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Abstract: Polysaccharides are attracting the vigil eye of researchers in order to design the green 

synthesis of silver nanoparticles (Ag NPs) of diverse size, shape, and application. We report an 

environmentally friendly method to synthesize Ag NPs where no physical reaction conditions 

were employed. Hydroxypropylcellulose (HPC) was used as a template nanoreactor, stabilizer, 

and capping agent to obtain Ag NPs. Different concentrations of AgNO
3
 solutions (50 mmol, 

75 mmol, and 100 mmol) were mixed with a concentrated aqueous solution of HPC and the 

progress of the reaction was monitored by noting color changes of the reaction mixture at differ-

ent reaction times for up to 24 hours. Characteristic ultraviolet–visible spectroscopy (UV/Vis)  

absorption bands of Ag NPs were observed in the range of 388–452 nm. The morphology of 

the Ag NPs was studied by scanning electron microscopy, transmission electron microscopy 

(TEM), and atomic force microscopy. The TEM images confirmed that the size of the Ag NPs 

was in the range of 25–55 nm. Powder X-ray diffraction studies showed that the crystal phase 

of the Ag NPs was face-centered cubic. The as-prepared Ag NPs were found to be stable, and 

no changes in size and morphology were observed after storage in HPC thin films over 1 year, 

as indicated by UV/Vis spectra. So, the present work furnishes a green and economical strategy 

for the synthesis and storage of stable Ag NPs. As-synthesized Ag NPs showed significant 

antimicrobial activity against different bacterial (Escherichia coli, Staphylococcus epidermidis, 

S. aureus, Bacillus subtilis, Pseudomonas aeruginosa) and fungal strains (Actinomycetes and 

Aspergillus niger).

Keywords: green synthesis, nanoreactor, nanobiotechnology, antimicrobial assay, storage, 

stability

Introduction
Metal nanoparticles (NPs) have versatile applications due to their unique electronic, 

physicochemical, and optical properties as compared to their bulk counterpart.1–3 

Among metal NPs, silver (Ag) NPs hold a place of distinction due to many desirable 

attributes such as their catalytic activity, electrical conductivity,4,5 anticancer6,7 and 

antibacterial properties,8,9 as well as their applications in bioimaging10 and biosensors.11 

The synthesis of metal NPs has been achieved through different methods, such as 

electrochemical engineering,12,13 irradiation,14,15 and chemical reduction of Ag salts 

in solution.16,17

The synthesis of Ag NPs by the chemical reduction method involves toxic solvents,18 

dangerous reducing agents like sodium borohydride,19,20 and synthetic/nonbiodegradable 

stabilizing agents.21,22 Such synthesis strategies may also result in biological hazards 

and environmental toxicity. Secondly, Ag NPs have a high surface area-to-volume 

ratio, resulting in their aggregation with the passage of time that limits their potential 
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applications. Therefore, there has been a need to develop 

synthesis protocols involving nontoxic, biodegradable, and 

low-cost green chemicals23,24 for the synthesis of Ag NPs.25,26

Polysaccharides are getting attention as an in situ reducing 

and self-capping agent for the green synthesis of Ag NPs.27–30 

Additionally, the film-forming properties of polysaccha-

rides can be exploited for the long-term storage of Ag NPs 

without agglomeration. Recently, cellulose ether derivatives 

have been used for the synthesis of Ag NPs. It was recently 

reported that hydroxyethylcellulose could be used for the 

green synthesis of Ag NPs. However, the reactions require 

elevated temperatures around 70°C and the use of strong 

basic reaction conditions (pH 12).27 Therefore, a need is felt to 

introduce new cellulose ether derivatives, which may perform 

reactions under mild conditions. Hence, we aimed to exploit 

another cellulose ether derivative, ie, hydroxypropylcellulose 

(HPC), as a reducing agent, in situ stabilizer, and capping 

agent for the synthesis of Ag NPs. The proposed green and 

controlled synthesis of stable Ag NPs is achieved without 

any physical reaction conditions (like temperature or pH) by 

simply exposing the concentrated aqueous solution of HPC 

and AgNO
3
 to sunlight. We also demonstrate the use of HPC 

thin films as a storage medium for as-synthesized Ag NPs.

Experimental methods
Materials
AgNO

3 
(99.98%) was purchased from EMD Millipore 

(Billerica, MA, USA). HPC (MS 3.46, 60% HP moieties) 

was obtained from Nanjing Yeshun Industry & International 

Trading Co., Ltd (Jiangsu, People’s Republic of China). 

