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A B S T R A C T   

The present study proposes two unique systems using free radical-induced grafting reactions to combine Ag, 
chitosan (CS) and gallic acid (GA) into a single particulate nanostructure. GA-grafted-CS (GA-g-CS) was used to 
reduce Ag+ to Ag0, and producing Ag-GA-g-CSNPs (hybrid NPs I). Also, GA was grafted into CS–AgNPs, to form 
GA-g-CS AgNPs (hybrid NPs II). Although there were previous attempts to graft GA into CS, this is first time to 
graft GA into CS–AgNPs. The study aimed to enhance biocompatibility, antibacterial and antioxidant properties 
of CS–AgNPs via grafted GA. Grafting GA into CS–AgNPs was confirmed by UV–Vis, DLS, DSC/TGA, XRD, EDX 
and FTIR. The morphology and size of NPs were studied by TEM and SEM. The decrease of ζ-potential from +50 
mV in CS-Ag NPs to +33 and + 29 mV, in the presented 2 nanoforms hybrid NPs I and II, respectively, is an 
indication for the successful GA graft. Among all samples, hybrid NPs II showed lower toxicity, higher antiox
idant and antibacterial activity. The obtained results revealed that grafting GA to CS–AgNPs, as a new method to 
combine Ag, CS and GA in a uniparticulate structure, is a unique process which may deserve a more future 
consideration.   

1. Introduction 

As a result of natural biological processes, reactive oxygen species 
(ROS). They are also produced through the cellular response to xeno
biotics, cytokines, and bacterial invasion [1]. It is highly important to 
maintain the balance between the produced free radicals and available 
antioxidants in the human body to avoid any potential harms [2]. Since 
their wide use in medical and pharmaceutical applications, the metal 
nanoparticles (NPs) could cause an increase in the produced ROS to non- 

desired level. There is a tremendous increase in the applications of 
AgNPs in tissue regeneration owing to their antimicrobial properties. 
However, AgNPs can cause damages to membrane proteins and DNA 
associated with emerging many diseases. Such disintegrative effect, 
caused mainly as a result of ROS produced when applying high doses of 
AgNPs, reduces drastically the safety of Ag containing polymers (i.e. 
chitosan, CS) [3–5]. Therefore, there is an important interest in recent 
years to include antioxidant agents to maintain such balance and to 
scavenge the excessively produced ROS. One of the well-known 
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antioxidant agents is gallic acid (GA). GA (3,4,5-trihydroxy benzoic 
acid) is a natural triphenolic compound extracted and purified from 
different plants such as green tea [6]. The ability of GA to inhibit lipid 
peroxidation, render it and its derivatives to be widely used in cosmetic, 
pharmaceutical and food industries [7,8]. Despite the power of GA as 
antioxidant, GA–free base is rapidly eliminated, poorly absorbed and has 
a low bioavailability [9,10]. As a consequence, it is not widely used 
clinically or in food formulations. Nano-formulation is likely to be a 
promising approach to improve and refine such drawbacks, through 
conjugation or drug delivery carriers. Functionalized noble metal 
nanoparticles with GA have proved to present superior antioxidant ac
tivity compared to non-functionalized ones [11]. In another approach to 
maximize the efficiency of GA in pharmaceutical applications, its 
conjugation with polymers such as CS, alginate [12], PVA and chitoo
ligosaccharides [13] has been tested. CS, a linear polysaccharide of 
β-(1–4)-linked D-glucosamine and N-acetyl-D-glucosamine, is the main 
derivative of chitin, a natural structural polysaccharide extracted from 
fungal cell walls, exoskeletons of arthropods, and endoskeletons of 
cephalopods [14]. The characteristics of CS as low toxic, biocompatible, 
biodegradable and low immunogenic material make it highly applicable 
in various biomedical applications, such as antibacterial, tissue engi
neering and cancer therapy [15–18]. 

In the study reported by Lunkov et al., they used carbodiimide for 
conjugation of CS and GA, followed by using the product for producing 
the AgNPs. However, it was found that the produced NPs were with low 

zeta potential (ζ-potential) of +8 mV [19]. In particular, the pH at which 
the processed reaction was 7.5 which considered non-desirable for CS 
and CS NPs in the aspects of their solubility and cationic ζ-potential 
where they are likely to aggregate and with a loss in their antibacterial 
efficiency [20,21]. In addition, this system (carbodiimide-based 
coupling) employs chemical coupling reagents which are considered as 
harmful for mammalian cells. It was reported that using this system 
which requires a large amount of chemical crosslinking agent such as 
EDC, NHS or DCC, is an expensive and non-ecofriendly in particular 
when the grafted product is included in food and pharmaceutical in
dustries [22]. Meanwhile, the free radical grafting via applying ascorbic 
acid (Vc)/hydrogen peroxide (H2O2) redox pair as an initiator system, 
was reported for its much less toxicity than carbodiimide-based coupling 
[23]. Free radical grafting reaction is cheaper and easily processed even 
at room temperature to avoid the oxidation and degradation of pheno
lics. Therefore, using the free radical-mediated reaction via Vc/H2O2 
redox pair in the current study, would be more economical and eco
friendly than the previously-reported carbodiimide-based chemical 
coupling method. Rather than, using the synthesized CS-g-GA as a 
capping agent for Ag atom as reported by Lunkov et al., the current study 
focuses on the post conjugation of GA to the pre-prepared CS–AgNPs. 

