a 45°C oven for 45 min. The absorbance was then measured at 765 nm using the PerkinElmer VICTOR NivoTM plate reader (Perkin Elmer, Midrand, South Africa). Quantification of the phenolics in the AuNPs was performed for the highest tested concentration which was 25% v/v in each of the bioassays (Table 1 – Section “Biological activity of the synthesized nanoparticles”). For each extract and synthesized nanoparticle type, blanks were included which comprised of everything except the 10% v/v Folin Cioalteau solution.


TABLE 1. Calculation of the total phenolic content of the synthesized AuNPs as extract equivalents for the conversion of concentration represented as % v/v to μg/mL.
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Biological Activity of the Synthesized Nanoparticles


Antibacterial Testing Against Cutibacterium acnes (ATCC 6919)

The antibacterial activity of the AuNPs was determined using a modified broth microdilution assay according to the methods described by Moreno-Álvarez et al. (2010) and Tsai et al. (2010). Briefly, a 72 h culture of Cutibacterium acnes was prepared in BHI broth and was adjusted to obtain approximately 1 × 108 colony-forming units (CFU)/mL (OD600 = 0.1). In a 96 well plate, 100 μL of the dispersion form of the AuNPs was serially diluted, two-fold in BHI broth to obtain eight concentrations (0.20–25% v/v). The phenolic content was used to determine the correlating concentration ranges in μg/mL which are given in Table 1. To each test sample, 100 μL of the prepared C. acnes inoculum was added. The controls included a media control of BHI broth, a vehicle control of dH2O, and a bacterial control with C. acnes only. Each concentration was tested in triplicate. The plates were then incubated anaerobically (Oxoid AnaeroGen 2.5 L sachet in an Anaerocult Jar) at 37°C for 72 h. After incubation, 20 μL of PrestoBlue® reagent was added to each test sample and plates were incubated at 37°C for an additional 1 h (Lall et al., 2013). The minimum inhibitory concentration (MIC) was determined by reading the fluorescence at an excitation/emission of 560 nm/590 nm using the PerkinElmer VICTOR NivoTM system (Perkin Elmer, Midrand, South Africa).



Anti-biofilm Activity Against Cutibacterium acnes (ATCC 6919)

The inhibition of adhesion of Cutibacterium acnes (ATCC 6919) performed using the methods described by Coenye et al. (2007). Actively growing cultures of C. acnes were inoculated in sterile 96-well plates by adding 100 μL of inoculum (OD600 = 0.1) in BHI to each well. Following bacterial plating, 100 μL of AuNPs were added to achieve concentrations as described in Table 1. Plates were then incubated anaerobically for 72 h. Following incubation, the BHI media was removed and plates were gently washed with 100 μL Phosphate Buffered Saline (PBS) three times. Adhered cells were then fixed by the addition of 100 μL of refrigerated (4°C) 99.5% methanol (MeOH) for 15 min. The MeOH was removed and plates were then allowed to air dry for 20 min. Quantification of adhered cells was then performed by adding 100 μL of a 0.5% crystal violet solution for 20 min. The plates were then gently rinsed with distilled water to remove excess crystal violet and allowed to air dry once more. The bound crystal violet was then dissolved using 160 μL of a 33% glacial acetic acid solution. The optical density was then measured at 590 nm using a BIO-TEK Power-Wave XS multi-well reader (A.D.P., Weltevreden Park, South Africa) for quantification of adhered bacterial cells.

The ability of the Cutibacterium acnes, strain ATCC 6919 to form a biofilm has been previously reported by Coenye et al. (2007). Bacterial cultures were plated as described above in the adhesion inhibition protocol. After the 72 h adhesion step, the BHI media was removed and the plates were washed three times with 100 μL of PBS, to remove planktonic cells. Following the wash step, 200 μL of fresh BHI was added and plates were then incubated for an additional 72 h to allow for the development of a mature biofilm. After this second incubation the supernatant was removed and replaced with 200 μL of test sample in BHI broth at the concentration ranges described in Table 1. After 24 h of treatment the total biofilm biomass was quantified using crystal violet as described above.



