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Abstract Silver nanoparticles embedded in a car-

boxymethyl cellulose matrix (AgNPs/CMC) were synthe-

sized by a UV irradiation technique. The successful

formation of AgNPs/CMC was examined using UV–Vis

spectroscopy, XPS, XRD, TEM, and FTIR. The factors in

the preparation process that affected the final products were

extensively studied. Thus, 5.0 mM AgNO3, 0.5 g l-1

CMC, and exposure to UV light for 2.5 min provide ex-

cellent combinations to accomplish the AgNPs/CMC for-

mation. Measurements of optical spectra showed that the

surface plasmon resonance was localized around 426 nm

when the reaction mixture exposed to UV light for 0.5 min;

that is monotonically blue shifted to 403 nm up to 2.5 min

exposure time. This is manifested in a quick reduction of

Ag? into smaller Ag nanoparticles. The IR analysis indi-

cated that hydroxyl and carboxylate groups in CMC were

included in coordination with the Ag? ions through dis-

placement of one proton. Upon absorbing UV light, the

cellulose hydroxyl and carboxymethylic groups get excit-

ed, which reduce Ag? ions to Ag nanoparticles. The TEM

image for the optimal designed AgNPs/CMC sample con-

firmed that AgNPs are formed with many individual

spherical shapes and an average diameter of 15.5 nm. This

AgNPs/CMC sample showed promising antibacterial

properties toward E. coli.
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1 Introduction

In recent years, the term metal nanoparticles has arisen and

metal nanoparticles have attracted great attention due to

their large surface area to volume ratio as well as their

unique optical, electronic, and catalytic properties, which

make them find applications in many different fields [1, 2].

Metal nanoparticles are mainly utilized in many applica-

tions such as water purification, catalysis of chemical re-

actions, and hydrogen storage. For example, a wide range

of applications have been found for metal nanoparticles in

catalysis [3, 4], electronics [5], sensors and high-density

information storage [6], photonics [7], pharmaceuticals,

biotechnology, and medicine [8].
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Due to their high active surface area, metal nanoparti-

cles generally tend to agglomerate forming larger particles.

To prevent this agglomeration action and to stabilize and

control the nanoparticles structures, various biological

templates, synthetic polymers, natural polymers, and sur-

factants have been used [9–11]. Some biological systems

have natural complicated mesoscopic and macroscopic

structures with tremendous control over the placement of

nanoscopic building blocks within extended architectures

[12]. Thus, the use of organic polymers as templates can be

considered as one of the most powerful and effective

methods used to synthesize metal nanoparticles [13–15]. In

addition to producing stable and dispersed nanoparticles

with controlled size, shape, and distribution, this method

also enables one to combine the desired properties of the

template polymers together with the novel properties of the

metal nanoparticles, which make the resulting composite

suitable for different unique applications [16, 17].

Recently, much effort is focused on the biomimetic self-

assembly of natural polymers. The concept of green syn-

thesis of nanoparticles was first promoted by Raveendran

et al. [18] in which glucose acted as reducing agent and

starch played the role of particles stabilizer. Particularly,

using natural polymers such as polysaccharides as tem-

plates for the preparation of metal nanoparticles has at-

tracted much interest because the composites which are

composed of natural polymers and metal nanoparticles

provide great potential for biomedical applications such as

in biosensing, therapy, bioimaging, and cancer therapy.

Silver has been used for its antimicrobial properties since

ancient times [19]. When penicillin was discovered and the

era of the antibiotics began, the use of silver for its antimi-

crobial properties decreased [20]. Since biocide-resistant

strains have emerged, the interest in using silver as an an-

timicrobial agent has risen again [21]. However, antimicro-

bial agents based on ionic silver (e.g., silver nitrate) have one

major drawback: They are easily inactivated by com-

plexation and precipitation and thus have a limited useful-

ness [22]. Zerovalent silver nanoparticles were considered as

a valuable alternative for ionic silver. It has been cited that

silver nanoparticles are antimicrobial toward a broad spec-

trum of Gram-negative and Gram-positive bacteria [23, 24].