Other reagents and analytical grade solvents were obtained 

from Fluka (Sigma-Aldrich Co., St Louis, MO, USA). All 

aqueous solutions were prepared in deionized water.

green synthesis of ag NPs mediated 
by hPc
A concentrated solution of HPC was prepared in deionized 

water. The AgNO
3 
solution (50 mmol) was then mixed with 

the HPC solution in equal volume at room temperature and 

kept under dark conditions. The mixture was subsequently 

exposed to sunlight and the progress of the reaction was moni-

tored by ultraviolet–visible spectroscopy (UV/Vis) analysis. 

The same procedure was opted for different concentrations of 

AgNO
3
 (75 mmol and 100 mmol) solutions, respectively.

Film formation of hPc loaded with 
ag NPs
The formation of Ag NPs embedded in HPC thin films 

was carried out by drying a mixture of HPC and AgNO
3
  

(50 mmol, 75 mmol, and 100 mmol) after being exposed to 

diffused sunlight for 12 hours. The reaction mixture was then 

dried to thin films under air and dark conditions in a Petri 

dish. The resultant thin dry films were characterized using 

UV/Vis spectrophotometry, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), and power 

X-ray diffraction (PXRD).

UV/Vis spectrophotometry
The progress of the reduction of Ag+ under diffused sunlight 

(ultraviolet [UV] irradiation) was monitored by recording the 

UV/Vis spectra of the reaction mixtures in a wavelength range 

of 800–200 cm-1 on the UV/Vis spectrophotometer, UV-1700 

PharmaSpec (Shimadzu Corporation, Kyoto, Japan).

FT-Ir spectroscopy
Fourier transform infrared (FT-IR) spectra of pure HPC and 

HPC loaded with Ag NPs were recorded on an IR Prestige-21 

(Shimadzu Corporation) spectrometer using the KBr pellet 

technique. The pellets were dried under vacuum before 

analysis.

seM
The size and morphology of the Ag NPs were observed 

using SEM. Microtomes were sliced from HPC thin films 

loaded with Ag NPs and analyzed on SEM with carbon stubs 

(carbon adhesive Leit-Tabs No. G 3347) (PLANO GmbH, 

Wetzlar, Germany).

TeM
Freshly prepared Ag NP solutions were centrifuged and 

the isolated Ag NPs were studied by TEM on a Philips 420 

instrument with an acceleration voltage of 120 kV. The 1-year 

stored Ag NP-embedded HPC thin films were dissolved in 

deionized water and the Ag NPs were isolated by centrifu-

gation before the TEM measurements. The samples were 

prepared by drop casting on a carbon-coated Cu TEM grid.

aFM
An HPC thin film loaded with Ag NPs was dissolved in 

deionized water. The sample was dropped on a freshly 

cleaved mica sheet and dried overnight. The morphology of 

the Ag NPs was observed using an AFM, Multimode, Nano-

scope IIIa (Veeco Instruments, Inc., Plainview, NY, USA) 

in tapping mode.

PXrD
The crystal structure of the Ag NPs was determined on an 

X’Pert PRO MPD (PANalytical, Almelo, the Netherlands) 
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diffractometer (over a range of 5°–100°, 2θ), equipped with 

monochromatic X-rays.

antimicrobial activity of ag NPs
The bacterial strains Escherichia coli (American Type Cul-

ture Collection [ATCC] 25922), Bacillus subtilis (ATCC 

6633), Staphylococcus aureus (ATCC 25923), Pseudomonas 

aeruginosa (ATCC 27853), and S. epidermidis (ATCC 

12228), as well as fungal strains (Actinomycetes and 

Aspergillus niger) were used to carry out the antimicrobial 

assay of pristine Ag NPs. Bacterial strains were grown over 

Mueller–Hinton agar media (Oxoid Ltd., Hampshire, UK), 

while fungal growth was performed over Sabouraud dextrose 

agar (Hardy Diagnostics, Santa Maria, CA, USA). Inoculums 

(microbial culture in their respective media, 10 mL) were 

inoculated for 24 hours at 37°C for bacteria and for 30–37 

hours at 27°C–30°C for fungal strains. Fungal strain culture 

(7 days old) was washed and suspended in normal saline 

solution, filtered through aseptic glass wool, and incubated 

at 28°C. To accelerate the growth of the microbial strains, 

the tubes were shaken periodically. The turbidity of the 

inoculums was adjusted by 0.5 McFarland Standards.