Statistical Analysis

For statistical analysis of the prevention of Cutibacterium acnes attachment and C. acnes biofilm disruption the data was analyzed using ANOVA, with a Dunnett’s comparison where all columns were compared with the untreated C. acnes control. Significant data was interpreted as follows: ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



Results and Discussion

The methanolic extract and the aqueous decoction of the dried aerial parts of Helichrysum odoratissimum plant material both contained phytochemical constituents with the ability to reduce the Gold (III) chloride salt resulting in the biosynthesis of gold nanoparticles. The reductive power of the HO-MeOH and HO-Powder extracts were observed visually with the reaction of the gold salt and the extracts producing a ruby red color resembling red wine, characteristic of the formation of gold nanoparticles (Islam et al., 2015). Plant extracts contain numerous compounds including sugars, phenols, amines, ketones, aldehydes, carboxylic acids and proteins with bio-reducing ability to form nanoparticles. The HO-MeOH extract and aqueous decoction were likely formed by the interaction of these compounds to produce the AuNPs stabilized on the surface of the gold ions. The shape and size of nanoparticles is controlled by several parameters including the concentration of plant extract/material, the metal salt used, pH, temperature, and incubation time in the reaction mixture (Siddiqi and Husen, 2017). Differences in shape and size could potentially impact biological activity of the synthesized nanoparticles. Therefore, characterization of the formed nanoparticles was performed using various techniques to determine whether the addition of a stabilizing agent, gum arabic had an influence on shape, size, and biological activity.


Ultra-Violet Spectroscopy

The successful synthesis of gold nanoparticles was confirmed with a full spectral scan from 450 to 800 nm (Figure 1). The excitation of surface plasmon vibrations on the surface of the synthesized gold nanoparticles resulted in maximal peaks for all the AuNPs at 540 nm. The surface plasmon resonance of gold nanoparticles occurs within the visible light spectrum at approximately 520–540 nm and corresponds with the results observed for all the HO-MeOH and HO-Powder nanoparticles (Huang and El-Sayed, 2010; Siddiqi and Husen, 2017). There were no major differences in peak broadness or formation of peaks at longer wavelengths, indicating that there were low levels of nanoparticle aggregation. The peak maxima occurring at 540 nm correspond well with the formation of spherical nanoparticles, which was confirmed with TEM.
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FIGURE 1. The ultraviolet spectra of (A) Helichrysum odoratissimum methanol extract + Gum arabic, (B) H. odoratissimum methanol extract – Gum arabic, (C) H. odoratissimum leaf powder + Gum arabic and (D) H. odoratissimum leaf powder – Gum arabic gold nanoparticles after synthesis (Day 0) from 450 to 800 nm.




In vitro Stability Using Ultra-Violet Spectroscopy

The use of nanoparticles in biological applications, requires them to remain stable when exposed to certain biological environments. The use of salts and biological additives, mimicking these environments, are often used to provide valuable information about how these AuNPs could potentially behave in certain biological systems. Nanoparticles that are stable in these biological media do not agglomerate and will therefore exhibit minimal changes in their UV spectra. The changes in absorbance were recorded from synthesis Day (0) over a week, ending after Day (7) (Figure 2). The selected pH of the buffer solution was 7, to match the pH of the BHI media (pH 7.4 ± 0.2 at 25°C) used in the antibacterial and anti-biofilm biofilms. The overall trend for all the nanoparticles suggests that they were least stable in 0.5% cysteine solution. Upon comparison of the spectral changes between the two types of AuNPs, the HO-MeOH variations showed better stability with fewer changes in the surface plasmon resonance showing less shifts toward the red spectrum. The HO-Powder AuNPs, showed small tailing peaks in the red spectrum range which was indicative of increased nanoparticle size. These AuNPs also exhibited peak broadening or flattening which indicates increases in particle size (Elbagory et al., 2016). The AuNPs showed good stability in the 5% NaCl solution which suggests that the biological activity of the AuNPs will not be affected by the long incubation time required for antibacterial and anti-biofilm assays.
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FIGURE 2. Effect of biological salts and additives on the stability of (A) Helichrysum odoratissimum methanol extract + Gum arabic, (B) H. odoratissimum methanol extract – Gum arabic, (C) H. odoratissimum leaf powder + Gum arabic and (D) H. odoratissimum leaf powder – Gum arabic gold nanoparticles at pH 7 from 450 to 800 nm.