Furthermore, silver nanoparticles show antifungal [25] and

antiviral activity [26, 27]. Besides their antimicrobial prop-

erties, silver nanoparticles can be used for their catalytic,

conductive, and optical features [28–30]. Silver nanoparti-

cles were prepared by means of using the carbohydrate

polymer and sodium carboxymethyl cellulose. In that case,

sodium carboxymethyl cellulose was found to work effec-

tively as both reducing and stabilizing agents [2, 31].

The aim of the present study is to investigate car-

boxymethyl cellulose (CMC) as a stabilizing agent for the

green synthesis of silver nanoparticles under UV

photoirradiation. Studying the multiple reaction conditions

including Ag? ion and CMC concentrations, UV exposure

duration has been disclosed. The structural properties of the

Ag nanoparticles embedded in CMC (AgNPs/CMC) pro-

duced as well as the influence of the interaction between CMC

chains and Ag? while being reduced under UV irradiation

was investigated. Thus, transmission electron microscopy

(TEM), X-ray photoelectron spectroscopy (XPS), powder

X-ray diffraction (XRD), Fourier transform infrared spec-

troscopy (FTIR), and UV–Visible spectroscopy tools were

combined to characterize the obtained AgNPs/CMC. Finally,

the silver nanoparticles were tested for antimicrobial activity.

2 Experimental

2.1 Synthesis of AgNPs/CMC

A simple one-step reaction of AgNO3 (Merck) with CMC

molecules (S. D. Fine Chem. Ltd., India, high viscosity,

98 %) was used to synthesize AgNPs embedded in CMC

substrate. No other additives were used either to promote

the reaction or to protect growth Ag particles. A stock

solution of 0.1 M AgNO3 solution was made and kept in

the dark for the protection against sunlight. Then, 10 ml

AgNO3 solution was added drop by drop into an aqueous

CMC solution (0.1 g dissolved in 200 ml distilled water at

50 �C for 30 min) while stirring at room temperature. The

color of the mixed solution did change to confirm the ex-

istence of charged Ag?. Afterward, the evaporated water is

carried off at 80 �C under purging of nitrogen gas, and this

sample is designated as Ag/CMC-air.

2.2 Preparation of Ag/CMC using UV

photoirradiation

At 50 �C for 30 min with stirring, 0.1 g CMC was dissolved

in 200 ml (0.5 g l-1) distilled water and then cooled down

to the room temperature, and then, 10 ml silver nitrate

(0.1 M) solution was added drop wise to the CMC solution

to finally give 5.0 mM. The resulting solution mixture was

then subjected to UV irradiation under N2 atmosphere at

different times, i.e., 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 min. The

UV light was generated in the high-pressure mercury lamp,

6 W at 245 nm. The cell used was made of quartz: 40 mm

diameter and 195 mm height. The color of the resulting

solution turns gradually to gray after 1.0 min, and therefore

the Ag nanoparticles were obtained. Aliquots were then

measured at 300–500 nm to ascertain the formation of sil-

ver nanoparticles. After finishing the reaction, an appro-

priate cut-off filter was placed in front of the reactor to

remove the portion of the UV radiation. The samples were

dried at 80 �C under N2 gas; these samples were designated
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as xAgNPs/CMC (x = 0.5–3.0), and the sample name pre-

fix is related to the UV exposure time in min.

2.3 Effect of CMC concentration on the prepared

Ag/CMC

Definite amounts of CMC 0.025, 0.05, 0.075, and 0.1 g in

200 ml distilled water were heated to 50 �C for 30 min. The

turbid solution thus formed was cooled down to the room

temperature in which a clear solution was obtained. Follow-

ing this, 10 ml silver nitrate solution (0.1 M) was added drop

wise to the CMC solution. The mixture solution samples were

then UV-irradiated under N2 gas at different time intervals.

2.4 Effect of AgNO3 concentration

Certain volumes of solution with a certain molar concen-

tration of silver nitrate (2–12 ml, 0.1 M) were added drop

wise to 200 ml CMC solution (0.5 g l-1) and then subjected

to UV irradiation under N2 gas at different time intervals.

Different aliquots were then taken and checked by UV

spectra for the production of silver nanoparticles.