Herein, we propose the conjugation of an antioxidant molecule with 
ROS scavenging property, such as GA, to CS–AgNPs in order to minimize 
the drawbacks produced by AgNPs efficiently. It is expected that the 
simultaneous presence of the three agents GA/CS/Ag as a single 

Fig. 1. UV–vis spectroscopy of GA-g-CS (a); CS–AgNPs (b); hybrid NPs I (c); and hybrid NPs II (d).  

Fig. 2. SEM micrographs of CS–AgNPs (a), hybrid NPs I (b) and hybrid NPs II (c). EDX of CS–AgNPs (d), hybrid NPs I (e) and jhybrid NPs II (f).  
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nanostructure may provide synergistic action as potent antimicrobial 
agent. Although CS-AgNPs [24], GA-g-CS [25,26], GA-AgNPs [27] and 
GA-CSNPs [28] have been previously studied, for the best of our 
knowledge, it is the first study to employ CS–AgNPs as substrates to 
conjugate GA via ecofriendly free radical-mediated reaction. It is hy
pothesized that this system (free radical-mediated reaction, Vc/H2O2 
redox pair) which employs metallic-based CS-NPs instead of CS as sub
strates will induce the initiator system to graft GA, hydroxylcinnamic 
acid (e.g. ferulic acid) or curcumin, more efficiently. Bringing GA/CS/ 
Ag in a single nanostructure, using an ecofriendly reaction system is 
supposed to be excellent cyto-biocompatible CA-CS-Ag nanocomposites 
with augmented antibacterial and antioxidant properties. For such 
purpose, two approaches were employed to prepare GA/CS/Ag nano- 
structures. First approach used the prepared GA-g-CS as reducing 
agents for Ag+ (Ag NO3) and form Ag-GA-g-CSNPs (named hybrid NPs I). 
Meanwhile, the second one grafted the GA to the pre-prepared CS-AgNPs 
to form GA-g-CS-AgNPs (named hybrid NPs II). The study compares the 
two prepared hybrids systems in terms of physicochemical character
izations and biological evaluation. 

2. Materials and methods 

2.1. Materials 

Chitosan (CS) (Mw 60–120 kDa and 82 % of degree of deacetylation), 
gallic acid (C7H605), hydrogen peroxide, ascorbic acid and potassium 
persulphate were purchased from Sigma-Aldrich. Silver nitrate, glacial 
acetic acid and ABTS (2,2′-azinobis-(3 ethylbenzothiazoline-6-sulfonic 
acid) solution were acquired from Merck. 

2.2. Synthesis of GA/CS/Ag hybrid NPs 

The synthesis of GA-g-CS was performed as previously reported [29]. 
Briefly, chitosan solution (0.5 g) was prepared in 10 mL acetic acid (2 % 
v/v). After that, 1 mL of H2O2 (1 mol/mL) containing 0.054 g ascorbic 
acid was added and kept for 30 min. Then, 0.17:1.0 GA/CS of GA was 
added to the solution and left overnight. The obtained solution (GA-g- 
CS) was exposed for dialysis using dialysis tubes, and was then used to 
reduce Ag salt to form Ag-GA-g-CSNPs (hybrid NPs I). To produce GA 
grafted to CS–AgNPs, the CS–AgNPs were synthesized by adding a pre
determined amount of silver precursor AgNO3 to CS solution to obtain a 
final concentration of 0.001 mol/L. Followed by adding NaBH4 solution 
(0.02 mol/L) as a reducing agent dropwise under stirring to give a black 
brown colloid as an indication for the formation of AgNPs [30,31]. The 

Fig. 3. TEM images (a–c) and particle size distribution histograms (d–f) of the developed CS–AgNPs, hybrid NPs II, and hybrid NPs I, respectively.  
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solution was left for a while under stirring until there were no bubbles. 
The obtained NPs were used to form GA-g-CS AgNPs (hybrid NPs II) in 
the same steps as stated above. Obtained NPs were then ultra-sonicated 
(Qsonica Llc, Newtown, CT, USA) for 5 min, 30s pulse on/30s pulse off 
time with amplitude 70 % in ice-bath to maintain at room temperature. 