High Resolution Transmission Electron Microscopy (TEM) Analysis

The transmission electron micrographs of the synthesized nanoparticles confirmed the formation of nanoparticles. Variations of shape and size were observed for both HO-MeOH and HO-Powder AuNPs, with spherical nanoparticles making up the majority for both types of AuNPs (Figures 3A,B). Variations in nanoparticle shape and size is common when using plant extracts as reducing agents and is often accompanied by observations where specific shapes are more dominant (Elbagory et al., 2016). In addition to the spherical nanoparticles, formation of triangular, hexagonal and some irregular shapes were observed for the HO-MeOH AuNPs (Figures 3A,B). The AuNPs formed using the dried aerial parts of Helichrysum odoratissimum were largely spherical, however, the formation of triangular, trapezoid and rod shapes were also observed (Figures 3C,D). The formation of nanoparticles at pH 8 are generally spherical or oval, considering distilled water was used in this study with a pH of approximately 7 this may help explain the shape of the formed nanoparticles. For AuNPs synthesized between 40 and 50°C not only spherical AuNPs, but also triangular, hexagonal and trapezoid AuNPs have been observed. Reaction times of 20–30 min have also been observed to form spherical, triangular, hexagonal, and trapezoid AuNPs (Siddiqi and Husen, 2017). Spherical shaped nanoparticles formed using the HO-MeOH + GA and HO-MeOH − GA (Figures 3A,B) were of similar size (∼20 nm). Upon comparison between the different types of nanoparticles it was observed that those formed using the fresh plant material were slightly smaller than those synthesized using the H. odoratissimum methanol extract. This was confirmed using DLS to determine particle hydrodynamic diameter and distribution.
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FIGURE 3. High Resolution Transmission electron micrographs and Scanning Transmission Electron micrographs (STEM) of (A) Helichrysum odoratissimum methanol extract + Gum arabic, (B) H. odoratissimum – Gum arabic gold nanoparticles, (C) H. odoratissimum leaf powder + Gum arabic, and (D) H. odoratissimum leaf powder – Gum arabic gold nanoparticles.




Dynamic Light Scattering (DLS) Analysis

The dynamic light scattering technique was used to determine the hydrodynamic diameter of the nanoparticles. The HO-MeOH and HO-Powder with gum arabic (+GA) had mean hydrodynamic diameter sizes of 220.0 ± 82.0 nm and 132.0 ± 62.6 nm, respectively. The HO-MeOH and HO-Powder without gum arabic (−GA) were considerably smaller with mean hydrodynamic diameter sizes of 101.1 ± 24.7 nm and 99.0 ± 32.1 nm, respectively (Figure 4). This is most likely due to the ability of gum arabic to act as both a reducing agent and a stabilizing agent. The combined reducing ability of the plant phytochemicals with the stabilizing effect of the gum arabic would most likely result in the formation of nanoparticles with larger hydrodynamic diameters, indicating the presence of a stabilizing layer surrounding the AuNPs (Perde-Schrepler et al., 2016). There were no distinct differences in size or hydrodynamic diameter of the un-stabilized HO-MeOH and HO-Powder AuNPs (−GA) which also produced nanoparticles with large hydrodynamic diameters. The results correlate with that of a study by Nune et al. (2009) which showed that AuNPs synthesized using tea leaves showed a larger hydrodynamic diameter when stabilized with the addition of gum arabic.
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FIGURE 4. Hydrodynamic diameter of stabilized and un-stabilized (A) Helichrysum odoratisimum methanol extract and (B) H. odoratissimum leaf powder gold nanoparticles.




