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Abstract: In order to fabricate antimicrobial carboxymethyl chitosan–nanosilver (CMC-Ag) 

hybrids with controlled silver release, this study demonstrated comparable formation via three 

synthetic protocols: 1) carboxymethyl chitosan (CMC) and glucose (adding glucose after 

AgNO
3
), 2) CMC and glucose (adding glucose before AgNO

3
), and 3) CMC only. Under 

principles of green chemistry, the synthesis was conducted in an aqueous medium exposed to 

microwave irradiation for 10 minutes with nontoxic chemicals. The structure and formation 

mechanisms of the three CMC-Ag hybrids were explored using X-ray diffraction, ultraviolet-

visible spectroscopy, transmission electron microscopy, and Fourier-transform infrared analyses. 

Additionally, antimicrobial activity and in vitro silver release of the three synthesized hybrids 

were investigated in detail. The results revealed that a large number of stable, uniform, and small 

silver nanoparticles (AgNPs) were synthesized in situ on CMC chains via protocol 1. AgNPs 

were well dispersed with narrow size distribution in the range of 6–20 nm, with mean diameter 

only 12.22±2.57 nm. The addition of glucose resulted in greater AgNP synthesis. The order 

of addition of glucose and AgNO
3
 significantly affected particle size and size distribution of 

AgNPs. Compared to CMC alone and commercially available AgNPs, the antimicrobial activities 

of three hybrids were significantly improved. Of the three hybrids, CMC-Ag1 synthesized via 

protocol 1 exhibited better antimicrobial activity than CMC-Ag2 and CMC-Ag3, and showed 

more effective inhibition of Staphylococcus aureus than Escherichia coli. Due to strong coordina-

tion and electrostatic interactions between CMC and silver and good steric protection provided 

by CMC, CMC-Ag1 displayed stable and continuous silver release and better performance in 

retaining silver for prolonged periods than CMC-Ag2 and CMC-Ag3.

Keywords: carboxymethyl chitosan/nanosilver hybrids, green synthesis, formation mechanism, 

controlled silver release, antimicrobial effect

Introduction
Health issues caused by microbial contamination have troubled human beings for 

many years.1–3 Over the past few decades, the excessive use of antibiotics has allowed 

bacteria to develop resistance from continual exposure to conventional antibiotics.4 The 

problem of decreasing effectiveness of our existing antibiotics is now recognized as a 

significant worldwide issue, and a new generation of antimicrobial agents to replace 

antibiotics is being researched and explored.5–7

Silver nanoparticles (AgNPs) present an advantageous alternative to antibiotics, 

as they have efficient antimicrobial activity toward a broad range of microorganisms, 

but are unlikely to induce bacteria to develop resistance, due to their multifaceted 

and complex antimicrobial mechanisms.8–12 Products containing nanosilver are 
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being incorporated into consumer goods, including textiles, 

coatings, food packaging, antiseptic sprays, bandages, and 

biomedical implants.13,14 With increased production volume 

have come concerns about potential adverse effects on the 

environment and human health, because many products 

release large amounts of superfluous silver as soluble ions dur-

ing initial use or washing.14–17 This rapid release of silver may 

also result in only short-term antimicrobial performance.18 

Therefore, there is great need for and significant interest in 

optimizing the formulations of nanosilver to achieve con-

trolled silver release.

