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Abstract
In biomedical applications, biocompatible and nontoxic compounds are the most important types of
cytotoxic effects. In this work, the polyelectrolyte Cell/IL/Ag-AgCl NPs were fabricated by immobilizing of
Ag-AgCl nanoparticles on the surface of organic biopolymer (cellulose) without using any reducing agent.
The physical and chemical properties of polyelectrolyte were characterized by various techniques
including TEM, SEM, EDX, XRD, FT-IR, and AAS. The in-vitro antibacterial activity of Cell/IL/Ag-AgCl NPs
was investigated on methicillin-resistant staphylococcus aureus (ATCC-43300) and multidrug-resistant
Pseudomonas aeruginosa (ATCC-27853). The results illustrated that the antimicrobial effect of
Cell/IL/Ag-AgCl NPs against Pseudomonas aeruginosa was higher than that of Staphylococcus aureus
and also by using the microtiter plate method, the antibio�lm effect of this compound against
Pseudomonas aeruginosa was remarkable. It is expected that the use of these biocompatible compounds
can inhibit the bio�lm formation of bacteria on surfaces and equipment, to reduce nosocomial infections,
in hospital environments, especially in the intensive care unit, surgery unit/room.

Introduction
With the gentle progress of the population’s environmental awareness and living standards, research for
the development of biomaterials is increasing(Devi and Ahmaruzzaman 2016; Wu et al. 2017; Carvalho et
al. 2019; Leonel et al. 2019; Heidarpour et al. 2020). For this purpose, many efforts pertinent to
antibacterial medications and also antibiotic resistance of bacteria have been investigated and inorganic
nanoparticles(Vargas-Reus et al. 2012) including Au(Kalwar and Shen 2019a), Ti(Azis et al. 2021;
Ebrahimi et al. 2021), Cu(Ruparelia et al. 2008), MgO(Jin and He 2011), ZnO(Pasquet et al. 2014), and
Ag(Rostamnia et al. 2016; Lv et al. 2019; Hasanzadeh et al. 2021; Sattari et al. 2021; Dong et al. 2021)
have been used to reduce the risk of public health. In this regard, silver and its derivatives (AgCl NPs and
Ag-AgCl NPs) due to having thermal stability, good pollution resistance, potent anti-bactericidal ability,
health, and environmentally have been attracted to use in widespread applications including
catalysis(Han et al. 2014), optics(Wang et al. 2011), nanoelectronics(Van Den Hurk et al. 2013), treatment
of various diseases and medical biomedicine(León-Silva et al. 2016). In spits of high immense
applications, several successful methods have been developed for the preparation of silver halides. For
example, A green method has been reported using Sasa Borealis extract to synthesize Ag-AgCl-NPs and
assessed their anticancer properties versus the ventral adenocarcinoma cells(Patil et al. 2017). Khayati
and coworkers conveyed that Ag-AgCl-NPs indicated meaningful anticancer activity against MDA-MB-468
cell lines(Sattari et al. 2021). However, the colloidal form of Ag and AgCl nanoparticles have some
hitches, for instance easily aggregation, negligible dispersion, fast release, and poor storage constancy
which restrict their feasible application and their antibacterial activity(Hasanzadeh et al. 2021). To solve
these problems and/or enhance the antibacterial activities, various organic/inorganic support such as
natural polymers(Wang et al. 2020), silica(Rostamnia et al. 2016), carbon materials(Vilamová et al.
2019), MOF(Hayati et al. 2021), titanium dioxide(Guan et al. 2019) has been used to stabilize silver
nanoparticles. Among these materials, the usage of renewable supports including polysaccharides is
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valuable due to being readily available, inexpensive, environmentally friendly, renewable in nature, and
high speci�c surface area(Yuan et al. 2021).