2.5 Antimicrobial screening

The antibacterial activity of Ag nanoparticles stabilized

into CMC matrix was tested against two types of bacteria:

(1) Gram-negative bacteria: Escherichia coli NCTC

10416, Pseudomonas aeruginosa NCIB 9016 and (2)

Gram-positive bacteria: Bacillus subtilis NCIB 3610,

Staphylococcus aureus NCTC 7447, and fungi, namely

Candida albicans IMRU 3669 using nutrient agar medi-

um. The sterilized medium, autoclaved at 120 �C for

30 min at 40–50 �C, was incubated (1 ml/100 ml of

medium) with the suspension (105 cfu ml-1) of the mi-

croorganism (matched to McFarland barium sulfate

standard) and poured into a petri dish to give a depth of

3–4 mm. The paper impregnated with the test compounds

(lg/ml-1 in methanol) was placed on the solidified

medium. The plates were pre-incubated for 1 h at room

temperature and incubated at 37 �C for 24 and 48 h for

antibacterial and antifungal activities, respectively.

Ampicillin (mg/disk) was used as standard for antibacte-

rial and antifungal activities. The observed zone of inhi-

bition is presented in Fig. 10.

2.6 Physicochemical characterization

X-ray diffraction (XRD) data of the samples were mea-

sured at room temperature by using a Philips diffractometer

(type PW 3710). The patterns were run with Ni-filtered

copper radiation (k = 1.5404 Å) at 30 kV and 10 mA with

a scanning speed of 2h = 2.5�/min.

The FTIR spectra were recorded on a Perkin-Elmer

spectrometer (RXI FTIR) system, single beam with a

resolution of 2 cm-1. The samples were ground with KBr

(1:100) as a tablet and mounted to the sample holder in the

cavity of the spectrometer. The measurements were recorded

at room temperature in the region 4000–400 cm-1.

The size, morphology, and surface topology of the syn-

thesized Ag particles on CMC solution were studied with

transmission electron microscope (TEM) using a JEOL-JEM

1010 electron microscope films after ultramicrotoming with

Leica EM UC6 ultramicrotome. The samples were prepared

by placing a drop of the corresponding Ag nanoparticles

solution onto a carbon-coated Cu grid followed by slow

evaporation of solvent at ambient conditions.

X-ray photoelectron spectroscopy (XPS) measurements

were obtained on a KRATOSAXIS 165 instrument equipped

with dual aluminum–magnesium anodes using MgKa radiation

as the X-ray source at a power of 150 W (accelerating voltage

12 kV, current 6 mA) in a vacuum of 8.0 9 10-8 mPa. The

measured samples were prepared by adding silver powder on

freshly cleaved HOPG and drying at the room temperature.

The optical characterization of Ag colloids in water and

AgNPs/CMC nanocomposite films was done using a

Perkin-Elmer Lambda 35 spectrophotometer, employed at

the range of 190–900 nm with the resolution of 0.5 nm.

3 Results and discussion

3.1 The UV–Vis spectroscopy

The effect of the following variables on the one-pot pho-

toinduced synthesis of silver nanoparticles was investigated

under normal laboratory conditions following three dif-

ferent experimental protocols. This includes (1) varying the

length of UV exposure at fixed concentrations of CMC and

AgNO3, (2) varying concentration of CMC at fixed con-

centration of AgNO3 and fixed length of UV exposure, and

Table 1 Antibacterial activity of synthesized Ag/CMC nanoparticles

Sample code Test organism

Bacillus subtillus E. coli Staphylococcus aureus Pseudomonas aeruginosa Candida albicans A. niger

Pure CMC – – – – – –

2.5 Ag/CMC 13.5 14 11 16 16 –
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(3) varying concentration of AgNO3 at fixed concentration

of CMC and fixed length of UV exposure.