Polysaccharide–nanosilver hybrids have attracted recent 

attention.19–22 The presence of polysaccharide allows chela-

tion or adsorption, which acts as a stabilizer to prevent 

aggregation of NPs and facilitates the continuous release of 

silver.23,24 Carboxymethyl chitosan (CMC) is a novel ampho-

teric biopolymer synthesized by grafting carboxymethyl 

groups onto chitosan (an amino polysaccharide derived from 

natural chitin) chains. Favored for its properties of biocom-

patibility, biodegradability, antimicrobial effect, and good 

water-solubility over a large range of pH conditions, CMC 

is widely applied in drug encapsulation, tissue engineering, 

antioxidant, and cosmetic and antibacterial fields. CMC 

possesses a large number of ammonium groups, carboxyl 

groups, and hydroxyl groups, and has a network-like structure 

that is considered a promising green stabilization agent for 

the preparation of nanometals. Long et al synthesized AgNPs 

by using commercially available CMC and sunlight, but this 

process was time-consuming and the resulting AgNPs were 

around 100 nm in size.25 In an effort to prepare small AgNPs 

rapidly, An et al used CMC as a stabilizer, but an environ-

mentally harmful reducing agent, NaBH
4
, was required.26 

Glucose is the most abundant natural monosaccharide, and its 

free-aldehyde group makes it a remarkable nontoxic reducing 

agent for producing nanometals.19 In this study, an attempt 

was made to prepare green, facile, and efficient CMC–

nanosilver (CMC-Ag) hybrids through in situ synthesis of 

nanosilver in water-soluble CMC matrices with environmen-

tally benign glucose via microwave-irradiation method.

The rapid development of various laboratory protocols for 

the synthesis of nanocomposite materials requires a deeper 

understanding of the reaction mechanisms underlying the 

synthesis procedures.22 Prior to this study, relatively few 

reports have appeared on the synthetic mechanism required 

to form a CMC-Ag hybrid using glucose as the reducing 

agent. To address this need, this study demonstrates com-

parable formation of CMC-Ag hybrids via three synthetic 

protocols: 1) synthesis of CMC-Ag hybrids with CMC 

and glucose (adding glucose after AgNO
3
), 2) synthesis of 

CMC-Ag hybrids with CMC and glucose (adding glucose 

before AgNO
3
), and 3) synthesis of CMC-Ag hybrids with 

CMC only. X-ray diffraction (XRD), ultraviolet (UV)-visible 

spectroscopy, transmission electron microscopy (TEM), and 

Fourier-transform infrared (FT-IR) analyses were used to 

determine the reaction mechanisms of the three CMC-Ag 

hybrids, and the effects of glucose on the formation of 

AgNPs, including the amount, size, and size distribution 

were explored. Moreover, the antimicrobial activity and 

in vitro silver release of the three synthesized hybrids were 

investigated to identify the optimum protocol for producing 

the best antimicrobial hybrid with controlled silver release.

Materials and methods
All chemicals in this study were of analytical grade and used 

as received without further purification. CMC, AgNO
3
, and 

glucose were used for the synthesis of CMC-Ag hybrids. 

CMC (molecular weight 100 kDa, degree of deacetylation 

90.5%, degree of substitution of carboxymethyl groups 0.81) 

was obtained from Zhejiang Biochemical (Taizhou, China). 

AgNO
3
 was sourced from Guanghua Science and Technology 

Co Ltd (Guangzhou, China). Commercially available AgNPs 

(particle size ,50 nm, metal basis 99.5%) used as a control 

in the antimicrobial test were purchased from Sigma-Aldrich 

(St Louis, MO, USA). All other reagents were obtained from 

Beijing Chemical Works (Beijing, China). In addition, an 

XH-100A microwave synthesis system was supplied by 

Xiang-Hu Technology Co Ltd (Beijing, China). Figure 1 

shows the chemical structure of CMC.27

Preparation of carboxymethyl 
chitosan–nanosilver hybrids
Synthesis of CMC-Ag hybrid with CMC and glucose 
(adding glucose after AgNO3)
CMC powder (0.25 g) was dissolved in 125 mL of distilled 

water to prepare a 2 mg/mL solution, then a few drops of 

′

′

Figure 1 Chemical structure of carboxymethyl chitosan.
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diluted NaOH solution were added to adjust the pH to 9. 

AgNO
3
 (0.17 g) and glucose (0.36 g) were separately dis-

solved in distilled water to obtain 0.1 mmol/mL solutions. 

After that, the AgNO
3
 solution was added dropwise to the 

prepared CMC solution and reacted via microwave irradia-

tion at 600 W at 80°C for 3 minutes. Subsequently, glucose 

solution was dropped slowly into the mixture and reacted 

for another 7 minutes using the same microwave-irradiation 

conditions. Next, the resulting reaction mixture was dialyzed 

against deionized water for 5 days. After precipitation and 

three washes with ethanol, the purified product was freeze-

dried at -60°C for 24 hours and then ground into powder. 

The resultant composite was designated CMC-Ag1.

Synthesis of CMC-Ag hybrid with CMC and glucose 
(adding glucose before AgNO3)
CMC powder (0.25 g) was dissolved in 125 mL of distilled 

water to prepare a 2 mg/mL solution, then a few drops of 

diluted NaOH solution were added to adjust the pH to 9. 