The antimicrobial assay of Ag NPs was carried out by the 

widely used disc (6 mm discs of Whatman number 1 filter paper) 

diffusion method. Mueller–Hinton agar plates for bacterial 

strains were used, upon which the inoculum (0.1 mL) was spread 

uniformly. Ag NP-loaded discs were carefully placed on the sur-

face of the culture medium. The culture plates were incubated for  

24 hours at 37°C. A pure dimethyl sulfoxide-loaded (15–20 mL) 

disc was used as the negative control. All of the assays were 

performed in triplicate and the mean values were reported.

Results and discussion
synthesis of ag NPs
The preparation of Ag NPs by the UV irradiation method 

produces hydrated electrons in the reaction system, which 

can be used to reduce Ag ions into zero-valent metallic Ag 

NPs. Hence, the use of additional toxic and environmentally 

dangerous reducing agents can be circumvented.19,27 Here, 

we have synthesized Ag NPs under diffused sunlight using 

HPC as an in situ capping and reducing agent.

AgNO
3
 solution containing the Ag+ was mixed with 

HPC solution. The Ag ion reacted with HPC to produce an 

(Ag[HPC])+ complex. The (Ag[HPC])+ complex was subse-

quently exposed to sunlight radiation. The Ag+ was reduced 

by HPC polymer to (Ag[HPC]) as an intermediate precur-

sor. The negative charge on the hydroxyl groups in the 

HPC backbone capped the positively-charged groups on the 

surface of the Ag NPs resulting in the colloidal stabilization 

of (Ag[HPC]).

The formation of Ag NPs upon irradiation of the 

(Ag[HPC])+ intermediate complex was indicated by a change 

in the color of the reaction mixture. Solutions changed from 

colorless to reddish-brown with progress of the reaction 

observed over a period of 6 hours. The photographs show-

ing the color change on exposure to diffused sunlight are 

shown in Figure 1.

characterization of ag NPs
UV/Vis spectrophotometry
AgNO

3
 solutions (50 mmol, 75 mmol, and 100 mmol; 2 mL 

aliquot each) were mixed with concentrated HPC solution  

(2 mL) and the progress of the reaction was monitored by 

6 h60 min10 min1 min

Figure 1 Photographs of hPc–ag+ solutions (50 mmol agNO3) showing color change with a reduction of ag+ upon exposure to diffused sunlight.
Abbreviations: min, minutes; h, hours; hPc, hydroxypropylcellulose.
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UV/Vis spectrophotometry. Ag+ was reduced to Ag NPs 

upon exposure to sunlight. The collective oscillation of con-

duction electrons in Ag NPs results in the surface plasmon 

resonance (SPR) phenomenon. This SPR causes a strong 

absorption by Ag NPs in the visible region.31 Depending 

upon the particle size and reaction time, the SPR transitions 

of Ag NPs showed color changes in the reaction mixture 

from yellowish-brown to reddish-brown. UV/Vis absorption 

bands were observed at 388 nm, 418 nm, 432 nm, 438 nm, and  

448 nm for 50 mmol; 390 nm, 419 nm, 437 nm, 445 nm,  

and 451 nm for 75 mmol; and 416 nm, 432 nm, 440 nm, 

449 nm, and 452 nm for 100 mmol AgNO
3
 solutions at  

0.5 hours, 1 hour, 2 hours, 5 hours, and 24 hours, respec-

tively. The results are in good agreement with the Ag NPs 

produced by another cellulose ether (ie, hydroxyethylcel-

lulose), where exogenous reducing agents were employed.27 

The absorption peaks showed a red shift, which means that 

the size of the Ag NPs increased with an increase in reaction 

time. Likewise, an increase in absorption intensity was also 

noticed with an increase in reaction time from 30 minutes 

to 24 hours, indicating the continuous reduction of Ag+ by 

HPC with the passage of time. The results of the UV/Vis 

analyses are summarized in Figure 2.

FT-Ir spectroscopy
The interactions between hydroxyl groups of HPC and Ag 

NPs were studied by FT-IR spectroscopy (Figure 3). The 

peak at 1,051 cm-1 due to C-O-C stretching of HPC was 

changed to a broad band in the range of 1,000–1,113 cm-1 

for HPC–Ag NPs. Ag---O van der Waal interactions showed 

a band in the range of 472–594 cm-1, which is not observed 

in the pure HPC spectrum. All other bands were observed at 

positions that were quite similar to pure HPC. The band in 

the range of 594–646 cm-1 in HPC was also broadened after 

the incorporation of Ag NPs. Similar FT-IR spectra were 

observed for 50 mmol and 100 mmol solutions as well.

