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ABSTRACT	� Carboxymethyl cellulose hydrogels were developed through crosslinking process using eco-friendly 
crosslinkers such as maleic, succinic, and citric acids. Carboxymethyl cellulose was prepared from 
the cellulosic fraction of olive industry residues. A series of hydrogels with varying crosslinker acid 
concentrations, reaction times, and reaction temperatures was produced to study the swelling capacities 
and gel fraction of the obtained hydrogels. Additional study pertains to the preparation of antimicrobial 
nanocomposite hydrogels through in-situ incorporation of the silver nanoparticles during the crosslinking 
reaction. Silver nanoparticles were prepared by reduction of AgNO3 with leaves of Ricinus communis. The 
particle size of prepared silver nanoparticles was detected by transmission electron microscopy (TEM). 
Chemical structure and morphological characterizations of the prepared hydrogels were performed using 
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-dispersive 
X-ray spectroscopy (EDX). Finally, the antimicrobial activity of the loaded silver hydrogels against Gram
negative (G -ve), Gram positive (G +ve), and Candida albicans yeast was demonstrated.
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1  INTRODUCTION

Carboxymethyl cellulose (CMC) is considered as one 
of the most important cellulose derivatives, which has 
great importance in industry and everyday life. CMC 
is a linear, long-chain, water-soluble, and anionic 
polysaccharide derived from cellulose. Additionally, 
CMC is a white to cream colored as well as tasteless, 
odorless, and water-soluble polysaccharide with high 
molecular weight properties [1].

The value of CMC comes from its properties, such 
as nontoxicity biocompatibility and biodegradability, 
which make it suitable for widespread use in indus-
trial and biomedical fields [2]. It has lots of applica-
tions in the textile, paper, detergent, pharmaceutical, 
food, and ceramic industries, among others. So, it is 

produced in much higher amounts than any other cel-
lulose derivative. 

Polycarboxylic acids with multi-carboxyl groups, 
such as succinic, maleic, and citric acids, were chosen 
as solubilizing and crosslinking agents in the prepa-
ration of CMC-based hydrogel [3] for the following 
reasons: firstly, besides its multi-carboxylic structure, 
interaction can take place between the carboxyl groups 
of acids and the hydroxyl groups on CMC as an esteri-
fication reaction; this interaction would improve the 
water resistibility due to hydrophobic ester groups [4]. 
Secondly, the carboxyl groups of acid can form stron-
ger hydrogen bonds with the hydroxyl groups of CMC 
chain. Furthermore, because of the multi-carboxyl 
structure, acid may serve as a crosslinking agent and, 
hence, it may improve the mechanical properties and 
water resistibility [5]. Thirdly, acid is rated as nutri-
tionally harmless since it is a nontoxic metabolic prod-
uct of the body [6].