AgNO
3
 (0.17 g) and glucose (0.36 g) were separately dis-

solved in distilled water to obtain 0.1 mmol/mL solutions, 

then the glucose solution was dropped slowly into the pre-

pared CMC solution with stirring. After that, the AgNO
3
 

solution was added dropwise to the mixture and reacted via 

microwave irradiation at 600 W at 80°C for 10 minutes. Next, 

the resulting reaction mixture was dialyzed against deionized 

water for 5 days. After precipitation and three washes with 

ethanol, the purified product was freeze-dried at -60°C for 

24 hours and then ground into powder. The resultant com-

posite was designated CMC-Ag2.

Synthesis of CMC-Ag hybrid with CMC only
CMC powder (0.25 g) was dissolved in 125 mL of distilled 

water to prepare a 2 mg/mL solution, then a few drops of 

diluted NaOH solution were added to adjust the pH to 9. 

AgNO
3
 (0.17 g) was dissolved in distilled water to obtain a 

0.1 mmol/mL solution, then this was added dropwise to the 

prepared CMC solution and reacted via microwave irradia-

tion at 600 W at 80°C for 10 minutes. Next, the resulting 

reaction mixture was dialyzed against deionized water for 

5 days. After precipitation and three washes with ethanol, 

the purified product was freeze-dried at -60°C for 24 hours 

and then ground into powder. The resultant composite was 

designated CMC-Ag3.

Characterization
XRD patterns of the powder samples were obtained in the 

2θ range from 5° to 85° on a D8 Advance (Bruker Optik 

GmbH, Ettlingen, Germany) equipped with Cu-Kα radiation 

(λ=0.15418 nm) at ambient temperature. UV-visible spectra 

of the samples were obtained with a UV2310II spectropho-

tometer (Inesa, Shanghai, China). The analysis was per-

formed in the range of 300–600 nm at room temperature.

The morphology and dispersion of the AgNPs were 

evaluated via TEM (HT7700; Hitachi, Tokyo, Japan). 

High-resolution TEM (JEM-2100F; Jeol, Tokyo, Japan) 

was used to investigate the microstructure of the AgNPs at 

an accelerating voltage of 200 kV. To prepare samples for 

TEM and high-resolution TEM characterization, freeze-dried 

CMC-Ag hybrid powders were dispersed in 50% ethanol 

solution with sonication and dropped onto a copper-mesh 

grid and then dried in a vacuum-drying oven at 50°C for 

10 minutes. Particle size and size distribution of the AgNPs 

were statistically analyzed using the software ImageJ, and 

at least 150 individual particles were analyzed for each 

CMC-Ag hybrid. FT-IR spectra of the samples were recorded 

using a Vertex 70v FT-IR spectrophotometer (Bruker) at a 

resolution of 4 cm-1 and scanning number of 32 from 400 to 

4,000 cm-1 by the KBr pellet method.

Antimicrobial activity testing
Gram-positive Staphylococcus aureus and Gram-negative 

Escherichia coli (provided by the Chinese Academy of 

Sciences) were selected as model pathogenic bacteria to 

study the antimicrobial activity of the CMC-Ag hybrids. 

Antimicrobial tests was performed based on our previous 

report.28,29 First, S. aureus and E. coli were separately adjusted 

by addition of sterile distilled water to obtain 107 CFU/mL 

solutions. Next, antimicrobial solutions were diluted in 

phosphate buffer (pH 7.2) to appropriate concentrations, 

and 10 mL of each sample was added to sterile petri dishes 

containing 10 mL of nutrient agar solution. The bacterial 

suspensions of 2 μL were then inoculated on the prepared 

nutrient medium that contained the antimicrobial suspension, 

and the dishes were incubated at 37°C. Minimum inhibitory 

concentration (MIC) values were determined after 24 hours 

of incubation. MIC is defined as the lowest concentration at 

which no bacterial colony is visible.28 All experiments were 

conducted in triplicate.