Fourier Transform Infared Spectroscopy Analysis

The FTIR spectra of the synthesized AuNPs provided possible mechanisms of nanoparticle formation, associated with specific functional groups. The spectra of the synthesized AuNPs were compared with the spectra of the methanolic extract and the dried plant material used for preparation of the decoction for the HO-MeOH and HO-Powder AuNPs, respectively. The shared peaks of the extract which are also present in the nanoparticles would indicate the functional groups of phytochemical constituents that were most likely to act as reducing and capping agents (Shankar et al., 2004). This technique provides information about the surface chemistry of the nanoparticles, through the detection of organic functional groups (Mittal et al., 2013). Compounds with specific functional groups, particularly those with the ability to form electrostatic or electrovalent bonds with anionic gold present in solution should be present on AuNP surfaces. There were peaks commonly shared between both HO-MeOH and HO-Powder AuNPs when compared to the methanol extract and dried Helichrysum odoratissimum plant material spectra, respectively (Figure 5). There were some differences in the stabilized (+GA) and un-stabilized (−GA) AuNPs. This is most likely due to the binding of gum arabic to the AuNP surface through efficient binding of hydrophilic arabinogalactan and hydrophobic glycoprotein components of this stabilizer, therefore, preventing the binding of some functional groups from the plant extract (Kattumuri et al., 2007). The HO-MeOH + GA AuNPs showed prominent peaks at 1034, 1073, 1638, and 3331 cm–1. This corresponded to the peaks in the methanol extract at 1033, 1056, 1635, and 3335 cm–1. The broadness and peak intensity of HO-MeOH + GA at 3331 cm–1 indicates the presence of O-H alcohol groups or phenol groups. The sharp and relatively low intensity of the peak at 1638 cm–1 relates to an alkene stretch (C = C). The peaks of 1072 and 1144 cm–1 are likely to correspond to the C-O ester stretch of carbonyl groups occurring from 1070 to 1150 cm–1. The HO-MeOH − GA AuNPs showed similar groups previously mentioned with the 3356 cm–1 peak indicating the presence of O-H stretching bonds of alcohol or phenol groups. The relatively strong peaks at 2851 and 2922 cm–1 correspond strongly with the C-H stretching bond alkane bond. The peak at 1626 cm–1 corresponds to the alkene stretching bond (C = C). The peak at 1065 cm–1 falls within the ester stretch of carbonyl groups (C-O).
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FIGURE 5. Fourier Transform Infrared spectra of Helichrysum odoratisimum methanol extract (A) and H. odoratissimum leaf powder (B) gold nanoparticles.


A similar pattern was observed for the HO-Powder + GA and HO-Powder −GA AuNPs where the gum arabic played a role in the number of peaks. The most prominent peaks on FTIR spectra were the intense broad peaks of both+GA at 3331 cm–1 and −GA AuNPs at 3339 cm–1 corresponding to the peak at 3335 cm–1 in the powdered plant material indicating the presence of O-H stretching bond of alcohol or phenol groups. Both HO-Powder + GA and −GA showed peaks at 1638 cm–1 and 1632 cm–1, respectively. These correspond to the peak at 1635 cm–1 in the dried plant material which could indicate the presence of the alkene stretching bond (C = C). The bands at 1034 and 1073 cm–1 (HO-Powder + GA) and 1034 and 1076 cm–1 (HO-Powder −GA) correspond to the bands in the plant material at 1033 and 1056 cm–1 indicating the presence of an ester C-O stretch with the appearance of two bands in this range (Elia et al., 2014; Sathishkumar et al., 2016). Smitha et al. (2009) reported that the strong peak at 1037 cm–1 arises from C–O–C and C–OH vibrations, which suggests the interaction of plant proteins or enzymes playing a role in reduction of metal ions through their oxidative activity in the conversion of aldehydes into carboxylic acid.



