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Abstract 

A green synthesis method for gold-chitosan hybrid nanoparticles (Au-CS hNPs) using different concentrations of 

CS as a capping/reducing agent is reported to investigate the effect of CS concentration on the physicochemical 

properties as well as the antimicrobial activity of the developed Au-CS hNPs. The as-synthesized Au-CS hNPs were 

characterized using visible spectrophotometry, FTIR, dynamic light scattering, DSC, XRD, SEM-EDX and TEM. The 

size of the formed hNPs ranges from 16.9 ± 3.9 nm (highest CS concentration) to 34.7 ± 7.6 nm (lowest CS 

concentration). It was noticed that increasing the amount of CS increases the ζ-potential from +25.1 to +53.1 mV and 

enhances the 6-months stability of the produced Au-CS hNPs. Furthermore, the obtained results indicated that the 

antimicrobial activity, in terms of MIC and CFU assays, is directly proportional to the amount of CS used in the 

preparation procedure. FTIR analysis revealed that the mechanism of formation of the Au-CS hNPs may involve 

complexation of CS with Au ions via its NH2 and OH groups followed by the chemical reduction of Au ions to metallic 

Au NPs. Eventually, higher amounts of CS are necessary for synthesizing highly stable Au-CS hNPs with small size, 

homogeneous shape and potent antibacterial/antifungal properties. 

 

1. Introduction 

For many years, nanotechnology (the engineering of functional systems at the nanoscale) has been the 

interest of scientists because it provides solutions for many challenges in various fields such as medicine, 

pharmacy, optics, electronics and agriculture as well as in energy production and storage. Besides, the 

ability to construct intricate, large structures with nanometer precision is rapidly progressing and includes 

bottom-up additive approaches and top-down reductive approaches [1]. However, most of these fabrication 

methods require the use of hazardous chemicals which constitute an obstacle for scaling up purposes. 

Amongst the nanomaterials that displayed promising characteristics suitable for a wide range of 

applications are gold nanoparticles (Au NPs) as they were successfully applied in optics, electronics, 

sensing, biomedicine, catalysis, etc. The unique properties of Au NPs include being nontoxic, non-

immunogenic, highly stable, easy to prepare with different particle sizes (2–500 nm) and shapes, susceptible 

to surface modifications as well as being with distinctive optical and electronic properties. Despite having 

all these advantages, the low efficiency of Au NPs as antimicrobial agents is still challenging where surface 

functionalization and hybridization with other materials can provide solutions for such pitfalls. Fortunately, 

Au NPs offer a large surface area which can be coated with different therapeutic agents in order to increase 

their antimicrobial potency against resistant microorganisms [2]. 

Chitosan (CS), a natural aminated polysaccharide extracted from crustaceans' shells and fungal cell 

walls, is a biocompatible, watersoluble and biodegradable polymer [3,4]. Possessing reactive NH2 and OH 

functional groups allows CS to be easily functionalized and to be used as a reducing and capping agent for 

synthesizing metal nanoparticles (NPs). The literature is flooded of the methods of synthesis of metal/ CS 

NPs [5–7]. The most common method applied for obtaining Au NPs involves the chemical reduction of 

ionic gold (obtained from gold III chloride trihydrate) into metallic gold using chemical reducing agents 



such as sodium borohydrate (NaBH4) in the presence of appropriate stabilizing agents [8]. Employing 

naturally occurring polymers and/or plant and microorganisms extracts as reducing agents, capping agents 

and stabilizers for Au NPs grasped the attention of researchers for various applications including diagnostics 

[9], anti-inflammation [10], biomarkers [11], insulin delivery [12], anti-bacterial infections [13] and cancer 

treatments [11,14]. Mohan et al. prepared CS-capped Au NPs via using CS as both capping and reducing 

agent, followed by investigating the ability of the developed CS-capped Au NPs to indicate any temperature 

abuse in frozen products [15]. Reicha et al. prepared Ag/CS hybrid NPs by applying an electrochemical 

oxidation step of Ag ions, followed by chemical reduction by CS [6]. They reported that the mechanism of 

formation of Ag/CS hybrid NPs involves a complexation step (the formation of CS-Ag complex) prior to 

the chemical reduction of silver ions. 