2.3. Physicochemical characterizations of the hybrid NPs 

UV–Vis spectroscopy was used to record the electronic absorption 
spectra of the developed hybrid NPs by using a T92+ double-beam ul
traviolet-visible (UV–Vis) spectrophotometer (PG Instruments, UK) in 
the range of 300–800 nm. Dynamic light scattering (DLS) was carried 
out to record both the particle size and the surface zeta potential (ζ 
potential) using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., 
UK). Particle sizes were evaluated by considering a spherical shape. The 
chemical composition and the confirmation of the grafted GA to the 
hybrid NPs was analyzed by Fourier transform infrared (FTIR, FT-IR 
JASCO 4700, USA) spectroscopy in the range of 4000–400 cm− 1. The 

purity and crystallinity of the developed hybrid NPs were characterized 
by X-ray diffraction (XRD) analysis using Philips PW 1390 X–ray 
diffractometer (λ = 1.54056 Å, 40 kV). 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 using Material Studio Vision 
(MSV) software, version 4.4. The morphology and shape of the hybrid 
NPS were imaged with the aid of transmission electron microscopy 
(Hitachi HT7800) at an accelerating voltage of 100 kV. The samples for 
TEM images were prepared by depositing 10 μL of the colloidal sus
pensions on a glow-discharged 200 mesh formvar/carbon film–coated 
Cu grid. After incubation for 5 min excessive solution was removed with 
a filter paper and the grid and left for airdrying. ImageJ® was used to 
generate the histograms of the hybrid NPs size distribution. SEM anal
ysis element analyses was performed on air–dried, platinum–coated 
samples using scanning electron microscope (Philips/FEI XL 30 SEM) 
and operated at accelerating voltage of 25 kV. Scanning electron mi
croscope integrated with energy-dispersive X-ray spectroscopy (SEM- 
EDX) were employed to characterize and confirm the biosynthesis of the 

Fig. 4. XRD spectra (a,b); DSC (c); and TGA analysis (d,e) of developed hybrid NPs.  
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hybrid NPs. The thermal analysis measurements were conducted by 
differential scanning calorimetry (DSC; Q20, TA Instruments, USA). For 
that, 5 mg of each sample was heated up to 400 ◦C at the rate of 10 ◦C/ 
min in the presence of nitrogen as an inert carrier gas flowing over a rate 
of 25 mL/min. The thermal behavior of samples was also studied using 
thermogravimetric analysis (TGA) (Q500, Thermoscientific, USA) with 
dry nitrogen purge. The change in weight of the samples was determined 
as a function of temperature. About 5 mg of each sample was heated 
from room temperature to 600 ◦C at a rate of 10 ◦C/min and with ni
trogen at a flow rate of 20 mL/ min. 

2.4. The encapsulation efficiency % (EE%) 

The entrapment efficiency of GA in NPs was evaluated as previously 
reported [28]. EE% assay was performed by measuring the amount of 
free drug in the supernatant after ultracentrifugating and concentration 
of GA was quantified from absorbance of the solution at 269 nm. EE% 

value was calculated as in Eq. (1) [32]: 

EE% =
[(

GAtot − GAfree
)/

GAtot
]
× 100 (1)  

where, GAtot is the mass of GA used for preparation of NPs and GAfree is 
mass of free GA measured in the supernatant. 

2.5. ABTS radical cation decolorization assay 

The antioxidant power of hybrid-NPs was characterized by ABTS 
radical cation (ABTS•+) decolorization assay [33]. First a solution con
taining ABTS•+ was obtained by reacting 10 mL ABTS with 10 mL 
K2S2O8 (6.0 × 10− 5mol/L) in water. 

ABTS+S2O8
2− →ABTS• +SO4

•− +SO4
2− (2) 

The mixture was allowed to stand in dark at room temperature for 
48 h before use it. The UV–Vis absorbance spectrum of it was constant 
for more than two days, reflecting the radical cation ABTS•+ kept stable 

Fig. 5. DLS measurements to show the particle size distribution (hydrodynamic diameter) (a–c) of the developed CS–AgNPs, hybrid NPs I, and hybrid NPs II, 
respectively. ζ-potential (d–f) of the developed CS–AgNPs, hybrid NPs I, and hybrid NPs II, respectively. 
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during that time. These species show three clear peaks between 600 and 
900 nm, although the signal at 734 nm was selected to characterize the 
antioxidant activity of the hybrid NPs, according to the bibliography. 
The preformed ABTS•+ species can be reduced in presence of antioxi
dants, resulting in reducing its concentration and a consequent decrease 
of the absorbance of the solution. Different aliquots of NPs solutions 
were mixed with ABTS•+ (3 mL) and UV–Vis spectra were recorded after 
6 min [33]. Accordingly, inhibition% after each addition of sample 
volume was calculated as follows: 

Inhibition% = [(Ab − A)/Ab ]*100 (3)  

where Ab and A are absorbance at λ = 734 nm of the original ABTS•+

solution and after adding each volume of samples. 
Finally, the % inhibition-values were plotted versus the added vol

ume of NPs in order to evaluate their antioxidant activities. 