X-ray Diffraction (XRD) Analysis

X-Ray Diffraction (XRD) analysis was used to confirm the crystalline structure of AuNPs. The HO-MeOH and HO-Powder AuNPs showed similar XRD patterns. The diffraction angles for HO-MeOH AuNPs showed four main peaks at 38.2, 44.5, 64.7, and 77.2° and corresponded with the Bragg reflections (111), (200), (220), and (311) for the face centered cubic lattice structure of gold (Figure 6). The presence of gold was also confirmed using EDS analysis and the crystalline structure was confirmed by comparing the nanoparticle Scherrer ring patterns with that of gold (Supplementary Figures 1–4 and Figure 9). Similarly, the HO-Powder AuNPs exhibited diffraction angles at 38.5, 44.7, 64.9, and 77.7° (Figure 6). The XRD diffractogram was compared with that of gold (Au) as described by the International Centre for Diffraction Data (ICDD) from the JCPDS file (04-0784) (Gopalakrishnan and Raghu, 2014). These results showed that the synthesized gold nanoparticles were crystalline in nature. Similar diffraction angles were observed by Choi et al. (2014) with the use of catechin as a reducing agent. The unassigned peaks were similar to those observed in a study by Philip et al. (2011) which suggests that the crystallization of the extracts occurred at the surface of the nanoparticles. The sharpness and intensity of the (111) peak suggests that the orientation of the synthesized nanoparticles occurs predominantly in the (111) crystal lattice plane. Similar diffraction angles have been reported for AuNPs formed using cumin and gum arabic (Shalaby et al., 2015).


[image: image]

FIGURE 6. The X-Ray Diffraction chromatograms of Helichrysum odoratissimum methanol extract gold nanoparticles (A) and H. odoratissimum leaf powder (B) gold nanoparticles. * Represents unidentified peaks in the XRD spectra that do not match with the face-centred cubic crystal structure of gold.
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FIGURE 7. Thermal stability of (A) Helichrysum odoratissimum methanol extract gold nanoparticles and H. odoratissimum leaf powder (B) gold nanoparticles.
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FIGURE 8. Zeta-potential of Helichrysum odoratissimum methanol extract (A) and H. odoratissimum leaf powder gold nanoparticles (B) gold nanoparticles. *** Is representative of the significance where p-value: p < 0.001.



[image: image]

FIGURE 9. Disc diffusion and microdilution assay plates for (A) Helichrysum odoratissimum methanol extract AuNPs + Gum arabic, (B) H. odoratissimum methanol extract AuNPs – Gum arabic, (C) H. odoratissimum leaf powder AuNPs + Gum arabic, (D) H. odoratissimum leaf powder AuNPs – Gum arabic and (E) Tetracycline against Cutibacterium acnes grown on Brain Heart Infusion agar plates. Pink indicates C. acnes growth and purple/blue indicates bacterial inhibition.




Thermogravimetric Analysis

The thermal stability of the synthesized AuNPs was determined by monitoring the weight loss over time with increasing temperature. The initial decrease in weight loss occurring between 40 and 200°C can be attributed to the loss of absorbed water. The second most prominent decrease in weight is from 200 to 450°C, which is most likely due to the loss of organic compounds through combustion (Nadagouda et al., 2014). The temperatures shown on each graph indicate the temperature of which 50% of the initial weight is lost. In both the HO-MeOH + GA and HO-Powder + GA AuNPs these temperatures were significantly higher with 578 and 559°C when compared to those in the −GA variations which exhibited 50% weight loss at 338 and 459°C, respectively (Figure 7). The addition of gum arabic therefore plays a thermo-protective role for the nanoparticles. There were relatively low decreases in weight loss from 800 to 900°C which is most likely due to the remaining metallic gold residues (Mukundan et al., 2017).