In the present work, a series of gold/chitosan hybrid nanoparticles (Au-CS hNPs) was synthesized via a 

green method using different concentrations of CS as a capping and reducing agent. The main objective of 

the study was to investigate the influence of CS concentration on the physicochemical properties (particle 

size, shape, surface charge, thermal stability, crystallinity, etc.) as well as the antimicrobial activities of the 

synthesized Au-CS hNPs with the aid of different characterization and microbiological analyses. Moreover, 

an anticipated mechanism for the formation of the Au-CS hNPs at the molecular level was proposed. 

 

2. Materials and methods 

 

2.1. Materials 

CS of a molecular weight of 45 kDa and degree of acetylation around 80% was purchased from Sigma-

Aldrich, UK (448877-250G). Glacial acetic acid and HAuCl4·3H2O (99.5%) were obtained from Panreac 

and Sigma Aldrich (Germany), respectively. Ultrapure milli-Q water was used for all solutions preparation. 

 

2.2. Microorganism strains 

Reference microbial strains included Staphylococcus aureus Newman, Pseudomonas aeruginosa ATCC 

10145, and Candida albicans ATCC 2091. The microbes were grown overnight in trypticase soy broth 

(TSB) (bioMérieux) medium at 37 °C while shaking at 150 rpm. 

 

2.3. Preparation of Au-CS hybrid nanoparticles 

CS stock solution was prepared by adding CS powder to an aqueous acetic acid solution (1%, w/v) and 

the suspension was stirred overnight until a clear solution was obtained. The resulting CS stock solution 

was then diluted with milli-Q water at pH 3.5–4 to the required concentrations (1.00, 0.50, 0.25, 0.10 and 

0.05 mg/mL). Afterwards, 50 mL of the CS solution was taken, stirred at 750 rpm and heated up to 80 °C. 

Thereafter, 50 μL of AuHCl4 (125 mmol/L) was added to the solution and left for 15 min. The synthesized 

Au-CS hNPs were denoted NP1, NP2, NP3, NP4 and NP5 upon using 50, 100, 250, 500 and 1000 μg/mL 

of CS, respectively. The transformation of the clear solutions to wine red color was taken as a preliminary 

indication for the formation of the NPs. The resulting Au-CS hNPs were collected by ultracentrifugation at 

28,000rpm at 25 °C for 30min. The supernatants recovered from centrifugation were discarded and the 

pellets were re-suspended in milli-Q water and characterized. 



 

2.4. Characterization of the Au-CS nanoparticles 

Visible electronic absorption spectra of the developed Au-CS hNPs were recorded using a T92+ double-

beam UV–Vis Spectrophotometer (PG Instruments, UK) over the range 400–800 nm. Particle size and zeta 

potential (ζ) measurements were carried out by dynamic light scattering (DLS) using a Malvern Zetasizer 

Nano ZS (Malvern Instruments Ltd., UK). DLS measurements were carried out at 633 nm. Particle size 

was determined by considering that the particles have a spherical shape. Using photodiode detector, the 

scattering intensity was measured at a 173° angle relative to the source (backscattering). Each sample was 

measured three times and each measurement was run ten times of 10 s each. Size and morphology of Au-

CS hNPs were investigated with TEM (JEOL TEM-1011) attached to a Gatan Bioscan Camera model 792 

for imaging acquisition at accelerating voltage of 100 kV. TEM samples were prepared by depositing 10 