Recently, the study and preparation of inorganic 
particles on the nanometer scale has been of great 
interest in both fundamental and applied research 
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[7]. It is well known that the physical and mechanical 
properties of nanoparticles are different from those 
of macroscopic material. Costly metal nanoparticles 
are utilized in solving the problems of water puri-
fication, catalysis and hydrogen storage. A broad 
range of applications have been created for metal 
nanoparticles in catalysis [8], electronics [9] sensors 
and high-density information storage [10], lumines-
cence devices [11], photonics [12], pharmaceuticals, 
biotechnology and medicine. Nanoparticles are stabi-
lized and grown in hydrogel networks due to avail-
able free-network spaces in the gel. Generally, the 
in-situ reduction of metal ions and stabilization of 
particles can be explained as (a) firstly, the metal ions 
are attached by functional groups of hydrogel net-
works and major amounts of them are diffused in the 
free-network spaces of hydrogels, (b) the reduction 
process takes place where some reducing agents are 
added for this purpose, (c) after that the formed par-
ticles are stabilized by the hydrogel network chains 
[13]. The formed nanoparticles in the gel effectively 
prevent the aggregation for longer periods and can 
be removed by water whenever they are required for 
usage. Moreover, these nanocomposite systems are 
highly appropriate for biomedical applications due to 
their good biocompatibility and biological molecules, 
cells, tissues, etc. Another advantage of this method 
is that the size and morphology of the nanoparticles 
can be controlled by altering their functionality and 
crosslinking points. Recently, many researchers have 
expended great effort to produce hydrogels contain-
ing silver nanoparticles (AgNPs), which are highly 
suitable for biomedical applications [14]. AgNPs have 
received much attention to control infections [15]. 
The antibacterial properties of AgNPs compared with 
bulk silver are attributed to high surface area and high 
fraction of surface atoms, which lead to penetration of 
more nanoparticles inside the bacteria and promote 
their efficacy in a sustained manner [7]. The main 
advantage of AgNPs is that even nanomolar con-
centrations are more effective than the micromolar 
concentrations of silver ions [16]. Also, AgNPs have 
a nontoxic effect on human cells [17]. Nanoparticles 
can be interpenetrated into the hydrogel matrix by a 
one-step process by mixing the nanoparticles with the 
preformed hydrogel during the gelation process, or 
in two steps by adding the nanoparticles during the 
swelling of the material [18, 19].

Previously, AgNPs were synthesized from plant leaf 
extracts. Ricinus communis leaf extract was used for 
the biosynthesis of AgNPs with antimicrobial activity 
against G-(+ve) bacterium Bacillus fusiformis and the 
G-(–ve) bacterium Escherichia coli [20]. Moreover, Mani 
et al. [21] used the extract of the green leaves of Ricinus 
communis for the green synthesis of AgNPs and these 

biosynthesized nanoparticles could be used in both 
medical and technological applications. In addition, 
AgNPs were also biologically synthesized from leaf 
extract of the plant Capparis spinosa [22] and the pro-
duced nanoparticles exhibited excellent antimicrobial 
activity against G +ve and G –ve pathogenic bacteria 
such as E. coli, Salmonella typhimurium, Staphylococcus 
aureus and Bacillus cereus. Ricinus communis leaf 
extract was also used for the biosynthesis of AgNPs 
with antimicrobial activity against G +ve and G –ve 
bacteria [23]. 

In our previous work [24], we prepared AgNPs-
loaded hydrogels by in-situ reduction of AgNO3 
through crosslinking of purchased CMC by polycar-
boxylic organic acids. In the current work, CMC is 
prepared from the cellulosic fraction of olive industry 
residues. Optimization of prepared CMC hydrogels 
is achieved via studying different preparation con-
ditions like time, temperature and different polycar-
boxylic acids. Additionally, AgNPs are prepared by 
reduction of AgNO3 with leaves of Ricinus communis. 
Finally, the antimicrobial activity of the loaded AgNPs 
hydrogels against G –ve, G +ve and Candida albicans 
yeast are demonstrated.

2  MATERIALS AND EXPERIMENTAL

2.1  Materials

Cellulose was extracted from olive oil by-product, 
succinic and citric acids and maleic anhydride were 
purchased from Riedel-de Häen, Ricinus communis was 
grown and collected in the agricultural area around 
the canal bank area in Dekernes, Dakahlia governate, 
Egypt, and silver nitrate was purchased from Acros.

2.2  Experimental

2.2.1  Carboxymethylation

The synthesis of CMC was carried out based on the 
procedures of Heidrich and Ullmann with some 
modification. In brief, 2 g of cellulose in 53 ml of iso-
propanol was stirred vigorously while 10 ml of 40% 
aqueous sodium hydroxide solution was added dur-
ing 20 min at room temperature. Stirring was contin-
ued for another 1 h at 40 °C, an equimolar amount of 
monochloroacetic acid (2.4 g dissolved in 5 mL organic 
solvent) was then added during 20 min. The mixture 
was allowed to react for 4 h at 30 °C. After carboxy-
methylation, the mixture was filtered, washed with 
methanol (70%) and neutralized with acetic acid. The 
product was collected, washed three times with 70% 
(w/w) aqueous ethanol and then dried at 45 °C in a 
vacuum oven [24].
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2.2.1.1 � Determination of Degree of Substitution