Zeta (ζ) Potential

The zeta potential is not only indicative of the overall surface charge of metallic nanoparticles but is also an indicator of nanoparticle stability. Generally, highly negative or positive zeta-potential is indicative of high stability based on the repulsive forces between the nanoparticles, preventing agglomeration (Shabestarian et al., 2017). The HO-MeOH AuNPs with gum arabic (+GA) and without gum arabic (−GA) showed an overall negative potential of −2.78 mV and −7.93 mV, respectively. The HO-Powder AuNPs with gum arabic (+GA) and without gum arabic (−GA) showed similar results with overall negative surface charges of −9.23 mV and −3.96 mV, respectively (Figure 8 and Supplementary Figures 5–8). The HO-MeOH − GA showed better stability than the HO-Powder − GA potentially due to the extraction of more compounds using methanol when compared to the aqueous decoction. In the case of the HO-Powder AuNPs, the +GA nanoparticles were more stable due to the effective capping by the stabilizing gum arabic. The opposite was true for the HO-MeOH + GA nanoparticles. This is potentially due to the competitive binging of the compounds in the methanol extract creating stronger interactions with the Au3+ ions in comparison to the binding of polysaccharide gum arabic. The addition of gum arabic exhibited a positive effect on nanoparticle stability more so in the HO-Powder AuNPs. The addition of gum arabic to the nanoparticles synthesized using an aqueous decoction of Helichrysum odoratissimum leaf material showed a much more negative zeta-potential (−9.23 mV) in comparison with the HO-Powder − GA (with a charge of −3.96 mV). For the HO-MeOH AuNP variations the nanoparticles synthesized without gum arabic showed a more negative zeta-potential of −7.93 mV. This suggests that the compounds present in the methanol extract compete with gum arabic and show a higher reducing potential of the gold salt than that of gum arabic.



Quantification of Phenolic Content of Synthesized Nanoparticles

The phenolic content of each variation of the synthesized nanoparticles was determined as extract equivalents to convert the concentration of nanoparticles from % v/v to μg/mL, to compare whether the gold nanoparticles showed better activity. The calculated phenolic content was calculated for the highest tested concentration in the antibacterial and antibiofilm assays (25% v/v). Extract standard curves were prepared using the same amount of extract to dH2O and with or without gum arabic as described in section “Synthesis of gold nanoparticles (AuNPs)”. Each extract (with no gold salt added) was quantified for phenolic content by the addition of the Na2CO3 and 10% Folin Cioalteau reagents. The concentration and absorbance of each extract was plotted and a linear trendline was used to calculate the concentration of phenolics in the extracts. The phenolic content of the synthesized AuNPS were then also quantified by substituting the AuNP absorbance into the linear equation and calculating the concentration of extract present and then linked back to the phenolic content of the extract. The conversion of each concentration in % v/v to μg/mL is given in Table 1, for all the synthesized nanoparticles.



Biological Activity of Synthesized Nanoparticles


Antimicrobial Activity of Synthesized Nanoparticles Against Cutibacterium acnes

The use of AuNPs provides several advantages for antimicrobial activity as they are versatile in terms of size, shape, and functionality. Gold nanoparticles specifically, can be personalized to form specific sizes, altered to perform various biological functions while remaining biocompatible and can be traced intracellularly (Gupta et al., 2013). Considering these features, it was surprising to find that there are not many studies investigating the use of gold nanoparticles for their antibacterial activity against Cutibacterium acnes. There are, however, many studies reporting the broad-spectrum antimicrobial activity of gold and silver nanoparticles against human and animal pathogens (Mittal et al., 2013). The use of silver nanoparticles as antimicrobial agents, however, largely outweighs their gold counterparts. This is evident in the number of medical and commercial products made using silver. These products include silver nanoparticle powders, dressings, and even coated medical devices (Rai et al., 2009). Recent studies, however, have shown the potential of silver nanoparticles (at sub-lethal concentrations) to induce antibiotic resistance of Staphylococcus aureus and Escherichia coli toward ampicillin and Penicillin-Streptomycin. This, in addition to the environmental implications of silver (Kaweeteerawat et al., 2017) suggests that gold nanoparticles may be more beneficial. The use of some silver products has also shown to induce toxicity against keratinocytes and skin fibroblasts, an undesired effect, particularly when many treatment options for acne vulgaris rely largely on topical application of effective therapy (Burd et al., 2007). Due to the lack of information available for the use of AuNPs in treating acne, the antimicrobial activity of the synthesized HO-MeOH and HO-Powder AuNPs were determined against C. acnes (ATCC 6919). The dispersion form of the two synthesized AuNP variations showed no antimicrobial activity in the disc diffusion assay or the microdilution assay when tested against this skin pathogen. The positive control tetracycline was included to ensure that the assay was performed under sterile conditions. Tetracycline showed a considerably larger zone of inhibition when compared to the HO-MeOH and HO-Powder AuNPs (Figure 9). Gram-positive bacteria have been reported to have an increased resistance to the antimicrobial mechanisms of nanoparticles. This resistance is attributed to the thickness of the peptidoglycan layer present in Gram-positive microorganism cell walls. The cell walls of Gram-positive and Gram-negative bacteria are negatively charged. The overall negative zeta-potential of the synthesized nanoparticles indicates an overall negative surface charge of the AuNPs, suggesting that they will not fuse with bacterial cell walls, a mechanism which is necessary for damage (Slavin et al., 2017). A study by Gao et al. (2014) reported that AuNPs with cationic (+) surface charges show better antimicrobial activity. Cationic liposomes stabilized with anionic gold nanoparticles fuse with bacteria at acidic pH, which can be highly effective as a topical delivery system for C. acnes, highlighting the importance of nanoparticle surface charge and antimicrobial activity. Although the synthesized AuNPs did not show antimicrobial activity, these nanoscale particles have shown activity against bacterial biofilms and warranted the investigation of the inhibition of C. acnes biofilm formation and disruption of mature biofilms (Baptista et al., 2018).