μL of the colloidal suspensions on a 200 mesh formvar/carbon film-coated Cu/Ni grid, followed by air-

drying. Excess film was removed with absorbent paper. Histograms of the NPs size distribution were 

generated with ImageJ®. The microstructure of the Au-CS NPs was also examined using a scanning 

electron microscope (Philips XL 30 SEM) coupled with an energy-dispersive Xray (EDX) unit, operated at 

accelerating voltage of 25 kV. All infrared measurements were performed using a Mattson 5000 FTIR 

spectrometer at 25 °C in the range of 4000–4000 cm−1 at a resolution of 8 cm−1. A drop of diluted Au-CS 

NPs samples was spread onto planar freshly cleaved sodium chloride disks. The solvent was completely 

pumped out at a temperature of 50 °C, and then the disks were placed in the sample holder of the 

spectrometer. The X-ray diffraction (XRD) patterns of the selected Au-CS hNPs samples were obtained 

using Philips PW 1390 X-ray diffractometer. X-rays were provided with a beam monochromator and Cu 

Kα radiation at λ = 1.54 Å. The applied voltage was 40 kV and the current intensity was 40 mA s. The 2θ 

angle was recorded in the range of 10–80° with a scanning speed of 2°/min. The crystallinity of the 

developed samples was also calculated with the aid of Material Studio Vision (MSV) software, version 4.4. 

A differential scanning calorimeter (DSC) was used for thermal analysis measurements. 

 

2.5. Assessment of the antimicrobial activity 

 

2.5.1. Minimal inhibitory concentration 

The NPs powder was accurately weighed and added to distilled water or 0.25% acetic acid to make a 1 

mg/mL solution. The minimum inhibitory concentration (MIC) was determined by a broth dilution method 

performed in 96-well microtiter plates. The bacterial concentration was standardized using the McFarland 

scale to (approximately 1.5 × 107 CFU/mL) Muller-Hinton (MH) Broth. Thereafter, 100 μL of inoculants 

were mixed with 100 μL of two-fold serial dilutions of different treatment groups and were subsequently 

incubated at 37 °C for 20 h. The lowest concentration that completely inhibits visual growth of bacteria (no 

turbidity) was considered as the MIC. 

 

2.5.2. CFU assay 

Microbial overnight cultures were adjusted to an optical density (OD) of 0.5 McFarland (McF) (107 

CFU/mL) for S. aureus and P. aeruginosa, meanwhile C. albicans cultures were adjusted to OD of 5 



McFarland (McF) (106 CFU/mL). The cells were then transferred to a 96-well microtiter plate (100 μL per 

well). The developed hNPs were then added to the bacterial suspensions at concentration of 7.8 up to 500 

mg/mL. Aliquots of 10 μL were obtained from wells with no visible bacterial growth in order to determine 

the CFU values. The contents of the wells were mixed before sampling, and the aliquots were serially 

diluted (10 folds) in phosphate buffer saline (PBS) (0.13 mmol/L NaCl, 8.1 mmol/L Na2HPO4, 2.68 mmol/L 

KCl and 1.47 mmol/L KH2PO4) to achieve final dilutions of 10−1 to 10−6, which were then streaked 

horizontally as previously reported [16]. Each experiment was carried out in triplicate (i.e. three 

independent experiments with three repetitions per sample; the time interval between the three replicates 

was 24 h). The survival fraction was expressed as the ratio of the CFU of bacteria treated with NPs or CS 

to the CFU of the untreated pathogen. For the purpose of this study, lethal doses of the tested samples were 

detected (as recommended elsewhere [17]) as the concentration that resulted in an approximately ≥3 log10 

reduction in CFU. A sub-lethal dose could be considered as the concentration which produces a 2 log10 

reduction in the survival of the microbial cells. 