Cellulose nanocrystals (CNCs) are well-known and the most abundant natural biopolymer in the world
due to their favorable features for example non-toxicity, biodegradability, and large speci�c surface area
are widely used in medicine and biotechnological, personal care products, nanotechnology �elds(Moon et
al. 2011; Mohammed et al. 2018). Cellulose can be used as e�cient bifunctional �llers and nano�bres for
antibacterial activities by incorporating antibiotic materials such as o�oxacin(Qi et al. 2015), Ag NPs, or
other metallic and metal oxide NPs(Smiechowicz et al. 2018). Cellulose based on its porous structure and
plentiful active sites is an attractive candidate to employ as modi�ed support for immobilizing the metal
nanoparticles(Klemm et al. 2011). To succeed in the maximum loading capacity of metals on biopolymer,
the surface of CNCs can be improved with desired functional groups(Ghasemi et al. 2016; Rahimi et al.
2017). Furthermore, groups containing positively and negatively charged functional groups including
imidazolium(Shojaei et al. 2017a), hydroxyl (-OH), and carboxyl (-COOH) groups(Ko et al. 2015) not only
raise the number of active sites and improve the scattering of nanoparticles and superior resistance to
agglomeration but also can be reduced metal ions (Ag+) to zero-valent or different form(Vilamová et al.
2019). One of the attractive candidates for these purposes is imidazolium salts that supreme thermal
stability and ionic conduction as unique characteristics have enthused the modi�cation of supports with
ionic liquids(Sha�ei-Irannejad et al. 2019; Qin et al. 2022). Imidazolium salts embedded polymeric
supports due to having superb surface charge density, can proliferation the coordination of the metallic
ions and mend their diffusing and stability on the polymeric surface(Pinkert et al. 2009). Thus, to develop
a simplistic synthetic route with nontoxic and stable support to immobilize Ag nanoparticles on a
polymeric skeleton with a high surface area are fascinating and signi�cant.

In continuance of our endeavor in the extension of new systems for medical applications herein, we
aimed to develop a facile synthesis of Ag-AgCl NPs and increase the e�ciency of silver (Ag-AgCl NPs) as
an antibacterial agent by designing a multi-branch biopolymer with ionic groups. The modi�ed cellulose
could ameliorate the stability of silver nanoparticles owing to the existence of branched polyionic
polymers. Apart from silver (Ag-AgCl), imidazolium moiety seems to be an effective site as another
antibacterial agent(Riduan et al. 2016). This route is a powerful approach for the synthesis of Ag-AgCl
nanoparticles that avoids the usage of any external halide ion sources, reducing and capping agents
which in AgNO3 react with a chloride ion grafted imidazolium salts. The antibacterial activity of
synthesized polyelectrolyte (Cell/IL/Ag-AgCl NPs) was investigated on methicillin-resistant
staphylococcus aureus(ATCC-43300) and multidrug-resistant Pseudomonas aeruginosa(ATCC-27853).
In-vitro cytotoxicity tests via MMT assay exhibited good biocompatibility for designed polyelectrolyte and
could be an apposite candidate for medical uses.

Experimental
Materials and methods
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All solvents and materials were purchased from Aldrich, Merck, and Fluka Company. FT‐IR spectra were
achieved with a Bruker Tensor 27 spectrometer. Elemental analyses were approved with Vario EL (ΙΙΙ)
system. XRD evaluations were executed by using a Siemens D500 diffractometer (Cu Kα radiation). TEM
images were obtained on a JEOL JEM-2000EX with a voltage of 80-200 kV. SEM and EDX analyses were
provided with a FEG‐SEM MIRA3 (TESCAN) at 30 kV. Ag amount was obtained through �ame atomic
absorption spectrometer (FAAS) using an air–acetylene �ame (model Shimadzu AA‐680). 

Synthesis of 1-methyl-3-oxiran-2-ylmethyl-1H–imidazole-3-ium chloride

To a �ask equipped (100 ml) with a re�ux condenser, 50 mmol of 2-Chloromethyl oxirane and 50 mmol of
1-methylimidazole were transferred and stirred at 70 °C for 24 h under nitrogen atmosphere. After
washing with ethyl acetate to eliminate unreacted raw materials, the product was �nally afforded as a
brown liquid(Shojaei et al. 2017b).