In vitro silver-release study
The in vitro silver-release study was performed using a 

previously described method, with modification.30,31 The 

amount of silver released from the CMC-Ag hybrids and 

the initial amount of silver in the hybrids were evaluated by 

inductively coupled plasma–optical emission spectrometry 
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(ICP-OES; Optima 8000; PerkinElmer, Waltham, MA, 

USA). The cumulative release percentage of silver was 

obtained by dividing the cumulative amount of silver released 

at each sampling time point by the initial amount of silver in 

the samples. All experiments were conducted in triplicate.

To detect the cumulative amount of silver release, CMC-

Ag1, CMC-Ag2, and CMC-Ag3 (10 mg) were separately 

immersed in 10 mL of phosphate buffer (pH 7.2) and incubated 

at 37°C under agitation (300 rpm). At specific time points (1, 

3, 6, 12, 24, 48, 96, 144, 192, and 240 hours), samples were 

centrifuged, then 2 mL of the supernatants were removed for 

analysis and replaced by an equivalent volume of fresh media. 

The concentration (ppm) of silver in the release medium at the 

sampling time point was measured using ICP-OES analysis 

and then converted to the cumulative release amount (µg). 

To determine the initial amount of silver in the hybrids, the 

samples of CMC-Ag1, CMC-Ag2, and CMC-Ag3 (10 mg) 

were separately weighed and mixed in solutions of 10 mL 

HNO
3
 (65%) and 1 mL H

2
O

2
 (30%), followed by microwave 

treatment for 30 minutes. After digestion, the solutions were 

diluted to a constant volume (25 mL) for ICP-OES analysis. 

Experimental results are presented in Table 1.

Results and discussion
Synthetic mechanism of carboxymethyl 
chitosan–nanosilver hybrids
The proposed synthetic mechanisms of CMC-Ag1, CMC-Ag2, 

and CMC-Ag3 are shown in Scheme 1. It has been reported 

that the formation of metal crystals involves nucleation, 

growth, and aggregation processes.32,33 In the case of CMC-

Ag1, when AgNO
3
 solution was added to the CMC solution, 

the silver ions initially diffused into the CMC matrix, then they 

were uniformly and tightly anchored in the CMC-polymer 

network by many –NH
2
, –COOH, –OH, and –NHCOCH

3
 

groups on the main chains of CMC via coordination and 

electrostatic interactions.34–36 When the glucose solution 

was added to the mixture, the absorbed silver ions were then 

reduced to silver atoms according to equation 1:

CH
2
OH(CHOH)

4
CHO + Ag+ → CH

2
OH(CHOH)

4
COOH + Ag

� (1)

Those preformed silver atoms served as the seeds for the 

deposition of other reduced silver atoms, and many atoms 

coalesced together, leading to the in situ growth of AgNPs in 

the polymer network.37,38 The further growth and aggregation 

process can be hindered by steric hindrance, chelation, and 

electrostatic effects from the polymer network.39 In this way, 

a large number of small AgNPs were synthesized in situ on 

the CMC chains, and AgNPs were well dispersed throughout 

the CMC matrix with narrow size distribution.

According to the protocol for preparing CMC-Ag2, 

glucose solution was added before the AgNO
3
 solution. After 

AgNO
3
 solution had been dropped into the CMC and glucose 

mixture, silver ions were quickly surrounded by abundant 

glucose molecules, which might have inhibited the interac-

tion between silver ions and CMC chains. Under microwave 

irradiation, silver ions were reduced to silver atoms, form-

ing dispersed NPs in the presence of glucose. Due to a lack 

of chelation and electrostatic interactions, as well as steric 

protection, the aggregation process failed to cease in time, so 

numerous larger particles were produced and finally resulted 

in wide particle-size distribution.

The literature has documented the use of cellulose as a 

reducing agent in the synthesis of metal nanostructures by 

virtue of the presence of primary hydroxyl groups on the 

C
6
 position of the glucosidic rings.35 The oxidation of cel-

lulose primary alcohol to aldehyde or carboxyl groups plays 

an important role in the reduction of metal ions.39,40 Without 

an additional reducing agent, CMC exhibits weak reduc-

ing capacity, relying on the partially uncarboxymethylated 

primary hydroxyl groups. Therefore, the silver content in 

CMC-Ag3 was significantly lower than that in CMC-Ag1 and 

CMC-Ag2. Moreover, in the synthesis of CMC-Ag3, some 

of the functional groups in CMC were involved in silver-ion 

reduction, which might have weakened the adsorption and 

immobilization abilities of CMC itself, helping to promote the 

formation of slightly larger AgNPs compared to CMC-Ag1.