 

3. Results and discussion 

 

3.1. Preparation of Au-CS hybrid nanoparticles 

 

3.1.1. Surface plasmon resonance 

The method used herein for the synthesis of Au-CS hNPs depends on the chemical reduction of gold 

ions into metallic Au NPs in the presence of CS as a capping and reducing agent. The reducing properties 

of CS are due to the possession of the reducing NH2 and OH functional groups in its β(1-4) D-glucosamine 

units [6]. The influence of the capping agent on the formation of Au NPs in aqueous and non-aqueous media 

was studied by Lindhe et al. [18]. Therefore, it was expected that changing the amount of CS during the 

chemical synthesis of Au NPs may have a significant effect on the size, shape and antibacterial properties 

of the resulting Au-CS hNPs. The formation of Au-CS hNPs was confirmed with the aid of visible-light 

absorption spectrophotometry where obvious absorption bands were observed at about 529 nm (Fig. 1). 

The electronic absorption spectra of free acidic CS solution as well as the Au-CS hNPs suspensions 

prepared with different CS concentrations were compared in order to investigate the effect of the amount 

of CS on the reduction rate of Au ions. Free CS solution showed no absorption bands over the entire visible 

region of the electromagnetic spectrum which agrees with the previously reported results. However, NP3, 

NP4 and NP5 solutions demonstrated a single absorption band at about 529 nm. It is worth to mention that 

NP1 and NP2 solutions showed a very week absorption band at the same position that disappeared after 1–

2 days indicating that the first two CS concentrations used to prepare NP1 and NP2 were not sufficient for 

the complete reduction process. The disappearance of the NP1 and NP2 absorption band may be attributed 

to the flocculation of the small amount of large-sized Au-CS hNPs. The intensities of the absorption bands 

follow the order NP5 > NP4 > NP3, revealing that there is a direct relationship between the amount of the 

produced Au-CS hNPs and the used concentration of capping/reducing agent (i.e. CS). This might reflect 

the rate of chemical reduction of gold ions; so that, one can say that the rate of chemical reduction of gold 

ions is directly proportional to the used amount of CS as a capping/reducing agent. An acceptable 



explanation for these results could be that the amount of available free NH2 and OH groups is higher in case 

of high concentrations of CS. 

 

 

 

Visible light absorption spectrophotometry was also used to assess the stability of the as-produced Au-

CS hNPs by recording the electronic absorption spectra of the NPs solutions two weeks and six months 

after preparation. It was found that increasing the amount of CS stabilizes the produced Au-CS hNPs (Fig. 

1). The intensity of the absorption band decreases by time in case of NP3 and NP4, yet it remains almost 

constant in case of NP5 suspension which contains the highest amount of CS. The absorption band of NP3 

became broader and shifted to longer wavelengths, 532 and 536 nm after 2 weeks and 6 months of 

preparation, respectively. On the other hand, NP5 showed almost no broadening and a very slight blue shift 

(~526 nm) within 6 months after preparation. The observed blue shift reflects the band gap increase because 

of the quantum confinement effect [19]. 

 

3.1.2. X-ray diffraction 

The formation and structures of the Au-CS hNPs synthesized with different concentrations of the 

capping/reducing agent (CS) were investigated using XRD analysis. XRD patterns with 2θ values ranging 

from 20° to 100° depict four diffraction peaks at 38.1, 44.2, 64.6 and 77.6 corresponding to the standard 

Bragg diffractions from the (111), (200), (220) and (311) planes of the face-centered cubic gold crystal 

structure (Fig. 1) [20]. The average crystallite size was calculated from the full width at half maximum 

(FWHM) of the diffraction peak corresponding to the (220) diffraction plane by using the Debye-Scherrer 

formula represented by Eq. (1) [21]. 

D ¼ Kλ=β cos θ (1) 

where D is the crystallite size, K is the Scherrer's constant (K = 0.94), β corresponds to the FWHM of the 

selected XRD peak expressed in radians, and θ is the selected diffraction peak position. The calculated 



average crystallite size was 3.55, 4.01 and 4.16 nm for NP3, NP4 and NP5, respectively. Based on the above 

XRD results, the formation of Au-CS hNPs was confirmed by the obtained diffraction peaks that agree with 

those previously reported in the literature. 