2.6. Assessment of the antibacterial activity 

Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of hybrid NPs against Staphylococcus aureus (strain- 
COL) and Escherichia coli (ATCC 25922) were evaluated using broth 
microdilution assay [34]. Bacterial cultures were standardized to 
0,5McFarland (5 × 107 CFU/mL) in Muller–Hinton Broth. Then, 100 μL 
of 100-fold diluted inoculants mixed with 100 μL of diluted NPs were 
incubated (24 h, 37 ◦C) to indicate MIC. Then, 100 μL of samples without 
apparent growth were spotted onto MH plates and incubated (24 h, 
37 ◦C) to indicate MBC. Effect of hybrid NPs on bacterial growth kinetics 
was measured with time killing assay. Growth of 0,5McFcultures treated 
with MBC of NPs for 0.0,0.5,1,2,4,8 and 24 h was measured by CFU/mL 
enumeration. 

The antibiofilm activity was evaluated as reported previously [35]. 
S. aureus and E. coli biofilms were cultured in Tryptic-Soy Broth with 1 % 
glucose or 8-times diluted Luria Broth respectively. Bacterial cultures 
adjusted to 0,5McF were added to 96-well plates and incubated (4 h, 
37 ◦C). Then medium was discarded, wells filled with fresh medium and 

incubated (20 h, 37 ◦C). Biofilm cultures were washed with PBS, then 
appropriate broth with MBC of NPs was added. After incubation (24 h, 
37 ◦C) biofilms were washed thrice with PBS. Fresh medium was added 
and plates were sonicated (10 min, 720 W, 50 Hz). Each sample was 
serially diluted, spotted on TSA plates for CFU/mL enumeration. 

2.7. Mechanism of biocidal action 

S. aureus and E. coli cells (5 × 107 CFU/mL) treated with NPs for 3 h 
were harvested by centrifugation and washed thrice with PBS. Samples 
were fixed with 3 % (v/v) glutaraldehyde (1 h), washed in 0.1 mol 
Soerensen’s phosphate buffer (Merck, Germany) (15 min), and dehy
drated by incubating in ascending ethanol series (30, 50, 70, 90, and 
100 %) for 10 min each. Samples were dried in liquid CO2 and coated 
with a 10 nm gold/palladium. Samples were analyzed using SEM 
(ESEM-XL 30 FEG, FEI, Philips-Netherlands). 

2.8. Cytotoxicity assessment 

Cytotoxicity of NPs was evaluated on adipose-derived mesenchymal 
stem cells (ADMSC, ATCC-PCS-500-011) using 3-(4,5-Dimethylthiazol- 
2-yl)-2,5-diphenyl-2H-tetrazoliumbromide (MTT) assay. Cells were 
cultured in Dulbecco’s Modified Eagle’s Medium. Film samples were 
placed in wells (96-well plate), and MSCs with a density of 1 × 105 cells 
cm− 2 were seeded on their surface. Cells were incubated with the 
samples (24 h, 37 ◦C, 5 % CO2) The films and medium were removed and 
the cells were washed thrice with PBS. Then, MTT solution (5 mg/mL) 
was added to each well, and the plates were incubated (3 h, 37 ◦C). 
Finally, MTT solution was removed, and formazan crystals were dis
solved in dimethyl sulfoxide. Optical density was measured using a 
microplate reader spectrophotometer (Kayto RT-2100C). Fluorescence 
imaging was performed to show the cells growth and distribution using 
DAPI (4′,6-diamidino-2-phenylindole) staining method. Images were 
taken by a fluorescence inverted microscope (Leica). 

Fig. 6. FTIR of the hybrid NPs.  
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Fig. 7. The schematic illustration of the developed hybrid NPs I (a) and hybrid NPs II (b).  
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2.9. Statistical analysis 

The results were analyzed using GraphPad Prism 8 software (version 
8.02). The statistical significance was evaluated by one-way ANOVA, 
with a p-value used to indicate the significance. 

3. Results and discussion 

3.1. Optical study 

UV spectra were recorded to confirm the grafted GA either to CS or in 
CS–AgNPs, and to confirm synthesis of AgNPs. UV–Vis spectrum of GA- 
g-Cs (Fig. 1) shows presence of absorption peak at 271 nm assigned to 
aromatic region of GA polyphenol [36]. Such absorption band related to 
GA was also observed in hybrid NPs I and II. UV spectrum of CS–AgNPs 
displayed a characteristic surface plasmon resonance at 409 nm, which 
confirmed AgNPs formation. Such band was red-shifted to 423 nm when 
GA was grafted to CS–AgNPs in hybrid NPs II. Meanwhile, when GA-g- 
CS was used as reducing/capping agents for AgNPs formation in 
hybrid NPs I, absorption band red-shifted to 436 nm. 