Characterization of the synthesis of 
carboxymethyl chitosan–nanosilver 
hybrids
XRD analysis is a simple and effective method to confirm 

the formation of metallic particles by examination of the 

Table 1 Initial amount of silver in the hybrids and cumulative 
amount of silver released after 240 hours evaluated by ICP-OES 
analyses

Sample  
code

Initial amount  
of silver (µg)

Cumulative release of silver 
after 240 hours

Released  
amount (µg)

Release  
percentage

CMC-Ag1 510 63 12.35
CMC-Ag2 407 188 46.19
CMC-Ag3 98 34 34.69

Note: All experiments were conducted in triplicate.
Abbreviations: ICP-OES, inductively coupled plasma–optical emission spectro
metry; CMC-Ag, carboxymethyl chitosan–nanosilver.
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crystallographic nature of the material.34 The XRD patterns 

of CMC-Ag1, CMC-Ag2, CMC-Ag3, and CMC are shown 

in Figure 2. Compared to pure CMC, the obvious diffrac-

tion peaks at 2θ=38.03°, 44.14°, 64.47°, 77.26°, and 81.35° 

in the CMC-Ag hybrids (Figure 2 [a–c]) corresponded to 

the (111), (200), (220), (311), and (222) planes of silver 

crystals with a face centered cubic lattice structure (JCPDS 

04-0783), which is consistent with our previous research.29 

These results indicate that Ag+ was reduced to Ag0 and pure 

well-crystallized metallic silver was formed in all three syn-

thetic protocols. According to the literature,35 the decreasing 

characteristic peak intensity of silver in the XRD patterns 

indicates that the amount of silver in hybrids decreased. 

Comparison of the diffraction intensity belonging to elemen-

tal silver in the XRD patterns of CMC-Ag1, CMC-Ag2, and 

CMC-Ag3 revealed that the silver content in CMC-Ag1 was 

the highest and in CMC-Ag3 the lowest. Table 1 lists the 

amount of silver in 10 mg of CMC-Ag1 (510 µg), CMC-Ag2 

(407 µg), and CMC-Ag3 (98 µg) determined by quantitative 

Scheme 1 Schematic diagrams illustrating possible synthetic mechanisms of (A) CMC-Ag1, (B) CMC-Ag2 and (C) CMC-Ag3.
Abbreviation: CMC-Ag, carboxymethyl chitosan–nanosilver.

Figure 2 XRD patterns of CMC-Ag1 (a), CMC-Ag2 (b), CMC-Ag3 (c), and CMC (d).
Abbreviations: XRD, X-ray diffraction; CMC-Ag, carboxymethyl chitosan–
nanosilver.

θ
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ICP-OES analyses, which further confirmed the findings of 

the XRD analysis.

UV-visible spectroscopy is widely used in the character-

ization of AgNPs, due to its excitation of surface plasmon 

resonance (SPR) in the UV-visible region (380–450 nm).37,41 

Figure 3 shows the UV-visible spectra of the three CMC-Ag 

hybrids and pure CMC. The CMC exhibited no peaks in the 

range of 300–600 nm in Figure 3 (d), but the three CMC-Ag 

hybrids (Figure 3 [a–c]) displayed unique SPR-absorption 

bands at around 403, 426, and 409 nm, confirming the pres-

ence of AgNPs in the synthesized hybrids. A comparison 

of the absorption intensity of CMC-Ag1, CMC-Ag2, and 

CMC-Ag3 indicated that the addition of glucose resulted 

in a stronger SPR-absorption peak. This increase in SPR-

absorption intensity can be attributed to greater AgNP 

synthesis. Zhao et al and other researchers have conducted 

theoretical studies on the correlation of UV-visible absorption 

with the size of metal spheres, and the general trend is that 

the SPR-absorption band shows a red shift with increasing 

particle size.37,41,42 In the UV-visible spectra of CMC-Ag1, 

CMC-Ag2, and CMC-Ag3, a red shift of the SPR-absorption 

peak from 403 to 426 nm was related to the increasing particle 

size of AgNPs, suggesting that AgNPs were the smallest in 

CMC-Ag1. In addition, the corresponding SPR-absorption 

band of CMC-Ag1 was sharp and symmetrical, reflecting a 

very narrow distribution in the size of AgNPs.43 In contrast, 

the broad and asymmetric SPR-absorption band of CMC-Ag2 

was indicative of wide particle-size distribution.