 

 

 

3.2. FTIR spectroscopy 

FTIR spectroscopy is a vital analytical tool in nanomaterials synthesis and characterization as it enables 

the detection of functional group interactions and the formation of the end products [22,23]. That is why it 

can help in understanding the solution chemistry of nanomaterials synthesis. In order to further elucidate 

the formation of the Au-CS hNPs as well as to unravel the interaction between CS and gold ions, FTIR 

spectra of free CS, NP3, NP4 and NP5 were recorded and compared. 

The FTIR spectrum of CS is well known for its characteristic N − H and O − H stretching vibration 

bands at ca. 3200–3500 cm−1. The absorption bands appearing at 1646, 1589 and 1375 cm−1 are 

characteristic for the amide I, II and III, respectively. C − O stretching band appeared at 1315 cm−1 [24,25]. 

In the FTIR spectra of NP3, NP4 and NP5, the band appearing at 3300 cm−1 has been shifted to 3280, 3278 

and 3266 cm−1, respectively. The broadening of these CS bands after heating with the gold precursor for 5 

min may be an evidence for the interaction of CS with gold ions during the synthesis of Au-CS hNPs. 

Moreover, the attachment of the amino groups of CS to the gold ions caused a shift in the band 

corresponding to N − H bending from 1646 cm−1 to 1640, 1631 and 1631 cm−1 in the case of NP3, NP4 and 

NP5, respectively. In addition, the amide III absorption band was diminished and replaced with a new band 

that appeared at 1403 cm−1 in all Au-CS hNPs. It is worth to mention that the absorption band attributed to 

the free amino groups of CS appearing at 1024 cm−1 demonstrated a CSconcentration dependent shift. The 

new bands appeared at 1020, 1018 and 1016 cm−1 in NP3, NP4 and NP5, respectively. Previous studies 

reported the interaction of the amine/hydroxyl groups of CS with metal ions during the synthesis of 

nanomaterials which agrees with the findings obtained herein [15]. 



 

Based on the above-discussed FTIR findings, the mechanism of formation of the as-synthesized Au-CS 

hNPs might involve a two-step process (Fig. 2). The first step includes the complexation of CS with gold 

ions via amino and hydroxyl groups. This step is followed by a chemical reduction step in which gold ions 

are converted into metallic Au NPs enclosed in a CS coating. 

 

3.3. Nanoparticles size and ζ-potential 

The particle size distribution and ζ-potential of the as-synthesized Au-CS hNPs were measured with 

dynamic light scattering (DLS). As shown in Fig. 3(a–c), increasing the amount of CS during the synthesis 

process leads to a significant decrease in particle size and polydispersity index (PDI), and an increase in 

the apparent ζ-potential (i.e. more positive potential). The particle size of NPs plays an important role in 

controlling their chemical, physical, optical and electronic properties. The mean particle size 

(hydrodynamic diameter) of the developed Au-CS hNPs were measured using DLS over the range of tested 

concentrations of CS (250, 500 and 1000 μg/mL) and the results are shown in Fig. 3. The plot of the mean 

hydrodynamic diameter exhibited a decrease in particle diameters with increasing CS concentration with 

NP5 demonstrating the smallest hydrodynamic diameter. This effect can be attributed to the availability of 

CS which induces the chemical reduction of gold ions and prevents the aggregation of the formed Au NPs 

via efficiently capping their surfaces. On the other hand, at low concentrations of CS, the reduction rate of 



gold ions is slower and the amount of the capping agent is not enough for preventing the aggregation of the 

produced Au NPs resulting in a significant increase in size. 

 

Zeta potential is a necessary parameter in the assessment of the stability of NPs in aqueous solutions. 