SEM of films
Microtomes sliced from the HPC thin films embedded with 

Ag NPs were analyzed by SEM to see the distribution of Ag 

NP-embedded thin films. The uniform dispersion of Ag NPs 

in HPC thin films was therefore witnessed by SEM images. 

The results are shown in Figure 4.

TeM of isolated ag NPs
HPC thin films embedded with Ag NPs were dissolved in 

distilled water, and isolated Ag NPs were separated using 
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Figure 2 UV/Vis spectra of ag NPs prepared using hPc.
Notes: (A) 50 mmol, (B) 75 mmol, and (C) 100 mmol solution of agNO3 at different reaction times, as well as their (D) cumulative graphical representation showing 
increase in absorption of the ag NP solutions with an increase in reaction time and concentration.
Abbreviations: h, hours; UV/Vis, ultraviolet–visible spectroscopy; NPs, nanoparticles; hPc, hydroxypropylcellulose.
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Figure 3 FT-IR (KBr) spectra of pure HPC and HPC films loaded with Ag NPs prepared from a 75 mmol AgNO3 solution.
Notes: (A) Pure hPc; (B) HPC films loaded with Ag NPs.
Abbreviations: FT-Ir, Fourier transform infrared; hPc, hydroxypropylcellulose; NPs, nanoparticles.
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Figure 4 SEM images of Ag NPs embedded in HPC thin films.
Notes: (A) 50 mmol, (B) 75 mmol, and (C) 100 mmol agNO3 solutions showing the distribution of ag NPs.
Abbreviations: seM, scanning electron microscopy; NPs, nanoparticles; hPc, hydroxypropylcellulose.

centrifugation. The isolated Ag NPs were analyzed by TEM 

to assess the size distribution and morphology of the Ag NPs. 

The TEM images confirmed the formation of highly spheri-

cal Ag NPs with a size distribution in the range of 25–45 nm,  

25–50 nm, and 25–55 nm for 50 mmol, 75 mmol, and 100 

mmol AgNO
3
 solutions, respectively (Figure 5). TEM 

images of the Ag NPs isolated from the 1-year stored sample 

(100 mmol) were also recorded. It was noted that Ag NPs 

retained their size and morphology after 1 year of storage, 

which further confirmed the useful storage properties of 

HPC thin films.

PXrD
The crystal phase of the as-synthesized Ag NPs isolated by 

centrifugation was confirmed by PXRD analyses of 50 mmol, 

75 mmol, and 100 mmol solutions (Figure 6) over the range 

of 5°–100°, 2θ. The crystal phase of face-centered cubic 

Ag NPs was inferred from the diffraction peaks centered 

at (111), (200), (220), and (311) in all samples. The X-ray 

diffraction of the isolated Ag NPs after storing the Ag NPs 

in HPC thin films for 1 year was also recorded. The results 

revealed that there was also no change in the diffraction 

pattern of the stored sample. Therefore, it is inferred that 
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Figure 5 TeM images of isolated ag NPs from 50 mmol, 75 mmol, 100 mmol, and 100 mmol (1-year stored sample) agNO3 solutions reduced by hPc.
Notes: (A) 50 mmol, (B) 75 mmol, (C) 100 mmol, and (D) 100 mmol (1-year stored sample).
Abbreviations: TeM, transmission electron microscopy; NPs, nanoparticles; hPc, hydroxypropylcellulose.

Figure 6 PXrD spectra of isolated ag NPs.
Notes: (A) 50 mmol, (B) 75 mmol, and (C) 100 mmol and (D) 50 mmol (recorded after a 1-year storage period).
Abbreviations: cPs, counts per second; PXrD, power X-ray diffraction; NPs, nanoparticles.
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the HPC thin films can be utilized for the long-term storage 

of Ag NPs.

aFM
Well-dispersed Ag NPs showed a spherical surface morphology 

in the AFM images (Figure 7). The capping of Ag NPs by HPC 

prevented their aggregation. Thus, it was concluded that HPC 

can be used as stabilizer and storage medium for Ag NPs.