3.2. Electron microscopic imaging and EDX analysis 

The morphology of the synthesized hybrid NPs was examined with 
SEM. As can be observed from Fig. 2, the hybrid NPs appear as spherical 
particles. EDX-spectra was performed to confirm the composition of the 
produced hybrid AgNPs. Signals appeared at 3.0 keV in tested NPs, 
indicate presence of metallic crystalline AgNPs, as in previous studies 
[37,38]. TEM imaging was carried out to investigate the shape and size 
of the developed hybrid NPs. The images in Fig. 3 show that the NPs 
prepared in all cases were spherical in shape with smooth surfaces. 
According to histograms (Fig. 3d–f), average particle sizes are 12.9 ±
4.1, 63.4 ± 10.1 and 29.7 ± 6.2 nm for CS–AgNPs, hybrid NPs I and II, 
respectively. Occupied chitosan chains NH2 and OH, as a result of 
inserted GA in GA–g–CS, might decrease the reducing capacity of 
GA–g–CS and lead to relatively bigger nano-sized particles. Where, using 
redox initiator reaction to CS–AgNPs creates macro-radicals with many 

binding sites which grafted GA, where the developed hybrid NPs II 
increased slightly to ~29.7 nm. 

3.3. XRD, DSC and TGA 

As can be observed in Fig. 4b, XRD patterns, depicting four charac
teristic diffraction peaks of AgNPs which are assigned to the (111), 
(200), (220) and (311) crystallographic planes of face-centered cubic 
(fcc) AgNPs (Joint committee on powder diffraction standards [JCPDS] 
card number 07-0783) [37]. In Fig. 4a, it can also be observed the 
presence of the characteristic peak of CS at 22.78o for CS–AgNPs, that 
was altered, after grafting of GA in either GA-g-CS, hybrid NPs I or II, 
which confirms the successful grafting GA. Furthermore, all peaks of GA 
were disappeared after graft in GA-g-CS, hybrid NPs, indicating its 
successful graft. 

DSC of the developed NPs was performed. As shown in Fig. 4c, DSC of 
GA shows two endothermic peaks. The first one is recorded at 121 ◦C 
and attributed to water loss, whereas the second peak observed at 
276 ◦C, is attributed to melting of GA crystal structure [39,40]. CS dis
plays an endothermic peak at 65–115 ◦C and an exothermic peak at 
327 ◦C, attributed to its thermal decomposition (Hussein et al.). In GA-g- 
CS, the endothermic and exothermic peaks appeared at 83 ◦C and 
293 ◦C, respectively. In hybrid NPs I, the endothermic peak increased to 
102 ◦C, while the exothermic peak decreased to 276 ◦C. Meanwhile, 
hybrid NPs II showed an increase in both endothermic and exothermic 
peaks to 96 ◦C and 300 ◦C, respectively. Although GA showed a char
acteristic peak at 276 ◦C, this peak diminished or almost disappeared in 
DSC curves of GA-g-CS, hybrid NPs I and II. According to previous 
studies [41,42], this indicates that the grafted GA lost its original crys
talline structure and consequent encapsulation of GA. The enthalpic 
peak related to GA diminished when GA grafted to CS in GA-g-CS and in 
hybrid NPs I, disappearing completely when GA was grafted to 
CS–AgNPs in hybrid NPs II. This can be attributed to complexation of GA 
with macro-radicals CS–AgNPs. 

TGA was carried out Fig. 4(d,e). The thermal degradation of GA 
occurs through a three-step temperature range, with 24.6 % of the 
sample weight being left at 600 ◦C. The temperature at which the first 

Fig. 8. The antioxidant properties (a–c) of the CS–AgNPs, hybrid NPs I and hybrid NPs II, respectively. Cytotoxic study to show cell viability using MTT assay (d), 
where A, B, C, and D refer to control, CS-AgNPs, hybrid NPs I and hybrid NPs II, respectively. Cell fluorescent images (e–g) to show cells proliferation and distribution 
in the presence of CS–AgNPs, hybrid NPs I and hybrid NPs II, respectively. 
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Fig. 9. Antibacterial activity of the tested hybrid NPs using MIC/MBC (a), and time killing assay (b – S. aureus, c – E. coli). SEM imaging showing control, hybrid NPs I 
and hybrid NPs II effect against S. aureus (d–f), and and E. coli (g–i), respectively. The insets show damaged bacterial cells with ruptured morphology and formation of 
pits and holes on the bacterial surface. Antibiofilm activity of the tested hybrid NPs (j). 
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and the second degradation steps take place was 140 and 250 ◦C, 
respectively. Thereafter, the final third step of weight loss occurred in 
range 380-600 ◦C. Though both CS and CS–AgNPs films exhibited 
similar degradation patterns, however, the final mass loss occurred in 
CS–AgNPs was less than CS. The first degradation step, observed in the 
range 50-264 ◦C for CS and 55-271 ◦C for CS–AgNPs, is assigned to 
evaporation of water and glycerin molecules. The second step of weight 
loss occurs at 265-415 ◦C for CS and 240-472 ◦C for CS–AgNPs. Final 
mass loss of CS occurs throughout a complex series of degradation 
processes up to 600 ◦C, which ends with oxidative degradation of 
carbonaceous residues [43,44]. The delay observed in the degradation 
throughout the second step for CS–AgNPs is ascribed to presence of Ag. 