Particles with large negative/positive ζ-potentials tend to repel one another, and thereby are stable in 

aqueous solutions. However, in the case of low ζ-potential values attraction forces between the NPs 

dominate and, consequently the particles undergo flocculation and aggregation [21]. Generally speaking, a 

minimum ζ-potential of ±30 mV is necessary for stabilizing an aqueous suspension of NPs [21]. Fig. 3 

shows the ζ-potential values of the asprepared Au-CS hNPs (+25.1, +39.8 and + 53.1 mV for NP3, NP4 

and NP5, respectively) which indicate the high stability of the developed Au\\Cs hNPs due to the addition 

of positive charges from the CS coating. From these values, it is also apparent that the higher the 

concentration of CS, the higher is the stability of the formed Au-CS hNPs. This is consistent with the 

stability results obtained from the electronic absorbance spectra discussed above. In conclusion, NP5 

showed the highest positive ζ-potential, and thereby its aqueous suspension attained the highest stability. 

The size and shape of the as-synthesized Au-CS hNPs (NP3, NP4 and NP5) were investigated with the 

aid of TEM. The transmission electron micrographs depicted that the formed Au-CS hNPs are spherical 

with the smallest size (ca. 16.9 ± 3.9 nm) obtained upon using the highest concentration of CS (i.e. NP5). 

In addition, NP5 showed the narrowest size distribution. A strong Au-CS interaction could be clearly 

observed using high-resolution TEM at 50 nm magnification, particularly in the case of NP5 where a glory 

of CS is obvious around the central Au NPs (Fig. 4). Indeed, the particle size obtained from the TEM 

analysis is more accurate than the DLS analysis results which can be strongly affected by sedimentation of 

large particles and aggregates. Moreover, the size of the Au-CS hNPs obtained from the TEM imaging is 



smaller than its DLS counterparts which might be attributed to the swelling of the CS organic coating on 

the outer surface of the Au NPs by the solvent used for sample preparation in DLS measurements [26]. 

 

3.4. Scanning electron microscopy (SEM) 

The morphology of the synthesized Au-CS hNPs was examined with SEM. As can be noted from Fig. 5, 

the Au-CS hNPs appear as homogeneously-distributed spherical particles; however, NP3 demonstrated a 

slight aggregation. 

Fig. 5 also shows the EDX analysis results of NP3, NP4 and NP5. The signal that appeared at ca. 2.3 

keV indicates the presence of metallic crystalline Au NPs [27]. The intensities of the signals follow the 

order NP3 > NP4 > NP5 indicating that the thickness of the CS coating increases by increasing the CS 

concentration during the synthesis of AuCS hNPs. The SEM-EDX analysis revealed the presence of 

metallic Au NPs which is in a good agreement with the findings previously reported for the synthesis of Au 

NPs using Acanthopanacis cortex extract [28]. 

 

3.5. Differential scanning calorimetry (DSC) 

The thermal behavior of CS and the developed Au-CS hNPs was studied with DSC over the temperature 

range 30–450 °C (Fig. 6). The pure CS powder showed a broad endothermic peak at 65–115 °C which can 

be attributed to dehydration. On the other hand, NP3, NP4 and NP5 demonstrated similar but sharper 

dehydration peaks at 60–102 °C. The sharpness of the dehydration peaks and their shift to lower 

temperatures in Au-CS hNPs may be attributed to the possession of lower number of free NH2 groups (that 

were used for reducing Au ions to metallic Au NPs) than CS that thereby facilitated the evaporation of the 

bound water molecules in the hybrid NPs. This finding was supported by the results reported in a previous 

study by Gadkari et al. [29]. Moreover, thermal decomposition of pure CS powder resulted in an exothermic 

peak at 322–337 °C. This peak appeared at 314–329, 322–342 and 322–345 °C for NP3, NP4 and NP5, 

respectively. Therefore, the decomposition of CS in NP4 and NP5 occurs at higher temperatures than NP3 

indicating their thermal stability which may be due to the stronger interaction of CS with the formed 

metallic Au NPs. This shift of CSdecomposition peaks to higher temperatures agrees with the reported 

results in the literature [30]. 