2.2.1.1.1  Purification of Carboxymethyl
Exactly 0.5 g of CMC was dissolved in 10 ml of water 
with stirring then 10 ml of 1 M hydrochloric acid was 
added and the mixture was agitated to dissolve com-
pletely. Five drops of phenolphthalein indicator were 
added to the mixture, and then 1 M sodium hydroxide 
was added dropwise with stirring until the appear-
ance of red color. Ethanol (50 ml, 95%) was slowly 
added to the mixture with stirring and another 100 ml 
of 95% ethanol was added and the mixture was left 
to settle for 15 min. After the solution had settled the 
mixture was filtered by G3-type glass cylinder and dis-
carded. The precipitate was washed four times with 
80% ethanol. The precipitate was washed again with 
50 ml of 95% ethanol and dried in the oven at 105 °C 
for 4 h.

2.2.1.1.2  Degree of Substitution (DS)
The average values of the degree of substitution were 
determined by acidimetric titration. Exactly 0.2 g of 
CMC was weighed in a 250-ml flask, and then 50 ml 
distilled water was added with stirring for 10 min. The 
pH value of the solution was adjusted up to 8. Then 
the solution was titrated with 0.05 M H2SO4 until the 
pH value of solution decreased to 3.74. The degree of 
substitution was calculated based on the equations 
shown below [24]:

A = m0/m (1)

B = 2 × M × V/A × m� (2)

DS = 0.132 × B/1–0.08 × B� (3)

where A is the purity of CMC, m0 and m is the weight 
of purified carboxymethylated products after and 
before, M is the molarity of H2SO4 used, V is the vol-
ume of H2SO4 used to titrate sample, and B is the 
mmol/g of H2SO4 consumed per gram of carboxym-
ethylated products.

2.2.2  Preparation of Hydrogel

Hydrogel preparation was carried out by using 
different polycarboxylic acids as crosslinkers. 
First, 1 g of CMC was dissolved in distilled water. 
Subsequently,  the acid (maleic, succinic, or citric) 
was then added to the CMC solution in concentra-
tion ranging from 1.0 to 4.0% based on the weight 
of CMC. The mixture was then heated at different 
temperatures at different times under mild stir-
ring. At the end of the reaction time, the sample was 
poured into a Petri dish and was placed in an oven 
at 45 °C [25].

2.2.3 � Biosynthesis of Silver Nanoparticles 
from Ricinus communis Leaf

2.2.3.1  Preparation of Leaf Extract

The leaves of Ricinus communis (Family: Euphorbiaceae) 
were washed carefully using bi-distilled water to 
remove unnecessary materials. After removing water 
by using filter paper, 20 g of these leaves was finely 
cut and heated with 500 ml distilled water at 80 °C 
for 30 min and filtered through Whatman filter paper 
Grade 1 to obtain the extract. The produced extract 
was concentrated till dryness using a water evapora-
tor at 80 °C. The produced extract exhibited a brown-
ish color and a weight of 5 g. The extract (5 g) was 
redissolved in 5 ml of distilled water [26].

2.2.3.2 � Synthesis of Silver Nanoparticles (AgNps) 
Using Leaf Extracts 

Silver nanoparticles (AgNPs) were synthesized by 
adding 100, 250, 750 and 1000 µl (separately) of R. com-
munis leaf extract and 250 ml of 5 mM aqueous silver 
nitrate (AgNO3) solution in an Erlenmeyer flask with 
a volume of 1000 ml. The flask was then kept in the 
dark (to diminish silver nitrate photooxidation) at 
room temperature. The produced AgNPs solution was 
purified by centrifugation at 13,000 rpm for 15  min 
followed by distribution of the pellet in distilled 
water [26].