Preparation of ionic liquid anchored cellulose (Cell/IL)

To a 20 ml of DMF in Schlenk �ask, 1.0 g of microcrystalline cellulose and 3.0 g of sodium methoxide
were added. The mixture reacted under inert ambient for 1 h at 60 °C and was evacuated under vacuity to
remove solvents to obtain the cellulose alkoxide. Then, 1-methyl-3-oxirane-2-yl-methyl-1H-imidazolium
chloride and cellulose alkoxide were added into 20 ml of dry DMF in the Schlenk �ask, and the mixture
was stirred at 60 °C for 24 h. Finally, the product was washed with solvents and was dried under
vacuum(Shojaei et al. 2017b) and Elemental analysis was carried out for Cell/IL: C (46.05%), H (6.71%),
and N (7.12%).

Detection of chloride ion by Mohr’s method

Cell/IL (4.0 g) was added in deionized water (50 ml) and then chloride ions of the polymer were
determined by precipitation titration with silver nitrate. When AgNO3 solution is dropwise added to the
mixture, silver chloride was precipitated. To determine the endpoint of the titration, potassium chromate
was placed in the mixture as an indicator. Residual silver ions react with the indicator to obtain red-brown
precipitation of the silver chromate. The number of chloride ions in the Cell/IL was determined to be
0.954 mmol g−1 (Shojaei et al. 2017b).

Preparation of Cell/IL/Ag-AgCl NPs

In a typical route, to a mixture of 1.0 g of Cell/IL in 50 ml of deionized water, 0.5 g of AgNO3 was added.
After reacting at 30 °C for 24 h, the precipitate was isolated and then dried under vacuum at 60 °C for 5 h
to obtain Cell/IL/Ag-AgCl NPs. 

Measurement of Ag loaded on Cell/IL/Ag-AgCl NPs 

To a solution of HCl-HNO3 (1:3), (10 ml), Polyelectrolyte (Cell/IL/Ag-AgCl NPs) (0.05 g) was added and
stirred for 3 h. The residue was �ltered and by adding distilled water, the total volume of the solution was
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increased to 30 ml and the blank solution containing Cell/IL was also prepared. Finally, by using FAAS
analysis, the amount of Ag ions in the polyelectrolyte was determined to be 6.39.

Antibacterial activity assay

Antibacterial activity of the synthesized nanocomposite Cell/IL/Ag-AgCl NPs was assessed against gram-
negative Pseudomonas aeruginosa (ATCC-27853) and Gram-positive Staphylococcus aureus (ATCC-
43300) bacteria. In the present study, at �rst, Minimum Inhibitory Concentration (MICs) of Cell/IL/Ag-AgCl
NPs against bacteria by the broth microdilution method was determined. Then, according to the MIC
results, Minimum Bacteriocidal Concentration (MBCS) was tested. Clinical and Laboratory Standards
Institute guidelines (CLSI) were used for these methods. Eventually, the antibio�lm effect of the
Cell/IL/Ag-AgCl NPs was approved by the microtiter plate method for deterrence of bacterial adherence to
an abiotic area. All of the inseminated media were incubated at 37 °C for a prolonged time (16-18 h) and
the results were certi�ed after three times repeated experiments.

Cell viability test

Human intestinal Caco-2 cells with an antibiotic antimycotic solution (1% v/v) and fetal bovine serum
(20% v/v) were cultured in Eagle's minimum essential medium. Caco-2 cells were cultured by using 150
μL of the fresh medium in 96-well microplates (density of 105 cells/mL) and then were incubated under
modulus conditions (37 °C, 5% CO2, and 95% humidity). Next, cells were handled with different
concentrations (0, 100, 200, 300, 400 ppm) of Cell/IL/Ag-AgCl NPs at 37 °C for 24-hour. Then, rinsed with
phosphate-buffered saline and MTT assay (3-(4,5-dimethylthiazol)-2-diphenyltetrazolium bromide) was
conducted using 10 µl of MTT reagent per each well, and cells were incubated to determine the cell
viability(Nguyen et al. 2017).