3.1.1 Effect of UV exposure time

The first experiment was conducted to determine the op-

timum length of UV exposure by exposing a mixed solu-

tion of AgNO3 (5.0 mM) and CMC (0.5 g l-1) to UV light

for 0.5–3.0 min in order to obtain silver nanoparticles

embedded in the CMC matrix (Fig. 1). A combination of

UV and pure CMC only yielded a minimum absorption

band at 256 nm (Fig. 1a), which may be assigned to a

p ? p* transition derived from carbonyl groups (C=O) or

ethylene unsaturated bonds (=C=C=) of the type

(–CH=CH–)CO in the CMC structure [32, 33]. Likewise,

the absorption spectrum of Ag?/CMC without involving

UV light exposure showed a blue shift in wavelength from

256 to 242 nm, and the absorbance value decreased

(Fig. 1b). This is probably due to the interaction of CMC

with Ag? ions, although plasmon absorption of nanosilver

did not produce [34, 35]. Subsequent exposure to UV ir-

radiation for 0.5 min brought about a weak broad band at

426 nm. As a result of gradual increase in UV exposure

time from 0.5 to 2.5 min, the Ag?/CMC solution evenly

and gradually gets darker in color through concurrent for-

mation of the silver nanoparticles. Concurrently, broad

absorption bands from 350 to 550 nm with maxima at

403 nm were developed with UV irradiation time which can

be a result of a surface plasmon resonance (SPR) phe-

nomenon [36–39], as due to the formation of Ag nanoparti-

cles (Fig. 1c–h). This observation is accompanied by a

regular blue shift in the range of 426–403 nm. The blue shift

is indicative of the formation of smaller silver nanostructures

according to increase in reducing efficiency of Ag? ions to

metallic Ag afforded by the photoactivated CMC [40]. Thus,

2.5 min of UV exposure was determined to be the optimum

length of time for production small size of silver nanoparticles

in CMC (2.5 AgNPs/CMC). The CMC fiber chains thus

provide a more effective steric stabilization and reduce the

crystal growth of the silver nanoparticles. Besides, the added

CMC, alongside the stabilizing effect, accelerates the photo-

catalytic reduction of the Ag? ions.

3.1.2 Effect of CMC concentration

To determine the optimum concentration of CMC provid-

ing a homogeneous state of reaction mixture in the reactor,
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Fig. 1 UV–Vis spectra of AgNPs/CMC prepared at different times of

UV exposure: (a) pure CMC, (b) 0.0 min, (c) 0.5 min, (d) 1.0 min,

(e) 1.5 min, (f) 2.0 min, (g) 2.5 min, and (h) 3 min
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Fig. 2 UV–Vis spectra of AgNPs/CMC prepared at different CMC

concentrations: (a) 0.25 g l-1, (b) 0.5 g l-1, (c) 0.75 g l-1, and

(d) 0.1 g l-1
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Fig. 2 shows the absorption spectra of AgNPs/CMC using

a constant concentration of AgNO3 (5.0 mM) and different

CMC concentrations (0.25–1.0 g l-1) in combination with

2.5 min of UV exposure. The spectra reveal that almost

similar plasmon bands were formed near a wavelength at

407–403 nm in low CMC concentrations, i.e.,

0.25–0.50 g l-1, of ideal bell-shape characteristic for the

formation of AgNPs. It is also clear that there is a gradual

decrease in the absorption intensity of the 407–403 nm

band by increasing the CMC concentration above

0.50 g l-1, which might be ascribed to the CMC matrix-

induced significant changes to AgNPs. Therefore, highly

uniform silver nanoparticles would occur at optimal CMC

concentration of 0.5 g l-1. This figure also demonstrates

another interesting influence of the CMC matrix on the

spectra at higher concentrations of CMC, i.e., 0.5–1.0 g l-1,

where the plasmon bands experienced broadening and red

shifting to longer wavelengths (Fig. 2c, d). Kreibig and

Vollmer [41] have attributed this observation to concen-

trated colloids of silver nanoparticles which, in turn, result in

agglomeration spread over in the aqueous solution. Thus,

higher CMC concentrations brought about a faster photo-

chemical reaction.