Anti-biofilm Activity of Synthesized Nanoparticles Against Cutibacterium acnes

The HO-MeOH AuNPs showed better inhibition against Cutibacterium acnes cell adhesion when compared to HO-Powder AuNPs. The inhibition of initial cell adherence prevents the formation of biofilm. The minimum biofilm inhibitory concentration (MBIC50) was defined as the concentration required to inhibit 50% of biofilm formation. The MBIC50 for HO-MeOH − GA and HO-MeOH + GA were 1.79 ± 0.78% v/v and 0.22 ± 0.16% v/v, respectively (Figure 10). The anti-adhesion activity of the HO-MeOH + GA AuNPs was significantly better than the HO-MeOH − GA variation. The activity of HO-MeOH against the prevention of biofilm formation by targeting bacterial cell adhesion was demonstrated in a previous study (De Canha et al., 2020). It is possible the phytochemical constituents responsible for the anti-adhesion activity, are also those responsible for the reduction of the gold salt and the formation and stabilization of the nanoparticles. This could explain their ability to inhibit biofilm formation by preventing microbial adhesion to the surface. In contrast to the HO-MeOH only extract, this activity is most likely due to the effective binding of the compounds to the gold surface and not the antimicrobial activity against C. acnes. The presence of teichoic and teichuronic acids in the peptidoglycan layer of Gram-positive bacteria suggests that the overall surface charge of C. acnes biofilm would be anionic (negative) (Martin et al., 2015). This could explain why the HO-MeOH + GA AuNPs exhibited better anti-adhesion activity. The presence of larger negatively charged HO-MeOH + GA AuNPs increases electrostatic repulsion between the polystyrene surface and C. acnes cells as the nanoparticles may settle at the bottom of the plate (Rzhepishevska et al., 2013). The HO-Powder AuNPs showed more effective inhibition of C. acnes cell adhesion to the polystyrene surface. This could be explained by their strongly negative zeta-potentials which were higher than the HO-MeOH AuNPs variations. The combination of strong negative zeta-potential and slightly larger HO-Powder + GA AuNPs was most likely responsible for the anti-adhesion properties of these nanoparticles.
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FIGURE 10. The percentage adhesion of Cutibacterium acnes treated for 72 h with (A) Helichrysum odoratissimum methanol extract AuNPs + Gum arabic, (B) H. odoratissimum methanol extract AuNPs – Gum arabic, (C) H. odoratissimum leaf powder AuNPs + Gum arabic, (D) H. odoratissimum leaf powder AuNPs – Gum arabic compared to the untreated C. acnes control. * Represents significance where p < 0.05, ** represents significance where p < 0.01, + represents the control to which all other samples were compared.