2.2.4  Loading of AgNPs into Hydrogels

A definite amount of CMC was dissolved with 
continuous mechanical stirring until a homogeneous 
viscous mixture was obtained and then the crosslinker 
polycarboxylic acid was added. AgNPs solution (0.01, 
0.009, 0.003, 0.002 Mol) was then added with continu-
ous stirring at 80 °C for 30 min. The paste was dried in 
an oven at 45 °C.

2.2.5  Release of Silver from Hydrogels

Silver release was detected for the prepared AgNPs-
loaded hydrogel of different crosslinking acids: 
maleic, citric, and succinic. For a typical run, 1.0 g 
of AgNPs-loaded hydrogel was immersed in 10 mL 
deionized water for different time intervals ranging 
from 1 to 24 h at ambient temperature. The immersed 
sample was separated from the deionized water, and 
a certain volume of deionized water including AgNPs 
was drawn for analysis by atomic absorption (Agilent 
Technologies 200 series AA), and the measurements 
were the average of four times. The mole percent-
age of AgNPs release was determined by calculat-
ing the mmole of AgNPs released (detected from the 
instrument), and the AgNPs loaded into the hydrogel 
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sample used for analysis (considering the stoichiom-
etry of reduction reaction of silver cation). 

Mole of AgNPs release % =  
(mmole of AgNPs release/mmole of loaded  

AgNPs in test sample) × 100� (4)

2.2.6  Antibacterial Activity

An agar plate method has been established to evalu-
ate the antimicrobial activities of the prepared hydro-
gels [27]. Three different test microbes—Staphylococcus 
aureus, Candida albicans, and Pseudomonas aeruginosa—
were selected to evaluate the antimicrobial activities 
as representatives of G +ve bacteria, G –ve bacteria, 
yeast and fungal groups. The bacterial and yeast test 
microbes were grown on a nutrient agar medium. On 
the other hand, the fungal test microbe was cultivated 
on Czapek-Dox medium. The culture of each test 
microbe was diluted by distilled water (sterilized) to 
107 to 108 colony-forming units (CFU/ml), then 1 ml 
of each was used to inoculate a 1L-Erlenmeyer flask 
containing 250 ml of solidified agar media [28]. These 
media were put onto previously sterilized Petri dishes 
(10 cm diameter having 25 ml of solidified media). 
Hydrogel discs (10 mm Ø) were loaded and placed on 
the surface of the agar plates seeded with test microbes 
and incubated for 24 h at the appropriate temperature 
for each test organism. Antimicrobial activities were 
recorded as the diameter of the clear zones (including 
the gel film itself) that appeared around the gel films. 

2.2.7  Characterization

2.2.7.1  Gel Fraction

Normally the hydrogel content of a given material 
is estimated by measuring its insoluble part in dried 
sample after immersion in deionized water for 24 h at 
room temperature. The obtained hydrogel was dried 
in a vacuum oven for 24 h and weighted (Wi), then it 
was soaked in distilled water for 24 h. The sample was 
then dried in a vacuum oven and weighted again (Wd). 
The gel fraction was then measured as follows [25]:

Gel fraction % = (Wd/Wi) × 100� (5)

2.2.7.2  Water Uptake (Swelling) 

The progress of the water uptake (swelling) process 
was monitored gravimetrically as described by other 
workers [29]. In a typical swelling experiment, a pre-
weighed piece of hydrogel (1 g) was immersed in an 
aqueous reservoir using distilled water and allowed to 
swell for a definite time period. The swollen piece was 
taken out at a predetermined time and pressed between 
two filter papers to remove excess water and weighed.

The water uptake and/or swelling percentage of 
hydrogel [30] can be determined as a function of time 
as follows:

Water uptake (g/g) = mt – m0� (6)

Swelling % = (mt – m0/m0) × 100� (7)

where mt is the weight of the swollen hydrogel sam-
ple at time t and m0 is the weight of the dry hydrogel 
sample.