3.1.3 Effect of silver nitrate concentration

Figure 3 shows the UV–Vis spectra for AgNPs/CMC

produced with AgNO3 concentrations varying between 1.0

and 6.0 mM, a constancy of CMC concentration at

0.5 g l-1 and UV exposure time of 2.5 min. Similar ab-

sorption spectra were obtained at wavelength 420 nm, and

the peaks intensity increases with increasing AgNO3 con-

centration and shifted gradually to lower wavelength, i.e.,

404 nm. This result is associated with a very tiny band at

260 nm delivered at lower concentrations of AgNO3

(1.0–3.0 mM), indicating the presence of small amounts of

Ag? in AgNPs/CMC [42, 43]. This band disappeared in

favor of the band at 406 nm by increasing the concentra-

tion of AgNO3 to 5.0 mM. Thus, the increase in Ag?

concentration than 3.0 mM results in the formation of more

AgNPs as evident by the increase in absorbance at 404 nm.

In other words, in order to achieve better stability and ef-

ficient reduction for conversion of Ag? ions to silver

nanoparticles with extremely small sizes, certain ratio of

silver nitrate to CMC in the reaction medium must be

ascertained. Consequently, an optimized concentration of

AgNO3 (5.0 mM) and CMC (0.5 g l-1) at UV exposure

time of 2.5 min was found to be best for complete pho-

toinduced reduction of Ag? ions in the absence of any

external reducing agents to get AgNPs/CMC composite.

This sample is referred to as the 2.5 AgNPs/CMC.

3.2 X-ray diffraction (XRD) analysis

Figure 4 is the X-ray diffraction patterns of pure CMC before

and after UV irradiation for 2.5 min, and AgNPs/CMC

samples made with different CMC concentrations varying

from 0.25 to 1.0 g l-1, while the concentration of AgNO3

was kept constant at 5.0 mM. The pure CMC showed one

main peak at a (d) value of 4.31 Å, related to crystallinity of

cellulose fibers [44] (Fig. 4a). Control UV light-irradiated

CMC sample for 2.5 min had ‘‘halo’’ pattern characteristic of

amorphous materials (Fig. 4b). This result suggests decrease

in the lattice defects within the crystalline phase of CMC by

the exposure to UV light [45, 46]. We arrived at the same

conclusion by FTIR as shown below.

At low CMC concentration as 0.25 g l-1, the XRD

pattern showed diffraction peaks at (d) = 3.05 and 2.69 Å

related to unreacted AgNO3 precursor and other peaks at

2.36, 2.04, 1.44 and 1.23 Å related to face-centered cubic

silver nanoparticles [42, 43, 47] (Fig. 4c). Increasing the

CMC concentration to 0.05 g l-1 showed the trend of in-

creasing intensity of these peaks on account of those re-

lated to unreacted AgNO3, emphasizing the beneficial

effect of CMC in the stabilizing of a distinct phase of face-

centered cubic structure of AgNPs (Fig. 4d). Further in-

crease in the CMC concentration to 1.0 g l-1 led to a

dramatic decrease in intensity of the AgNPs XRD peaks

(Fig. 4e), probably induced by the increased viscosity

contributed significantly to hydrogen bonding of adjacent

CMC molecules in the reaction solution.
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Figure 5 shows time-dependent effect of UV irradiation

in the synthesis of crystalline AgNPs/CMC which is

formed by the reaction of AgNO3 (5.0 mM) over CMC

(1.0 g l-1). Short-time (1.0 and 1.5 min) exposure to UV

radiation causes reflections of AgNO3 at (d) = 3.06 and

2.68 Å, and a reflection of cubic structure of silver

nanoparticles at 2.36 Å corresponds to (111) plane. In-

creasing UV exposure time to 2.5 min led to lines at d

values of 2.36, 2.05, 1.45, and 1.23 Å and corresponded to

(111), (200), (220), and (311) lattice planes of cubic

crystalline structure of AgNPs, respectively, where they

compared with the standard powder diffraction card of

JCPDS file number 01-1167. The peak intensity of the

(111) plane at (d) = 2.36 Å is very high, and this is due to

the preferential adsorption of Ag atoms on that plane in the

course of photochemical preparation of Ag nanoparticles.