Storage of HPC–Ag NPs in thin films
HPC was also evaluated as a storage medium for Ag NPs 

in solution, as well as in thin films. For this purpose, the 

AgNO
3
 solution (100 mmol) was reduced by HPC for  

12 hours under sunlight. The UV/Vis absorption spectra 

were recorded before and after 30 days’ storage of the 

samples under dark, and comparable absorption maxima 

were obtained for the sample. A similar sample was dried 

and stored under dark conditions after UV/Vis irradiation for  

12 hours. The resultant see-through thin films were stored for 

1 year and UV analysis was recorded after dissolving the films 

in deionized water. No significant changes in the absorption 

intensity and shape of the UV/Vis spectra indicated that there 

was no sign of agglomeration of the Ag NPs during storage 

on the thin films. The SEM analyses of the 1-year stored Ag 

NP-embedded HPC thin films have further confirmed the 

hypothesis, and results symmetrical to the SEM images of 

the freshly prepared thin films (see Figure 4) were obtained. 

All of the storage results are depicted in Figure 8.

Figure 7 AFM images of Ag NPs embedded in HPC thin films confirming the symmetrical and spherical geometry of the Ag NPs.
Notes: (A and C) hPc–ag NPs 50 mmol; (B and D) hPc–ag NPs 75 mmol; (E and F) hPc–ag NPs 100 mmol agNO3.
Abbreviations: aFM, atomic force microscopy; NPs, nanoparticles; hPc, hydroxypropylcellulose.
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Figure 8 UV/Vis spectra of a 100 mmol agNO3 solution in HPC, a vial indicating the color of the solution, see-through Ag NP-embedded HPC thin film, and SEM image of 
thin films taken after 1 year of storage under dark conditions.
Notes: (A) UV/Vis spectra of a 100 mmol agNO3 solution in hPc recorded after 12 h, 30 days, and 1 year of storage. (B) Vial indicating the color of the solution. (C) see-
through Ag NP-embedded HPC thin film. (D) SEM image of thin films taken after 1 year of storage under dark conditions.
Abbreviations: h, hours; UV/Vis, ultraviolet–visible spectroscopy; hPc, hydroxypropylcellulose; NP, nanoparticle; seM, scanning electron microscopy.

antimicrobial activity of ag NPs
The Ag NPs showed significant antimicrobial activity against 

the most commonly tested strains of bacteria and fungi (ie, 

S. epidermidis, S. aureus, P. aeruginosa, B. subtilis, E. coli, 

Actinomycetes, and A. niger). The zones of inhibition (radial 

diameter) for the aforementioned strains were found to be 

26 nm, 29 nm, 33 nm, 33 nm, 20 nm, 22 nm, and 21 mm, 

respectively, using an Ag NP solution with a 50 mmol con-

centration. Similarly, 75 mmol and 100 mmol solutions of  

Ag NPs were tested against the aforementioned strains, and 

the results are cumulatively shown in Figure 9. In simultane-

ously performed experiments for controls (HPC solution and 

sterile distilled water-filled cavities), there was no antimicro-

bial activity, whereas AgNO
3
 solution (0.01 M) was found to 

be active against the mentioned strains. Antimicrobial assay 

was carried out in triplicate and the mean values have been 

reported. As a typical example, the antimicrobial activity of 

Ag NPs (50 mmol) against P. aeruginosa is shown in Figure 9,  

clearly indicating the zone of inhibition. However, polymer 

HPC and distilled water did not show any activity. The  

Ag NPs prepared by said novel and green method are poten-

tially active against a variety of microbes; therefore, such 

pristine Ag NPs can be used as effective therapeutic tools.

Conclusion
The present study reports a green and low-cost method for 

the synthesis of Ag NPs based on HPC. The role of HPC 

in the formation and stabilization of Ag NPs has been 
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Figure 9 Inhibitory zone of ag NPs (50 mmol, 75 mmol, and 100 mmol) versus different bacterial and fungal strains.
Abbreviations: S. epidermidis, Staphylococcus epidermidis; P. aeruginosa, Pseudomonas aeruginosa; E. coli, Escherichia coli; B. subtilis, Bacillus subtilis; S. aureus, Staphylococcus aureus; 
A. niger, Aspergillus niger; NPs, nanoparticles; hPc, hydroxypropylcellulose.

investigated. AgNO
3
 solutions were reduced to Ag NPs 

through a nontoxic and green reducing agent (ie, HPC). 

The stability of the Ag NPs after 1 year of storage has been 

achieved using HPC. The green synthesis of Ag NPs can be 

exploited as bioactive materials in biopolymer composites. 

The Ag NP–biopolymer composites have hybrid properties 

of both polymer and Ag NPs. Such hybrid materials could 

find potential applications in catalysis, nanobiotechnology, 

and therapeutics.
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