 

 

3.6. Antimicrobial activity assessment 

To determine the bactericidal potential of the synthesized Au-CS hNPs, S. aureus, P. aeruginosa and C. 

albicans were selected as the testing strains. The concentration of CS has clearly affected the antimicrobial 

activity of the as-prepared Au-CS hNPs. The biocidal effect was reduced for bigger hNPs prepared by using 

a CS concentration of 0.25 mg/mL (NP3). NP4 of median size (~25 nm) showed an intermediate 

antimicrobial effect. Meanwhile, the most effective antimicrobial hNPs found to be the NP5 which have 

the smallest size (~16.9 nm). The antimicrobial behavior of the developed hNPs can be proven by the lowest 

MIC value of NP5 in case of S. aureus, P. aeruginosa or C. albicans when compared to pure CS, NP3 and 

NP4. 

As depicted by Fig. 7, the resistance of the tested microorganisms to CSandAu-

CShNPsfollowstheorder:C.albicans>P.aeruginosa>S.aureus. Interestingly, NP5 showed the lowest MIC 

values in all of the three tested microorganisms, thereby it has the highest antimicrobial activity. In addition, 

CS showed the highest MIC values indicating that hybridization of CS with metallic Au NPs strongly 

enhanced its antimicrobial properties. The MIC values are in excellent agreement with the survival fractions 

of the microbes obtained from the CFU assay (Fig. 7(b–d)). Table 1 summarizes the physicochemical and 

antimicrobial properties of the investigated Au-CS hNPs. Although many attempts were carried out to 

explain the mechanism of microbial killing of Au-CS NPs, the mechanism is still unclear. Some researchers 

supposed that the interaction of CS cationic charges with the 

Our findings are consistent with many other studies reporting that small-sized NPs can mediate much 

efficient antimicrobial activity than their large-sized counterparts [31,32]. It is expected that the high 

surface-to-volume ratio of the small-sized NPs is the reason beyond their good antimicrobial activity 

because of the more efficient exposure of the microbial cell walls to the NPs surface positive charges [32]. 

negatively charged microbial cell wall leads to the leakage of the intracellular components. Qi et al. (2004) 

and Orellano et al. (2019) reported that CS NPs lead to disruption of the microbial cell membranes and the 

leakage of cytoplasm [33,34]. 



 

The thickness of the bacterial peptidoglycan layer plays a crucial role in the susceptibility of bacterial 

cell walls to CS-coated NPs. Some studies reported that the higher sensitivity of Gram positive bacteria 

may be attributed to their thinner peptidoglycan layer (7–8 nm) compared to that of the Gram negative 

bacteria (20–80 nm) [35]. Moreover, since Gram positive bacteria have multiple anionic binding sites on 

the outer surface of their cells walls (e.g. teichoic acid, phospholipids and cardiolipin) [36] than their Gram 

negative counterparts, they usually demonstrate higher sensitivity to CS-coated NPs. This fact agrees with 

the findings obtained in the present investigation where the Gram positive S. aureus showed a higher 

susceptibility to the prepared Au-CS hNPs than the Gram negative P. aeruginosa. In the current study, thanks 

to the higher CS concentration for increasing the positive charges of NP5 (+53.1 mV) which interacts more 

intensively than NP4 (+39.8 mV) and NP3 (+25.1 mV) with the microbial cell walls; thus induced better 

bactericidal/fungicidal activities. Such relationship between the amount of cationic charges and the biocidal 

activity has been demonstrated in the work reported by Mansilla et al. [37]. 

To confirm the role of bacterial cell surface charge, S. aureus mutants lacking one or more genes involved 

in teichoic acid biosynthesis were tested in a previous study. The gene deletion mutation associated with 

complete lack of teichoic acids from in cell wall (tagO, deletion mutant) displayed the highest resistance to 

chitosan (with more than fivefold higher MIC), followed by other mutants associated with partial lacking 

of teichoic acids. 