The morphology and dispersion of the AgNPs in hybrids 

were investigated using TEM. Figure 4A displays the 

TEM image of CMC-Ag1: hundreds of spherical AgNPs 

of small size and uniform shape can be seen distributed 

homogeneously in the CMC-polymer network. The inverse 

fast FT image (Figure 4G) and corresponding selected area 

electron-diffraction pattern (Figure 4H) further indicated 

that AgNPs were crystalline in CMC-Ag1. The inverse 

fast FT image showed that the lattice-fringe spacing was 

0.238 nm, which was indexed to the d-spacing of the Ag 

(111) plane (JCPDS 04-0783).44 The selected area electron-

diffraction pattern in Figure 4H showed periodic diffraction 

rings, indicating that the formed AgNPs were polycrystalline. 

Additionally, compared to Figure 4C, the amount of AgNPs 

in Figure 4A and B was obviously increased, indicating that 

adding glucose increased the amount of AgNPs, which was 

consistent with the XRD, ICP-OES and UV-visible results. 

By comparison with Figure 4A, large AgNPs with irregular 

shapes were unevenly dispersed along the surface of the CMC 

matrix, and appeared to agglomerate in certain regions in 

Figure 4B, demonstrating that the order of addition of glucose 

and AgNO
3
 had a significant effect on particle size and size 

distribution of the resulting AgNPs. The particle size and 

size distribution of the AgNPs in CMC-Ag1, CMC-Ag2, 

and CMC-Ag3 were measured as shown in Figure 4D–F. 

Comparing the three size-distribution histograms, obviously, 

the AgNPs in CMC-Ag1 had the smallest mean diameter 

(12.22±2.57 nm) and the narrowest size distribution (in the 

range of 6–20 nm).

In order to confirm further the formation mechanisms 

of the three CMC-Ag hybrids, the FT-IR spectra of CMC, 

CMC-Ag1, CMC-Ag2, and CMC-Ag3 were investigated as 

shown in Figure 5. In the characteristic peaks of CMC, the 

absorption peaks at around 3,431 cm-1 and 1,079 cm-1 cor-

responded to the coupled stretching vibrations of N–H and 

O–H groups and the C–O stretching vibration of the second-

ary hydroxyl groups, which shifted to a lower frequency 

in the spectra of CMC-Ag1, CMC-Ag2, and CMC-Ag3, 

implying that –NH
2
, –NHCOCH

3
, and –OH groups may be 

involved in silver attachment. Additionally, in Figure 5 (a),  

two peaks at around 1,610 cm-1 and 1,420 cm-1 were ascribed 

to the asymmetrical and symmetrical stretching vibrations 

of the carboxyl groups, while the red shift of these peaks 

in Figure 5 (b–d) suggested that the –COOH groups may 

also contribute to silver immobilization. By comparing the 

spectra of the three hybrids with CMC, the extent of red 

shift of these characteristic peaks in CMC-Ag1 was the 

largest, while the least was in CMC-Ag2, indicating strong 

coordination and electrostatic interaction between CMC 

and silver in CMC-Ag1, but extremely weak interaction in 

CMC-Ag2. Additionally, in the spectrum of CMC-Ag3, the 

stronger peaks at 1,593 cm-1 and 1,405 cm-1 corresponded to 

Figure 3 Ultraviolet-visible spectra of CMC-Ag1 (a), CMC-Ag2 (b), CMC-Ag3 (c), 
and CMC (d).
Abbreviation: CMC-Ag, carboxymethyl chitosan–nanosilver.
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the –COOH groups and a new adsorption band at 2,849 cm-1 

assigned to the C–H stretching vibration of the –CHO groups 

appeared, confirming that CMC can be used as a reducing 

agent by oxidizing the primary alcohol to aldehyde or carboxyl 

groups without an additional reducing reagent. According to 

these results, the synthetic mechanisms of the three hybrids 

were verified, and are consistent with Scheme 1.