In TGA curves of GA-g-CS and hybrid NPs I, first weight loss took 
place at 57-192 ◦C, and 38-198 ◦C, respectively. The second weight loss 
step is observed at 192-334 and 198-402 ◦C for GA-g-CS and hybrid NPs 
I, respectively. Both GA-g-CS and hybrid NPs I displayed lowest residual 
amount left over (28 and 30 %, respectively). This could be attributed to 
the grafted GA, where CS losses its packing chain structure [41]. Hybrid 
NPS II showed delayed degradation compared to hybrid NPs I. The re
sidual amounts left over in CS–AgNPs and hybrid NPs II were ~36 and 
34 % respectively. The higher stability of CS-AgNPs and hybrid NPs, can 
be claimed to the complexation which takes place between CS with the 
surface of AgNPs in CS–AgNPs, and complexation of the grafted GA to 
CS-AgNPs in hybrid NPs II. 

3.4. Particle size distribution and ζ-potential of the hybrid NPs 

The particle size distribution and ζ-potential of the synthesized NPs 
were measured with DLS (Fig. 5). CS-AgNPs exhibited a hydrodynamic 
diameter 57 nm. Hybrid NPs I, presented 103 nm. Meanwhile, hybrid 
NPs II displayed ~69 nm. ζ-potential value of CS-AgNPs was around 
+49.8 mV because of the positively charged amine groups. It is observed 
that ζ-potential of CS-AgNPs decreased with the grafted GA, as in GA-g- 
CS AgNPs (hybrid NPs I), where it decreased to +32 mV. This can be 
illustrated as GA molecules strongly interfere in the net charge of ob
tained particles when used as reducing/capping agent simultaneously 
with CS. Meanwhile, in hybrid NPs II, GA molecules shown a higher 
effect on the net charges of AgNPs (~+28 mV). Even with such low 
ζ-potential, the stability was still good. ζ-potential values above 25 mV 
are associated to a good stability [28]. The produced AgNPs by Lunkov 
et al., (2020) showed low ζ-potential (+8 mV), as a result of performing 
the reaction at pH 7.5 which considered non-desirable for CS and CS-NPs 
in the aspects of their solubility and cationic ζ-potential where they are 
likely to aggregate [20,21]. This can be attributed to two forces: pres
ence of CS which combines both electrostatic and steric stabilizations 
due to its positive charge and its polymeric nature respectively [28], and 
the complexation power happened between the inserted GA to CS- 
AgNPs macro-radicals. 

3.5. FTIR 

Fig. 6 shows IR spectra for pure-CS, GA, GA-g-CS, CS–AgNPs, hybrid 
NPs I and II. The characteristic IR absorption band of CS, which is 
attributed to stretching of O–H and NH2, was observed at 3300 cm− 1. 
The absorbance peak at 2870 cm− 1 corresponds to C–H stretching vi
brations. The peaks at 1646, 1589 and 1375 cm− 1 are associated with 
stretching vibrations of amide I, amide II and amide III, respectively 
[16]. 

For GA, the bands at 3100 cm− 1 to 3800 cm− 1 can be attributed to 
–OH stretching and hydrogen bonds between phenolic hydroxyl groups. 
The peak at 1695 cm− 1 is assigned to absorption of carboxylic group. 
The bands due to bending vibrations of C–H in and O–H of the phenol 
alcohol appeared at 1332–1018 cm− 1 [42,45]. For CS–AgNPs, the shift 
and the decrease in the intensity of the CS peak which is attributed to the 
stretching of O–H and NH2, were noticed by the addition of AgNO3 
(Ag+), due to the interaction of the reduced Ag0 with CS chains. 

Furthermore, most of the peaks of CS shifted and changed in intensity as 
a result of the AgNPs formation [24,46]. 

As a result of inserting GA into CS chain (GA-g-CS), a new band 
appeared at 1556 cm− 1 which was assigned to carbon-to‑carbon 
stretching within the GA aromatic ring [40]. Moreover, the CS charac
teristic peak which is attributed to the stretching of O–H and NH2, 
shifted and increased in the intensity. Moreover, the other characteristic 
peaks of CS at 1375, 1059 and 1024 cm− 1 increased in intensity, and 
moved to 1379, 1064 and 1031 cm− 1, respectively, as a result of the GA 
graft with CS. For hybrid NPs II, most of the peaks of CS–AgNPs 
increased in intensity and shifted, with observed new peaks due to the 
inserted GA into CS–AgNPs. The complexation of GA with the frequent 
macro-radicals CS–AgNPs, leaded to broad and shifts of the peaks in GA 
conjugated CS–AgNPs. On the other hand, the peaks of GA-g-CS at 1644, 
1556 and 1379 cm− 1 decreased in intensity and moved to 1567, 1523 
and 1338 cm− 1 respectively, which took place as a result of using GA-g- 
CS to reduce Ag in hybrid NPs I. 