The average size of silver nanoparticles as estimated from

the FWHM of the (111) and (200) planes of silver using the

Debye–Scherrer formula was 4.4 nm. UV light is absorbed

by molecules of CMC, and the photodissociative excitation

of functional groups of CMC such as –COOH/–OH by

photons will reduce Ag? ions to Ag nanoparticles. These

results are in good accordance with the literature [48]. This

technique may provide the fastest yet method of preparing

Ag nanoparticles in the CMC matrix.

3.3 XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements

were carried out to confirm the chemical state(s) of silver in

the 2.5 AgNPs/CMC composite. Hence, the binding energy

of Ag 3d is very sensitive to the chemical environment of

Ag, which makes it a particularly suitable to probe the

electron-donating ability of the polymeric CMC. Figure 6

shows the XPS spectrum of 2.5 AgNPs/CMC prepared

through the reaction between CMC (0.5 g l-1) and AgNO3

(5 mM) in a total volume of 200 ml H2O under UV ra-

diation for 2.5 min. The survey spectrum of this sample

showed characteristic peaks of O 1s at 533.91 eV, C 1s at

286.49 eV, and N 1s at 400.36 eV. The curve-fitting ana-

lysis of Ag0 showed two intense peaks which appear at

binding energies of 372.98 eV for Ag 3d3/2 and 379.11 eV

for Ag 3d5/2 with 6.13 eV separations. Therefore, it is

Fig. 4 XRD patterns of AgNPs/CMC prepared at different CMC

concentrations: (a) pure CMC, (b) CMC after irradiation with UV for

2.5 min, (c) 0.25 g l-1, (d) 0.5 % g l-1, (e) 1.0 g l-1
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Fig. 5 XRD patterns of AgNPs/CMC prepared at different times of

UV exposure: (a) 1.0 min, (b) 1.5 min, and (c) 2.5 min
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clearly evident that Ag? ions are reduced to silver

nanoparticles in the presence of CMC and UV light. In the

survey spectrum, we did not observe peaks for the oxide

formation, which indicates the stability of AgNPs. The O

1s peak is likely a consequence of surface oxygen atoms in

CMC which remain attached to the AgNPs.

3.4 FTIR spectra

The FTIR spectra of the pure CMC before and after UV

irradiation for 2.5 min and 2.5 AgNPs/CMC samples were

used to obtain information about the surface interaction of

CMC to the Ag(I) ions, and the results are displayed in

Fig. 7. According to Pecsok et al. [49], carboxyl groups

show two peaks at the wave numbers about 1600–1640

and 1400–1450 cm-1. Therefore, the IR spectrum of

CMC before irradiation exhibited two characteristic ab-

sorption bands at 1622 and 1432 cm-1 assigned to mas

(COO-) and ms(COO-) carboxylate vibrational stretching,

respectively (Fig. 7a). The crystallinity index of irradiated

CMC was decreased due to breaking of some hydrogen

bonds in the crystalline parts of cellulose chains [50],

which was confirmed by decreasing the intensity of the

main hydroxyl group at 3410 cm-1 as well as its shift to

3432 cm-1 (Fig. 7b). The decrease in crystallinity of

CMC after irradiation was also indicated by vanishing of

the 3356 and 3316 cm-1 bands of an extensive hydrogen

bonding. These observations are on the whole consistent

with the loss in crystalline order observed via XRD of

irradiated CMC.

The downward shift of the mas(COO-) stretching band

from 1622 to 1605 cm-1 as well as vanishing of the ms

(COO-) band in the spectrum of 2.5 AgNPs/CMC (Fig. 7c)

suggests coordination of the –COO- groups to Ag? ions.

Interestingly, an IR peak at around 1371 cm-1 that corre-

sponds to the symmetric stretching mode of carboxylate

(COO-) groups has grown very strong in the spectrum of

2.5 AgNPs/CMC, which is considered to be a characteristic

of carboxylic acids adsorbed on AgNPs [51]. It has been

reported that the changes related to carboxylate stretching

bands might indicate mode of Ag? interaction with

–COO- groups in CMC from the wavenumber separation,

Dm, between the mas(COO-) and ms(COO-) bands. The

values of Dm = mas(COO)-ms(COO) in monodentate com-

plexes are expected to be much larger than 350 cm-1, and

the smallest Dm (\200 cm-1) is for the chelating bidentate

interaction. When 200\Dm\ 350 cm-1, the carboxylate

group is present as an intermediate state between mon-

odentate and bidentate, which is called anisobidentate. In

our work, the Dm value is 226 cm-1 (1605–1379 cm-1);

thus, anisobidentate carboxylate on isolated Ag(I) sites

could belong to the interaction mode. Ag(I) carboxylates

mostly form bridged dimers (Ag2L2) and also polymeric

network [52].