Analysis of antimicrobial activity
Table 2 lists the MIC results of CMC, CMC-Ag1, CMC-Ag2, 

CMC-Ag3, and commercially available AgNPs against the 

Gram-positive S. aureus and Gram-negative E. coli. As shown 

in Table 2, pure CMC showed weak inhibition of S. aureus 

and E. coli, but commercially available AgNPs displayed 

relatively strong antibacterial properties. Since CMC-Ag 

hybrids can combine the intrinsic advantages of the CMC 

matrix and AgNPs to show synergistic antibacterial effects,44 

Figure 4 Morphology and dispersion of AgNPs in CMC-Ag1, CMC-Ag2 and CMC-Ag3.
Notes: (A–C) TEM images of CMC-Ag1, CMC-Ag2, and CMC-Ag3; (D–F) size-distribution histograms of AgNPs in CMC-Ag1, CMC-Ag2, and CMC-Ag3, respectively;  
(G, H) IFFT image and SAED pattern of CMC-Ag1.
Abbreviations: TEM, transmission electron microscopy; CMC-Ag, carboxymethyl chitosan–nanosilver; SD, standard deviation; IFFT, inverse fast Fourier transform; 
SAED, selected area electron diffraction.

Figure 5 FT-IR spectra of CMC (a), CMC-Ag1 (b), CMC-Ag2 (c), and CMC-Ag3 (d).
Abbreviations: FT-IR, Fourier-transform infrared; CMC, carboxymethyl chitosan; 
CMC-Ag, CMC–nanosilver.
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it is not surprising that their antimicrobial activities were 

superior to CMC alone and AgNPs. For the three hybrids, the 

MIC values of CMC-Ag1 were much lower, indicating that 

CMC-Ag1 exhibited more outstanding inhibition of bacteria 

than CMC-Ag2 and CMC-Ag3.

Furthermore, it can be seen from Table 2 that overall, 

samples exhibited better antimicrobial activities against 

S. aureus than E. coli. Figure 6 displays the morphology 

of S. aureus and E. coli colonies after treatment with 

CMC-Ag1, CMC-Ag2, and CMC-Ag3 at a concentration 

of 0.00625% compared to the blank control. As shown in 

Figure 6B and F, CMC-Ag1 completely inhibited S. aureus 

growth, but showed very little effect on the growth of E. coli 

at the same concentration. According to the literature,45–47 this 

result may be attributed to the different cell-wall structure of 

the two types of bacteria. S. aureus, a typical Gram-positive 

bacterium, has a thick cell wall that is composed mainly 

of peptidoglycan. The peptidoglycan layer has a netted 

structure with many pores that do not effectively block the 

invasion of antibacterial agents. However, the cell wall of 

E. coli, a typical Gram-negative bacterium, is composed of a 

thin peptidoglycan layer and an outer membrane. The outer 

membrane, consisting in lipopolysaccharide, lipoprotein, and 

phospholipids acts as a solid barrier, resisting the intrusion of 

“foreign” molecules. Therefore, antibacterial agents are more 

effective in inhibiting the growth of S. aureus than E. coli.

In vitro silver-release study
The in vitro release profiles of silver from the CMC-Ag 

hybrids prepared using the three synthetic protocols are 

presented in Figure 7. As shown in Figure 7A, CMC-Ag1 

exhibited stable and continuous silver release with no obvious 

initial burst. This is because in CMC-Ag1, well-dispersed 

AgNPs were firmly anchored and embedded inside the 

CMC-polymer network, and the strong interactions between 

silver and CMC prevented the dissolution of AgNPs to 

silver ions and the diffusion of silver ions into phosphate 

buffer, allowing CMC-Ag1 to release silver in a controlled 

way.48 In contrast, the silver-release profiles of CMC-Ag2 

and CMC-Ag3 can be described as a two-step process of an 

initial burst release followed by subsequent slower release. 

Specifically, CMC-Ag2 showed very fast silver release in the 

Table 2 MIC results of CMC, CMC-Ag1, CMC-Ag2, CMC-Ag3, 
and commercially available AgNPs

Sample code MIC values (%, w/v)

Staphylococcus aureus Escherichia coli

Blank –a –a

PBS –a –a

CMC 2 3
CMC-Ag1 0.00625 0.0125
CMC-Ag2 0.025 0.05
CMC-Ag3 0.0125 0.025
AgNPs 0.025 0.075

Notes: aNo antibacterial properties. All experiments conducted in triplicate.
Abbreviations: MIC, minimum inhibitory concentration; CMC, carboxymethyl 
chitosan; CMC-Ag, CMC–nanosilver; AgNPs, silver nanoparticles; PBS, phosphate-
buffered saline.