2.2.7.3 � Fourier Transform Infrared Spectroscopy

The formed hydrogels were calibrated by using 
a Fourier transform infrared (FTIR) spectrometer 
(JASCO FT/IR-6100). To get the spectra, a pellet made 
from sample was ground with KBr. Transmission was 
measured at the wave number range of 800–4400 cm–1.

2.2.7.4  Morphological Properties

The morphology of formed hydrogels (thin solid films 
successive by solvent) and CMC were observed using 
a scanning electron microscope (SEM) (Hitachi High 
Technologies America, Schaumburg, IL). Samples to 
be observed were mounted on conductive adhesive 
tape, coated with gold palladium, and observed under 
the SEM. 

3  RESULTS AND DISCUSSION

3.1 � Proposed Mechanism of Hydrogel 
Formation

In the formation of hydrogel due to the reaction of 
CMC with polycarboxylic acid the crosslinking occurs 
via esterification reaction between the hydroxyl group 
(OH) of CMC and carboxylic group (COOH) of acids 
as in Scheme 1. By heating, cyclic anhydride units 
were formed. This anhydride moiety of acids reacts 
with hydroxyl group in the main cellulosic chains to 
form an ester bond [25]. Also, dehydration between 
COOH groups and adjacent CMC molecules occurs to 
increase the strong hydrogen bonding during the ther-
mal treatment [31]. 

3.2  Effect of Crosslinker 

In this study, polycarboxylic acids, such as succinic 
acid, maleic anhydride, and citric acid, were used 
independently as crosslinker. As shown in Figures  1 
and 2, increasing the polycarboxylic acid concen-
tration led to an increase in the gel fraction and  
swelling of the prepared hydrogel until 2% acid con-
centration, then gel fraction and swelling decrease with 
further acid concentration. This is due to increasing 
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the acidity of the reaction medium while increasing 
the crosslinker, which leads to a change in the sodium 
salt form of CMC to an acidic form which is insoluble 
in the reaction medium; consequently, the chance of 
crosslinking points among CMC chains was decreased 
[25]. Accordingly, the optimum gel fraction (91, 79, and 
78%) and swelling (525, 439, and 509%) were obtained 
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Scheme 1  Possible crosslinking reaction mechanism of polycarboxylic acids with CMC [25].

at 2% acid concentration for succinic, citric, and maleic 
acids respectively. 

3.3  Effect of Reaction Temperature 

Figures 3 and 4 show the effect of crosslinking tem-
perature on gel fraction and swelling of the prepared 
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at 20 min, and the highest value for succinic acid is 
at 30 min, then starts to decrease due to dehydration 
between the COOH groups which form strong hydro-
gen bonding during the thermal treatment [32], which 
leads to decreased swelling and gel fraction.

The optimum gel fractions using succinic acid, citric 
acid, and maleic anhydride as crosslinkers are 91, 79, 
and 78, respectively, and the optimum swelling is 525, 
509, and 439 for succinic acid, maleic anhydride, and 

hydrogels. At 80 °C, the values of gel fractions % passed 
through maxima at 91, 79, and 78 where the optimum 
values of swelling % were 525, 439, and 509% for suc-
cinic, citric, and maleic anhydride respectively. 

The explanation for the much higher swelling at 
80 °C is based on the optimum temperature for form-
ing the active intermediate compound necessary for 
the crosslinking process (anhydride species of poly-
carboxylic acids as illustrated in the proposed mecha-
nism) behind the optimum crosslinking temperature. 
With the optimum crosslinking temperature of 80 °C, 
the rate of crosslinking reaction was vigorously 
enhanced, resulting in an increase of the crosslinking 
density of the hydrogel. Consequently, a reduction 
in the elasticity of the produced hydrogels emerged, 
leading to their decreased swelling.