Results And Discussion
Characterization of the Cell/IL/Ag-AgCl NPs

The synthesis of polyelectrolyte cellulose-based macromolecule was expertly designed using the
following steps as presented in Scheme 1.  

The synthesis process of Ag-AgCl NPs immobilized on Cell/IL was described as follows (a) At �rst, to a
mixture of microcrystalline cellulose in dimethyl formamide (as a solvent), 1-Methyl-3-(oxirane-2-yl-
methyl)-1H-imidazolium chloride was placed to give the ionic liquid anchored cellulose (Cell/IL). (b)
Continuing, AgNO3 was added to an aqueous solution of Cell/IL and then the reaction was pursued 24 h
at 30 °C to create the Cell/IL/Ag-AgCl NPs polyelectrolyte (Fig. 1). Flame atomic absorption spectrometry
(FAAS) was applied to specify the percentages of Ag ions loaded on the polyelectrolyte to be 6.39 wt%.

The synthesized materials were characterized using FT-IR spectroscopy. As presented in Fig. 2(a), in the
cellulose spectrum, the wide peak at 3344 cm-1 is a�liated to the stretching vibrations of the hydroxyl
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group in the biopolymer. The peak at 2895 cm-1 relates to stretching vibrations of the CH2 groups and the

absorption peak at 1596 cm-1 is associated with the bending mode of the physically absorbed water. The
peaks at 1434, 1378, and 1328 cm-1 are assigned to the bending vibrations of the C–H bond. The bonds
at 1167, 1116, and 1058 cm-1 are ascribed to asymmetric bridges stretching the C–O bond, the crystal
absorption bond at cellulose, and pyranoid ring skeletal vibrations of C–O–C respectively. The band at
897 cm-1 corresponds to the b-glycosidic linkages. FT‐IR spectrum of ionic liquid anchored cellulose
(Cell/IL) was shown the bond at 1648 and 1427 cm-1 can be assigned to the C N and C C due to
stretching vibrations in the imidazolium rings, respectively (Shojaei et al. 2017b, a). After the adsorption
of Ag-AgCl NPs, a slight decrease in peaks intensity corresponding to the O-H, C-O, C-H, and C-N groups is
observed that indicate binding interaction of Ag-AgCl NPs with functional groups on support. Also,  the
band at 3344 cm-1 was transferred to 3349 cm-1 by the adsorption of Ag-AgCl NPs. 

The crystalline structure of the polyelectrolyte (Cell/IL/Ag-AgCl NPs) was inspected by an XRD pattern. As
seen in Fig. 2(b), a comparison of Ag-AgCl NPs (dark line) with Cell/IL (red line), shows new peaks (2θ) at
38.27 (226), 44.45 (200), 77.39 (201) which assigned to the cubic Ag (JCPDS �le: 65-2871). Also peaks at
27.97(111), 32.40(200), 46.39(220), 55.00(311), 57.64(222), 64.66(400) related to the cubic AgCl (JCPDS
�le: 31-1238). The particle size of the Ag-AgCl nanoparticles was estimated by the Scherrer formula to be
8 nm at 2θ = 38.27 for Ag and 15 nm at 2θ = 32.40 for Ag-AgCl. 

The information of BET surface area, pore size, and pore volume of the Cell/IL and Cell/IL/Ag-AgCl
NPs were also investigated by nitrogen adsorption-desorption isotherms Fig. 2(c). The pore volume
and BET surface area of Cell/IL were determined as 5.92 m2 g-1  and 0.025 cm3g-1, whereas after
introducing Ag-AgCl nanoparticles, Cell/IL/Ag-AgCl NPs, it was reduced to 4.22 m2 g-1 and 0.016 cm3g-1

respectively(Table 1). Additionally, the accommodating of the Ag-AgCl nanoparticles might lead to
reducing in pore volume and surface area for the Cell/IL/Ag-AgCl NPs.