Figure 6 Colonies of Staphylococcus aureus and Escherichia coli after treatment with CMC-Ag1, CMC-Ag2, and CMC-Ag3 at a concentration of 0.00625%.
Notes: (A–D) Colonies of S. aureus after treatment with blank, CMC-Ag1, CMC-Ag2, and CMC-Ag3, respectively; (E–H) colonies of E. coli after treatment with blank, 
CMC-Ag1, CMC-Ag2, and CMC-Ag3, respectively.
Abbreviation: CMC-Ag, carboxymethyl chitosan–nanosilver.
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early stage (up to 6 hours), then the release rate slowed in 

the second stage. For CMC-Ag3, the release amount of silver 

increased over the first 12 hours, and then slowed at longer 

times. The initial burst release could be attributed to the rapid 

dissolution of free AgNPs suspended in the phosphate buffer, 

as well as the discrete AgNPs attached on the surface of 

CMC.4 In addition, as shown in Table 1, the cumulative 

percentage of silver released after 240 hours was much lower 

for CMC-Ag1 (12.35%) than for CMC-Ag2 (46.19%) and 

CMC-Ag3 (34.69%), suggesting that CMC-Ag1 had much 

better performance in retaining silver for prolonged periods. 

Besides, in the case of CMC-Ag1, the total concentration of 

silver released after 240 hours was 6.3 ppm, which was lower 

than the half maximal inhibitory concentration (15–21 ppm) 

of silver ions reported for some mammalian cells, such as 

L929 murine fibroblasts,17,49 implying that CMC-Ag1 exhib-

ited good biocompatibility with mammalian cells. This may 

help expand its potential applications in the biomedical and 

biological fields.

Conclusion
A green, simple and efficient approach for the fabrication 

of CMC-Ag hybrids was reported. The synthesis was con-

ducted in an aqueous medium in the presence of microwave 

irradiation for 10 minutes using different synthetic protocols. 

Spherical AgNPs were successfully obtained via all three 

protocols, but the amount, average size, and size distribu-

tion of AgNPs in the different hybrids varied considerably. 

Results showed that the order of addition of glucose and 

AgNO
3
 had a significant effect on the particle size and size 

distribution of AgNPs, and the addition of glucose was con-

ducive to the production of more AgNPs. With the use of 

glucose as the reducing agent (adding glucose after AgNO
3
), 

many stable, uniform, and small AgNPs were synthesized 

in situ on the CMC chains. The size distribution of AgNPs 

was quite narrow, in the range of 6–20 nm, and the mean 

diameter was only 12.22±2.57 nm.

Compared to CMC alone and commercially available 

AgNPs, the antimicrobial activities of the three hybrids were 

Figure 7 In vitro silver release time profiles of CMC-Ag1 (A), CMC-Ag2 (B), and CMC-Ag3 (C).
Notes: All experiments were conducted in triplicate. Error bars represent standard deviation.
Abbreviation: CMC-Ag, carboxymethyl chitosan–nanosilver.
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significantly better. Of the three hybrids, CMC-Ag1 exhibited 

superior antimicrobial activity to CMC-Ag2 and CMC-Ag3. 

Additionally, for CMC-Ag1, well-dispersed AgNPs were 

firmly anchored and embedded inside the CMC-polymer 

network. The strong coordination and electrostatic interac-

tions between CMC and silver and the good steric protection 

provided by CMC enabled CMC-Ag1 to display stable and 

continuous silver release and show better silver retention 

compared to CMC-Ag2 and CMC-Ag3.

Overall, CMC-Ag1 exhibited outstanding hybrid per-

formance with excellent antimicrobial activity, as well as 

sustained and controlled silver release, suggesting that this 

novel material may be a promising antimicrobial candidate 

for application in biomedical and biological fields, coatings, 

clothing, textiles, wood products, food packaging, and other 

applications. Further investigation into CMC-Ag1, including 

the kinetics of silver release and the mechanism of antimi-

crobial activity, will be initiated in the near future.
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