3.4  Effect of Reaction Time

The effect of time on swelling and gel fraction is clear 
in Figures 5 and 6. The swelling and gel fraction have 
the highest value for citric acid and maleic anhydride 
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Figure 1  Effect of polycarboxylic acid concentration on gel 
fraction.

0 1 2 3 4 5
200

400

600

Sw
el

lin
g 

%

Acid %

Succinic acid
Maleic anhydride
Citric acid

Figure 2  Effect of polycarboxylic acid concentration on 
swelling.

30 40 50 60 70 80 90 100
20

40

60

80

100

G
el

 fr
ac

ti
on

 %

Temperature(°C) 

Succinic acid
Maleic anhydride
Citric acid

Figure 3  Effect of reaction temperature on gel fraction.
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Figure 5  Effect of reaction time on gel fraction.
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polycarboxylic acid; also, the band at 1400–1475 cm–1 
is due to CH2 bending vibrations which increased in 
hydrogel more than in pure CMC [25].

3.5.2  SEM

There is a difference in the surface morphology 
between pure CMC and CMC/gel. The SEM images 
of polycarboxylic hydrogels succinic acid, citric acid, 
and maleic anhydride appear in Figure 8; in CMC the 
surface appears in parallel chains crosslinked together, 
while in hydrogels these parallel chains disappeared 
and the surface became flat and contained some holes, 
which depended on network formation. In succinic 
and citric gels there are more holes on the surface than 
in the maleic gel surface.

3.6  Loading AgNPs onto Hydrogels

The concentrations of the prepared AgNPs were meas-
ured by an atomic absorption device and were 0.01, 
0.009, 0.003, and 0.002 Mol/L.

The AgNPs were loaded onto hydrogels (Figure 9) 
through gelation and the color of gel turned from 
white to brown (Figure 10). The swelling and gel 

citric acid, respectively, with using 2% of acid at 80 °C 
for 20 min with citric acid and maleic anhydride and 
30 min with succinic acid.

3.5  Characterization of Hydrogel

3.5.1  FTIR

Figure 7 shows the FTIR spectra of CMC and the CMC/
hydrogels. In the CMC spectra the band at 3490 cm−1 
is assigned to O-H stretching, and strong absorption 
band at 1626 cm−1 is due to the presence of COONa 
group. In the hydrogels’ spectra the bands of O-H 
stretching are observed at a higher value of 3500–3546 
cm−1 than in pure CMC due to hydrogen bond forma-
tion [31]. The band of C=O observed at 1672–1689 cm–1 

shifted to a higher value than in CMC which referred 
to carbonyl ester formation; the bands at 1153, 1166 and 
1178 cm–1 are due to ether linkage between CMC and 
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fraction of hydrogels with AgNPs (Figures 11 and 
12) were increased until reaching the highest value
at 0.009 mol and then started to decrease due to the
presence of silver particles in the gel pores [25]. But
in the case of citric acid, swelling decreased with

increasing AgNPs due to increasing bond formation 
and more crosslinking, which prevented the presence 
of AgNPs. 

The effect of AgNPs on the swelling of hydrogel 
prepared with citric acid was explained according to 
the possibility of interaction between the AgNPs and 
the third carboxylic acid group which remained after 
the formation of anhydride species and completion 
of the first stage of crosslinking. This interaction may 
generate Ag cations, which can participate remark-
ably to perform further crosslinking among cellulose 
chains (via interaction with hydroxyl groups in the 
main chain). Consequently, increasing the crosslink-
ing density of the prepared gel resulted in a decrease 
of swelling property.

3.6.1  Morphological Properties

The SEM images in Figure 13 show the distribution of 
AgNPs in hydrogels, which appear as white spherical 
particles on the surface of the hydrogels. From EDX 
analysis the highest loading of AgNPs was obtained 
in CMC/maleic gel and CMC/succinic gel, while 
the lowest loading was obtained by using citric acid 
as crosslinker. TEM was used to determine the parti-
cle size of the prepared AgNPs, which was between 
29–54  nm, and particle size of prepared AgNPs 
inside the hydrogel, where the average size was 
between14–35 nm, as shown in Figure 14.