Table 1. BET surface area and porosity data of the Cell/IL and Cell/IL/Ag-AgCl NPs.

Salmple BET surface area (m2g-1) BJH Analysis

Pore Volume (cm3g-1) Pore diameter (nm)

Cell/IL  5.92 0.025 1.64

Cell/IL/Ag-AgCl NPs 4.22 0.016 1.85

 

Thermogravimetric analysis (TGA) in an N2 atmosphere of Cell/IL/Ag-AgCl NPs sample is represented in
Fig. 2(d). Curve analysis showed that two weight loss steps were beheld for composite. The �rst, around
50-120 °C, is related to the deprivation of adsorbed water and solvent with ∼6% weight loss. The next
step around 250–450 °C with ∼41.8% weight loss is attributed to the breakdown of the organic and
inorganic moieties (cellulosic, ionic liquid parts and, Ag-AgCl NPs) (Shojaei et al. 2017b). Additionally, no
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residue was observed after burning cellulose, while the Cell/IL/Ag-AgCl NPs had weight residue, which
indicated the existence of silver in the macromolecule. Meanwhile, due to the presence of silver
nanoparticles, Cell/IL/Ag-AgCl NPs had higher residuals which showed that the thermal stability of the
cellulose after adding Ag nanoparticles was ameliorated.

In the process of Ag-AgCl NPs synthesis, cellulose acted as a successfully protecting support to resist the
agglomeration Ag-AgCl NPs and also as a reducing agent for Ag+ to metallic silver. The microstructures
of synthesized composites were analyzed by SEM and TEM studies (Fig. 3). For Cell/IL/Ag-AgCl NPs
composite, dark Ag nanoparticles were anchored on cellulose and a light black AgCl layer surrounded the
around of Ag NPs (Fig. 3d). The TEM analysis con�rmed that the Ag-AgCl NPs are spherical in shape and
also revealed that the particles are well separated, not aggregated with an average particles size at
approximately ∼3 nm (Fig. 3e). 

To identify elements in the Cell/IL/Ag-AgCl NPs, EDX analysis was also conducted (Fig. 3f). The presence
of C, O, N, Ag, and Cl elements in the nanocomposite indicates the incorporation of silver into the
polyelectrolyte surface.  

The Ag nanoparticles distribution on the polyelectrolyte was appraised by EDX mapping. As shown in Fig.
4, the homogeneous density of Ag nanoparticles has been diffused on the surface of the cellulosic
sample. It can be determined that the combining XRD analysis with these supportive results, indicated the
successful synthesis of Ag-AgCl NPs.

Antibacterial activity of Cell/IL/Ag-AgCl NPs

In this research, the in-vitro antibacterial activity of Cell/IL/Ag-AgCl NPs was evaluated against
methicillin-resistant staphylococcus aureus (ATCC 43300) and multidrug-resistant Pseudomonas
aeruginosa (ATCC 27853). The antibacterial effect (MICs and MBCs values) of the compound against the
bacteria evaluated was demonstrated in Fig. 5.

Our studies displayed that the antimicrobial effect of Cell/IL/Ag-AgCl NPs against Pseudomonas
aeruginosa was higher than that of Staphylococcus aureus. Previous studies have shown that cellulose
nanocomposites are able to inhibit the growth of infectious agents(Morones et al. 2005; Yan et al. 2016).
Numerous reports on cellulosic substances and similar compounds con�rm our �ndings(Konwarh et al.
2013; da Silva Dannenberg et al. 2017; Burdușel et al. 2018). It seems that Cell/IL/Ag-AgCl NPs (due to
their biocompatible nature, good toughness, relatively low cost, and large surface area) could be used as
a substitute for common antibiotics in the future, killing multidrug-resistant bacteria(Kalwar and Shen
2019b). On the other hand, using the microtiter plate method, the antibio�lm effect of this compound
against bacteria was shown. This effect against Pseudomonas aeruginosa was remarkable (Fig. 6). It is
possible that the use of these compounds can inhibit the bio�lm formation of bacteria on surfaces and
equipment, which in turn can reduce nosocomial infections, especially in the intensive care unit, surgery
unit/room in the hospital(Marambio-Jones and Hoek 2010; Hasanzadeh et al. 2021).
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Toxicity of the Cell/IL/Ag-AgCl NPs