3.6. Synthesis of the hybrid NPs 

Schematic illustration (Fig. 7 a,b) was designated to show the 
formulation of hybrid NPs I and II. The conjugation of the GA moieties 
on the CS polymeric backbone was achieved via free radical-induced 
grafting reaction. The redox initiator reaction system is composed of 
Vc/H2O2 pair, solubilized in water, where H2O2 oxidizes ascorbic acid to 
produce ascorbate and hydroxyl radicals (HO•) which initiate the re
action system. The graft reaction system includes 2 steps; in the first 
step, the produced (HO•) needs 30 min to form macro-radical through 
attacking and abstracting hydrogen atom from NH2, CH2 and OH groups 
in CS; and then followed by the second step with addition of GA in re
action system where the inserted GA moieties on CS chains takes place. 
During the reaction system in the first step, ascorbic acid in the acidic 
medium reacts with H2O2 and undergoes two series of deprotonation 
with releasing of HO• [29]. As the pK decreases to − 86, the deproto
nated form of ascorbic acid has no ability to protonate, and thus the 
released HO• continues to initiate the reaction system [29,47]. For the 
grafted GA on CS–AgNPs, it is hypothesized that the redox initiator re
action is stronger due to present of silver, which allows to generate 
larger amount of hydroxyl radicals. And thus, enable higher amount of 
GA to be inserted on CS chains. The other reason which led to inserting 
higher amount of GA moieties on CS–AgNPs, is the surface to volume of 
CS-AgNPs macro-radicals compared to CS macro-radicals. The increase 
in the accumulation of free radicals induced by AgNPs was reported in 
previous studies. It was reported that the addition of ascorbic acid in 
acidic medium render it as a diacid form (AscH2) which reacts with H2O2 
and generates the HO• [29]. The produced HO• acts as radical initiator 
which works through abstracting H atoms from CS chains with forma
tion CS macro-radicals. GA then accepts the macro radicals, and even
tually the GA-g-CS is formed. As presented in Fig. 7a, the GA-g-CS was 
used for the reduction of Ag+ to Ag0 with formation of hybrid NPs I. The 
step of applying the Vc/H2O2 redox pair was performed with the pre
pared CS-AgNPs, then GA was grafted to CS–AgNPs to form GA-g-CS- 
AgNPs (hybrid NPs II) as shown in Fig. 7b. The presence of hydrogen 
bonding in CS-AgNPs makes them good substrates to form frequent 
macro-radicals and to graft high amount of GA. Conjugated GA was 
evidenced by UV-spectra, FTIR and DSC/TGA. 

3.7. Encapsulation efficiency (%) and ABTS radical action decolorization 
assay (antioxidant activity) 

Gallic acid (GA) is considered as a strong antioxidant, offering 
effective protection against oxidative damage caused by various reactive 
species found in biological systems [48]. Besides, anti-oxidative prop
erties have been reported for chitosan (CS) [49]. 

The EE% of GA was crucial for the antioxidant power of the devel
oped NPs. Hybrid NPs II showed higher EE% (~78 %) than hybrid NPs I 
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(~ 66 %). The antioxidant power of the tested NPs was analyzed by 
using the ABTS radical cation (ABTS•þ) assay. As can be seen in 
Fig. 8a–c, the % inhibition followed a linear variation with the volume of 
NPs solution in all cases. The data were fitted to a linear curve, finding 
that the slope of the linear regression increases in the following order: 
CS–AgNPs > NPs I > NPs II. Thus, it can be confirmed that the antiox
idant activity of hybrid-NPs increases by conjugating GA, presenting 
higher antioxidant capacity compared to CS–AgNPs. 

3.8. Cyto-biocompatibility 

The biological applications of AgNPs are limited owing to the po
tential toxicity of silver ions for mammalian cells [50]. The excessive 
produced ROS by AgNPs leads to oxidative stress associated to oxidative 
damage to the body biomolecules including lipids and DNA, as well as an 
increase in the level of the inflammatory response [51,52]. Using CS as 
stabilizing/capping agent is supposed to minimize such toxic effect. 
Moreover, the conjugation of GA in CS–AgNPs could alleviate and 
improve the cytotoxic profile of tested hybrid-NPs. The cell viability was 
conducted using MTT assay. Fig. 8d shows that hybrid NPs displayed 
better environment for the cells viability than using CS–AgNPs. In 
particular, hybrid NPs II displayed higher cell viability endowed to 
higher content of the encapsulated GA. To confirm this, MSCs were 
seeded over CS–AgNPs, hybrid NPs I and II films. Fluorescent images 
were taken, showing that the cells grow and distribute well over hybrid 
NPs I and II (Fig. 8e–g). In a previous study which used non-ecofriendly 
carbodiimide coupling-based reaction, the produced chitosan-gallic 
acid-AgNPs showed a slight cytotoxicity [19], where the employed 
ecofriendly Vc/H2O2 redox pair for producing AgNPs in the current 
work, evidenced their biocompatibility in particular the produced 
hybrid-NPs II. 