Such findings confirm that less negatively charged cell wall, as a result of partial or complete absence 

of teichoic acids, could increase the resistance of S. aureus to chitosan [38]. In another study, S. aureus 

mutation associated with modification in teichoic acid with increasing its expression of negative charges, 

showed high susceptibility (100 times) to cationic antimicrobial agents [39]. 

 

Table 1 

Physicochemical properties and antimicrobial activities of NP3, NP4 and NP5.  
 

Au-CS hNPs NP3 NP4 NP5 

CS concentrationa (μg/mL) 250 500 1000 

Shape Spherical Spherical Spherical 

Size (nm) ± RSD TEM-based 34.7 ± 7.6 25.4 ± 5.4 16.9 ± 3.9 

 DLS-based 63.9 ± 21.1 46.1 ± 13.5 36.5 ± 11.5 

ζ-potential (mV) 

MICb (μg/mL) 

 
S. aureus 

+25.1 ± 7.8 

31.2 

+39.8 ± 7.2 

31.2 

+53.1 ± 6.7 

15.6 

 P. aeruginosa 125 62.5 31.2 

 C. albicans 250 125 62.5 

a 
The concentration of CS used for the synthesis of Au-CS 

hNPs via reaction with 125 μmol/L AuHCl4. 
b 

The MIC of pure CS is 125, 250 and 500 μg/mL for S. aureus, P. aeruginosa and 

C. albicans, respectively. 

 

Based on the above findings, we can claim that increasing the positive charges on the outer surface of 

Au NPs through increasing the concentration of the reductive chitosan permits more interaction of the NPs 

with the negatively charged surface components of many fungi and bacteria through electrostatic interaction 

causing significant cell surface alterations, leakage of intracellular substances, and ultimately resulting in 

the impairment of vital microbial activities specifically in Gram positive bacteria. The susceptibility of 

Gram positive S. aureus seemed to be lower than that of Gram negative organisms including Pseudomonas 

aeruginosa. For fungi, it was thought that CS-based NPs interact with the fungal membranes leading to a 

downregulation of the H+ pump and thus inducing cell death. The investigated Au-CS hNPs showed a CS-

concentration-dependent fungicidal activity against C. albicans (NP5 > NP4 > NP3). An acceptable 

explanation from the literature may be the greater ability of small-sized Au-CS hNPs to penetrate the fungal 

cell wall and interact with sulfur-containing membrane proteins and phosphorus-containing DNA 

nitrogenous bases. The observation that C. albicans showed lower sensitivity to the Au-CS hNPs than 

bacteria agrees with the study reported by Ramakritinan et al. [40]. 

 

4. Conclusion 

The present study reported a green synthesis method for Au-CS hNPs with the aid of CS as a capping 

and reducing agent. To the best of our knowledge, the influence of CS amount on the antimicrobial and 

physicochemical properties of Au-CS hNPs by applying very low concentrations of CS was investigated 

herein for the first time. The major findings reveal that the size of Au-CS hNPs is inversely proportional to 

the amount of CS used in the preparation procedure. On the other hand, the positive ζ-potential increases 

by increasing the amount of CS. Moreover, increasing the amount of CS improves the antimicrobial activity 

of the synthesized Au-CS hNPs in terms of MIC and CFU assays because the antibacterial activity was 

attributed to the small size and the positive ζ-potential that were obtained with the highest CS concentration. 

Furthermore, Au-CS hNPs with the highest amount of CS demonstrated the best thermal stability. In 

addition, it was noticed from this study that using a high and optimum amount of CS enhances the shelf-

life stability of Au-CS hNPs to 6 months. Although we shed the light on the anticipated mechanism of 



formation of Au-CS hNPs herein, extensive research is needed to prove the formation of Au-CS complex 

prior to the chemical reduction of Au ions into metallic Au NPs. We are currently working on this aspect 

using more accurate analytical tools and computational chemistry. 
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