3.6.2  Silver Release

Silver release from different crosslinking hydrogels is 
represented in Figure 15, which shows that the silver 
release in the beginning was rapid till 5 h, then started 
to slow down and became constant after 24 h. This 
may be attributed to the AgNPs presence in the holes 
of gel as a physical reaction so when it is put in water 
the AgNPs rapidly diffuse.

Figure 10  Photographs of hydrogels (a) without AgNPs, and (b) with AgNPs.

0.000 0.003 0.006 0.009 0.012
0

20

40

60

80

G
el

 fr
ac

tio
n 

%

AgNPs ( mol)

Succinic acid
Maleic anhydride
Citric acid

Figure 11  Effect of loaded AgNPs on gel fraction.
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Figure 12  Effect of loaded AgNPs on swelling of hydrogel.
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3.6.3  Antibacterial Activity

Figure 16 shows the antibacterial activity of AgNPs-
loaded hydrogels. The bioassay was carried out using 
G –ve bacteria (Pseudomonas aeruginosa), G +ve bacteria 
(Staphylococcus aureus), and Candida albicans. It appears 

that the prepared AgNPs-loaded hydrogels have anti-
bacterial properties, as evidenced by the appearance of 
an inhibition zone. By comparing the inhibition zones 
of different AgNPs-loaded hydrogels, the order is CMC/
succinic gel is higher than CMC/maleic and CMC/citric.

Figure 13  SEM and EDX of (a) CMC/succinic AgNPs, (b) CMC/maleic AgNPs, and (c) CMC/citric AgNPs.
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There are many mechanisms ascribed to the anti-
microbial activity revealed by AgNPs, the best reliable 
mechanism is not fully understood; for example, the 
nanoparticles are established to act on diverse organ-
isms in different ways and there are many theories on 
how the achievement of AgNPs on microbes causes the 

microbicidal influence. AgNPs have the capability to 
attack the wall of bacterial cell and then penetrate it; in 
that way the AgNPs can cause structural changes in the 
cell membrane of the microbes and formation of “pits” 
on the cell surface, causing accumulation of AgNPs on 
the cell surface that lead to death of the microbes’ cell. 

Figure 14  TEM of (a) AgNPs solution and (b) AgNPs in hydrogel.
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Figure 15  Release of silver from different hydrogels.
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Figure 16  Antibacterial activities of AgNPs-loaded hydrogels with (a) succinic acid, (b) maleic anhydride, and (c) citric acid as 
crosslinker.
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An alternative mechanism by which the cells die is the 
formation of free radicals by the AgNPs when they con-
tact with microbial cells, and these free radicals have 
the aptitude to damage the cell membrane and make it 
porous, which can finally cause cell death [33,34]. 

4  CONCLUSION

A value-added product was prepared by carboxym-
ethylation of the cellulosic fraction obtained from olive 
industry residues. Efficient antimicrobial hydrogels were 
prepared based on the crosslinking of AgNPs-loaded 
CMC. Polycarboxylic acids (citric, maleic, and succinic)
were used as nontoxic crosslinking agents. An alterna-
tive method was performed to prepare AgNPs based
on reduction of AgNO3 with leaves of Ricinus communis,
which produced lower particle size (50 nm) than that
produced in the previous work (95 nm). Swelling prop-
erties of hydrogels were dependent on the crosslinker,
where succinic acid showed the highest swellability. The
loaded AgNPs enhanced the swellability of the hydro-
gels. Characterization of prepared hydrogels without
and with loaded AgNPs was achieved by FTIR, SEM,
TEM, and EDX methods. The loaded AgNP hydrogels
showed antimicrobial activity towards Staphylococcus
aureus, Pseudomonas aeruginosa, and Candida albicans,
where inhibition zones were manifested.
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