In a study characterizing CMC, peaks at 3410, 3356, and

3316 cm-1 were allocated to free OH stretching vibration

and inter- and intra-molecular hydrogen bonds, respec-

tively [53]. It is clear that the crystallinity of CMC was

further decreased after completion of the reaction and

stabilizing AgNPs in CMC (Fig. 7c). This can be
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Fig. 7 FTIR spectra for (a) pure CMC, (b) CMC after irradiation

with UV for 2.5 min, and (c) 2.5 AgNPs/CMC
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exposing a mixed solution of 0.5 g l-1 CMC and 5.0 mM AgNO3 in

200 ml distilled water to UV radiation for 2.5 min
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confirmed by the band at 3410 cm-1 that experienced a

decrease in intensity as well as a downward shift from 3432

to 3424 cm-1. This is consistent with the decrease in the

hydrogen bonds in the crystalline part of the cellulose

chain, which could be interpreted as due to the polarization

of the cellulose O–H and carboxymethylic (–CH2–COOH)

groups. The photochemical reactions in the 2.5 AgNPs/

CMC composite is initiated by one-electron transfer from

the hydroxyl/carboxylate ion to the bound Ag? ion, giving

rise to silver atoms (Fig. 8). The carboxyl radical (RCOO�)

is converted to carboxylic acid (RCOOH) as a result of

hydrogen abstraction from the C–H bond of the polymer

chain. This is manifested by the dramatic increase in band

intensity at 1371 cm-1 characteristic of adsorbed car-

boxylic acid (Fig. 7c).

Another change in the IR spectrum of the 2.5 AgNPs/

CMC was observed for the band at 1023 cm-1, which

occurs as a result of the C–O–C glycosidic ether links [54].

This band completely disappeared owing to ether bond

cleavage after the introduction of Ag? in the CMC struc-

ture. Thus, more highly anionic CMC would be expected to

interact more strongly with Ag? ions through not only

negatively charged COO2 groups but also ionized OH2

groups too. The large number of these anions on CMC can

facilitate the reduction of Ag? ions to AgNPs when ex-

posed to UV light. Very likely Ag? interacts weakly with

OH- derived from dissociated H2O molecules to produce a

very weak feature at 3754 cm-1 due to Ag-OH. However,

the same was not observed for the undoped CMC sample.

3.5 Transmission electron microscopy (TEM)

analysis

Figure 9 shows the TEM image of the 2.5 AgNPs/CMC

sample, which shows typical spherical Ag nanoparticles

Fig. 8 Proposed schematic diagrams for the interaction of AgNO3 with CMC under UV radiation for 2.5 min

Fig. 9 TEM image of the 2.5 AgNPs/CMC sample
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within the polymeric matrix. The nanoparticles were

separated from each other, and sizes of the primary AgNPs

particles varying between 2 and 15 nm were determined.

The TEM image of this sample also indicated that the

particles are well dispersed in the solution. Thus, the UV–

Vis spectra supported by the XRD, XPS, and TEM indi-

cated that CMC is an effective reducing agent for Ag salt to

produce AgNPs with higher degree of monodispersion

under UV irradiation.