The presence of GA as antioxidant agent (ROS scavenger) with high 
encapsulated content in hybrid NPs II might play a key role to limit the 
cytotoxic effect of Ag atoms and, subsequently, could enhance cells to 
grow efficiently. Hybrid NPs I and II were then tested against microbial 
strains including S. aureus and E. coli. 

3.9. Antibacterial activity 

In MIC/MBC assay both hybrid NPs showed much higher antibac
terial activity than CS (Fig. 9a). E. coli was more susceptible to hybrid 
NPs than S. aureus, which is attributed to the change in surface charges 
of hybrid NPs. Also, hybrid NPs II were more effective than hybrid NPs I 
against S. aureus. Time killing assay reflected the potent antibacterial 
efficiency of hybrid NPs (Fig. 9b-c). E. coli was more sensitive to both 
hybrid NPs than S. aureus. Also, for S. aureus hybrid NPs II were more 
effective than hybrid NPs I. For S. aureus biofilm there was observed no 
effect of CS, weak effect of hybrid NPs I and very strong antibacterial 
effect of hybrid NPs II. For E. coli biofilm CS has limited effectiveness, 
but both hybrid NPs have very potent antimicrobial effects (Fig. 9j). 

To investigate the interaction of hybrid NPs with S. aureus and E. coli 
cells, SEM imaging was performed (Fig. 9d-i). Non-treated bacterial cells 
showed smooth and intact structure, whereas the cells subjected to NPs 
for 3 h treatment, were dramatically damaged, with losing their 
morphological structure and membrane integrity. E. coli cells were 
damaged with ruptured morphology (inset) and formation of pits and 
holes. AgNPs were demonstrated to cause irregular pits on bacterial cell 
wall, allowing NPs to enter the periplasmic space and then into the cell. 
Such pits formation and morphological changes can be visualized by 
SEM [53,54]. It is hypothesized that the bacterial surface proteins may 
facilitate the NPs binding and forming such a peculiar pattern of ag
gregation which namely AgNPs aggregates [54]. GA insertion on CS- 
AgNPs boosts the antibacterial effect of the obtained NPs, due to the 
dual antibacterial action of amine group in CS and polyphenol-based GA 
along with Ag ions. The previous studies [19] did not evaluate the 
antibiofilm activity, nor the time of killing or the mechanism of action, 

which were presented in the current work. Also, CS-GA-AgNPs showed 
MIC values at 62.5 μg/mL for both E. coli and S. epidermidis [19], 
whereas the hybrid NPs II in current study, showed lower MIC against 
S. aureus and E. coli. This can be attributed to using pH 7.5 during re
action process which is not desired for CS and CSNPs, in aspects of their 
solubility and stability (low ζ-potential +8 mV), where they are likely to 
aggregate which subsequently leads to loss of their antibacterial effi
ciency [20,21]. Biofilm plays role in pathogenesis of many chronic 
diseases (i.e. wound, caries). Bacteria grown in biofilm are up to 1000- 
fold less susceptible to antimicrobial agents what makes it very hard to 
eradicate [55]. High antibiofilm activity of hybrid NPs II (>4log10 CFU/ 
mL reduction) indicates its great medical potential. 

4. Conclusions 

In summary, we have developed two approaches to develop CS/GA/ 
Ag in a single nanostructure via free radical-induced grafting reactions. 
The first method employed the GA-g-CS as reducing/capping agents for 
Ag atoms and the second one conjugated GA to the pre-prepared 
CS–AgNPs, giving place to hybrid NPs I and hybrid NPs II, respec
tively. These NPs were characterized by UV–vis spectra, DLS, XRD, DSA/ 
TGA, FTIR, TEM and SEM-EDX. The results confirmed the successful 
integration of GA into CS–AgNPs. The decrease in ζ-potential value in 
hybrid NPs I and II compared to CS-AgNPs was attributed to the presence 
of GA, which neutralized the cationic CS. According to the DLS and TEM 
imaging, the hybrid NPs II showed smaller nanoscale than hybrid NPs I. 
The antioxidant evaluation using ABTS, cyto-biocompatibility and 
antibacterial activity against E. coli and S. aureus showed the better 
impact of hybrid NPs II, owing to the presence of GA and its higher 
entrapped content. The method developed here to conjugate GA to 
CS–AgNPs via free radical-mediated reaction using Vc/H2O2 redox pair, 
opens up a new direction in the synthesis of surface functionalized 
nanomaterials. It has proved its efficiency as potent antioxidant and 
antimicrobial agents, in addition to its safety for humans. Thus, the 
synthesized hybrid NPs could be promising candidates to be integrated 
into bone and wound dressing mats. 
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