To assess the toxic effects of the Cell/IL/Ag-AgCl NPs, human intestinal Caco-2 cells were acted with
multifold concentrations of the synthesized material (0, 100, 200, 300, 400 ppm) for 24h. According to
our results Fig. 7, different doses of Cell/IL/Ag-AgCl NPs up to 400 ppm did not show a signi�cant
decrease in the on cell viability compared with the control. These results are in line with previous studies
that low concentrations of silver nanoparticles are nontoxic(Nguyen et al. 2017). 

Our results also showed that cellulosic materials with excellent physical and biological properties are
favorable candidates for biomedical products due to their low cytotoxicity, biodegradability, and
biocompatibility(Annamalai and Nallamuthu 2016).

Conclusions
To enhance the e�ciency of medical applications of Ag nanoparticles, a stepwise synthesis of
polyelectrolyte cellulose-based macromolecule was successfully synthesized and applied in the
generation and immobilization of Ag-AgCl NPs. An ionic liquid anchored Cellulose(Cell/IL) was planned
to elevate the capacity for Ag nanoparticles. In the next step, Ag-AgCl was generated and loaded on
modi�ed support. In this process, renewable cellulose acts as a reducer and stabilizer of silver
nanoparticles

The in vitro antibacterial activity showed that the synthesized composite has a high antimicrobial effect
against Pseudomonas aeruginosa and Staphylococcus aureus. Also, the antibio�lm property of this
composite against Pseudomonas aeruginosa was remarkable. Furthermore, the cytotoxicity study
revealed low toxic effects for Ag-AgCl nanoparticles and Cell/IL support which were further con�rmed in
biomedical products.
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Schemes
Schemes 1 is available in the Supplementary Files section

Figures

Figure 1

Preparation of Ag-AgCl nanoparticles supported on ionic liquid anchored cellulose.
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Figure 2

(a) FT-IR spectra, (b) XRD pattern, (c) Nitrogen adsorption-desorption isotherms of Cell/IL and Cell/IL/Ag-
AgCl NPs, and (d) TGA thermogram of Cell/IL/Ag-AgCl NPs in N2 atmosphere.
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Figure 3

SEM images of Cellulose (a), Cell/IL (b), Cell/IL/Ag-AgCl NPs (c); TEM image of Cell/IL/Ag-AgCl NPs (d);
particle size distribution of Ag-AgCl NPs (e) and EDX analysis diagrams of Cell/IL/Ag-AgCl NPs (f).
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Figure 4

(a) SEM image and (b) EDX elemental mapping of Cell/IL/Ag-AgCl NPs; (c) carbon, (d) nitrogen, (e)
oxygen, (f) chlorine and (g) silver.
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Figure 5

MICsa and MBCsb values of the synthesized compound against Pseudomonas aeruginosa ATCC 27853
(A) and Staphylococcus aureus ATCC 43300 (B).

Figure 6

Antibio�lm activity of Cell/IL/Ag-AgCl NPs against Staphylococcus aureus ATCC 15442 (A) and
Pseudomonas aeruginosa ATCC 35556 (B). Cell/IL/Ag-AgClNPs concentrations in wells 1 through 6 are:
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32, 16, 8, 4, 2 and 1 µg/ml. Wells 7 and 8 are positive and negative controls, respectively.

Figure 7

Cell death induction by Cell/IL/Ag-AgCl NPs in Caco-2 cells. Cells were exposed to different
concentrations of Cell/IL/Ag-AgCl NPs (0, 100, 200, 300, 400 ppm) for 24 h cell toxicity was measured by
MTT test. Data represent the mean ± S.E.M. (n=6).
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