3.6 Biological activity

The investigated 2.5 AgNPs/CMC and pure CMC were

tested against antibacterial activity in vitro using the paper

disk diffusion technique [55, 56]. The tested microorgan-

ism strains were: Gram-negative bacteria: E. coli NCTC

10416, P. aeruginosa NCIB 9016 and Gram-positive bac-

teria: B. subtilis NCIB 3610, S. aureus NCTC 7447; the

results of antimicrobial activity values and zone of inhi-

bition are given in Fig. 10 and Table 1. From Table 1, it

has been clarified that CMC was inactive toward all Gram-

positive and Gram-negative bacteria, whereas 2.5 AgNPs/

CMC exhibited moderate activity against B. subtilis and

E. coli bacteria when compared to the inhibitory activity

toward P. aeruginosa and C. albicans. In the contrary, 2.5

AgNPs/CMC showed a loss in activity against S. aureus,

but the remaining members exhibited weak activity. A

lower value exhibited by the silver nanoparticles against S.

aureus is of great significance in the healthcare delivery

system. The silver nanoparticles could be used as an al-

ternative to orthodox antibiotics in the treatment of infec-

tions caused by the microorganisms, especially because

they frequently develop resistance to known antibiotics.

The less pronounced effect on S. aureus compared with P.

aeruginosa is probably due to the different cell wall

structure of Gram-positive and Gram-negative bacteria.

Gram-negative P. aeruginosa is more sensitive to silver

than Gram-positive S. aureus. Based on these results, the

obtained hybrid materials with Ag nanoparticles have ef-

ficient antibacterial properties for both Gram-positive and

Gram-negative bacteria. The antibacterial action of silver

may be due to the interaction with the bacterial cell wall

resulting in cell wall rupture, leading to protein denatura-

tion and cell death. Silver and silver ions can cause ox-

idative stress by free radical formation in cytoplasm and

disruption of bacterial membrane. Many authors [57]

established that the action of silver nanoparticles is similar

to that of silver ions. Yoon et al. [58] investigated the

antibacterial activity of silver nanoparticles and reported

that the P. aeruginosa is more sensitive to silver

nanoparticles compared to S. aureus, due to different cell

wall structure of Gram-positive and Gram-negative bacte-

ria. Similar data were reported by Lara et al. [59] as a result

of investigation of bactericidal effect of silver nanoparti-

cles against multidrug-resistant bacteria. It is believed that

DNA loses its replication ability and the cellular proteins

Fig. 10 Antimicrobial activity of 2.5 AgNPs/CMC for: a B. subtillus, b Pseudomonas aeruginosa, c candida, d Staphylococcus aureus, and

e E. coli
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become inactivated on Ag? treatment [60]. In addition, it

was also shown that Ag? binds to functional groups of

proteins, resulting in protein denaturation [61]. However,

the Ag? ions have only limited usefulness as antimicrobial

agents for several reasons: the interfering effects of salts

and the discontinuous release of inadequate concentrations

of Ag? ions from the metal. In contrast, these limitations

can be overcome by using AgNPs because they are highly

reactive species due to their large surface areas [62].

In vitro antifungal studies from 2.5 AgNPs/CMC and

pure CMC were tested against C. albicans IMRU 3669,

Aspergillus niger ferm-BAM C-21, and the antifungal ac-

tivity is presented in Table 1. In general, all the AgNPs

samples exerted more activation in vitro antifungal activity

against the tested organism.

4 Conclusions

A green chemistry approach for the synthesis of AgNPs in

the CMC matrix using aqueous solution of silver nitrate

under UV irradiation has been evidenced experimentally.

CMC served as the reducing agent during the synthesis as

well as stabilizing matrix for AgNPs in highly dispersed

fashion. The fabrication procedure of the AgNPs was done

by using well-defined experimental conditions including

variation of the concentrations of silver nitrate and CMC

and variation in the length of UV exposure. The outcome

of these experiments demonstrates that the stability of Ag?

toward reduction to AgNPs would increase at a very short

UV irradiation below 3.0 min. The Ag? reduction

mechanism was mainly dependent on the presence of the

–COOH and –OH surface species in the fiber host matrix of

CMC. Thus, the synthesis of AgNPs/CMC was efficient,

straightforward, and did not need any harsh reduction

conditions. The synthesized AgNPs were stable for more

than a month under ambient conditions without the indi-

cation of oxide formation.

The interactions of positively and negatively charged

AgNPs with bacterium E. coli. showed that positively

charged AgNPs deposited better with the bacteria surface

compared with the negatively charged ones. The present

research could find new applications for a fast synthesis

process of other nanomaterials as well as to understand the

interactions of AgNPs with microorganisms.
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