The disruption of Cutibacterium acnes biofilms showed dose-dependent response for all the nanoparticles (Figure 11). The HO-MeOH − GA AuNPs showed better activity on biofilm biomass reduction when compared to the HO-MEOH + GA. This could be due to the smaller size of the HO-MeOH − GA which enabled them to interact with the biofilm extracellular matrix, causing slight reductions in the biofilm. The IC50 was 22.01 ± 6.13% v/v for HO-MeOH − GA, while the HO-MeOH + GA did not inhibit the biofilm biomass effectively, even at the highest concentration of 25% v/v. The HO-Powder + GA exhibited an IC50 of 11.78 ± 1.78% v/v, whereas HO-Powder − GA showed no biofilm disruption at the highest concentration. Previous reports on the anti-biofilm activity of GA capped silver nanoparticles, showed inhibition against the Pseudomonas aeruginosa biofilms (Jaiswal et al., 2015).
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FIGURE 11. Dose-dependent disruption of mature Cutibacterium acnes biofilm after 72 h by (A) Helichrysum odoratissimum methanol extract AuNPs + Gum arabic, (B) H. odoratissimum methanol extract AuNPs – Gum arabic, (C) H. odoratissimum leaf powder AuNPs + Gum arabic, (D) H. odoratissimum leaf powder AuNPs – Gum arabic compared to the untreated C. acnes control. ** Represents significance where p < 0.01, + represents the control to which all other samples were compared.


The results confirm that observed in the study by De Canha et al. (2020) where even the nanoparticles show better inhibition of Cutibacterium acnes adhesion to the 96-well plate rather than disruption of the mature biofilms. The phenolic content of the highest tested concentration (25% v/v) was used to convert the minimum biofilm inhibitory concentration (MBIC50) from % v/v to μg/mL of extract equivalents. One can see in Table 2, that the adhesion of C. acnes is inhibited by both HO-MeOH and HO-Powder AuNPs. The HO-MeOH + GA showed the highest anti-adhesion properties with an MBIC50 of 0.05 μg/mL. The biofilm disruption MBIC50 for the HO-MeOH − GA and HO-Powder + GA AuNPs was well above the MIC for the methanolic extract alone indicating that the bound constituents on the AuNPs are not those responsible for the antimicrobial activity of the extract in its crude form. This would be particularly useful to combat the resistance associated with biocidal or biostatic agents for the treatment of microbial infections, since the AuNPs have no antimicrobial activity and are still able to inhibit both attachment of C. acnes in vitro and disrupt the biofilm structure.


TABLE 2. Antibiofilm activity of synthesized gold nanoparticles against Cutibacterium acnes adhesion and biofilm disruption.

[image: Table 2]



CONCLUSION

The synthesis of gold nanoparticles using both the dried plant material and the methanol extract of Helichrysum odoratissimum resulted in the reduction of the gold salt. The use of H. odoratissimum in the nanoparticle form exhibited similar anti-biofilm activity when compared to the biological activity of the methanol extract as previously reported by De Canha et al. (2020). The formation of nanoparticles with plant extracts or dried plant material result in several shapes, sizes and therefore explained the varied functionality. The use of the HO-MeOH and HO-Powder AuNPs showed better efficacy against preventing biofilm formation through reduced Cutibacterium acnes adhesion as opposed to eradicating mature biofilms. The study provides a platform for future work to optimize the synthetic process, which is dependent on several parameters including pH, temperature, run time of reduction reaction, concentration of plant extract, and concentration of gold salt. The combinations and number of phytochemicals able to bind to the surface of gold warrants, further investigation of individual components of H. odoratissimum which could help elucidate exact mechanism related activity. This study is the first report of the use of the South African species, H. odoratissimum, in the synthesis of nanoparticles, which is surprising since the Helichrysum genus contains many species with potentially unexplored applications for cosmetics. The study emphasizes the ability of H. odoratissimum AuNPs for the prevention of C. acnes cell adhesion which is the preliminary step in biofilm formation. Future considerations will include the determination of the mechanism of action of the AuNPs against biofilm attachment by determining the effects of AuNP treatment on the extracellular matrix components of C. acnes biofilms and morphological changes to the biofilm using Scanning Electron Microscopy prior to attachment.
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