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A simple, novel method was developed for synthesizing cellulose (CE) 
fibers doped with silver nanoparticles (Ag NPs) in the green solvent 
tetrabutylammonium hydroxide / dimethyl sulfoxide / H2O at room 
temperature. Tetrabutylammonium hydroxide accelerated the reduction of 
Ag+ to Ag by the cellulose chains, yielding Ag NPs in cellulose solution 
stabilized using polyethyleneimine (PEI). After 24 h, almost all the Ag+ was 
reduced to Ag NPs. The influences of silver nitrate concentration, reaction 
time, and stabilizer on the formation of Ag NPs were investigated by UV-
vis spectrophotometry. The prepared smooth and dense cellulose / Ag NP 
fibers showed high mechanical properties, with a tensile strength of 304.3 
MPa and an elongation at break of 22.1%. The fibers exhibited excellent 
antibacterial activities against Escherichia coli and Staphylococcus 
aureus, with more than 99% of E. coli bacteria killed by Ag NP / cellulose 
fibers. The synthesis procedure offers a general and mild approach to 
designing materials of almost any shape. 
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INTRODUCTION 
 

Cellulose—one of the most common organic polymers—is considered an almost 

inexhaustible raw material having the potential to meet the demand for environmentally 

friendly biocompatible materials. Cellulose products are widely used in medical supplies, 

textiles, and packaging products (Rogina-Car et al. 2014; Li and Huang 2016). However, 

cellulose products that are hygroscopic and porous provide substrates on which bacteria 

can breed, which can lead to disease (Kontturi et al. 2013). It is therefore essential and of 

great interest to prepare cellulose products with excellent antibacterial properties (Tsai et 

al. 2017). Silver nanoparticles (Ag NPs) have been the subject of intensive research in 

recent years. Due to their exceptional properties, including large surface area and high 

antibacterial activity (Liang et al. 2014; Felix et al. 2016), Ag NPs have been applied in a 

diverse range of fields including biomedicine, optical electronics, food packing, and 

textiles (Chaloupka et al. 2010; Echegoyen and Nerín 2013; Zhang et al. 2015). Silver 

nanoparticles effectively eliminate bacteria at relatively low concentrations that are not 

toxic to human cells. Additionally, to the best of the authors’ knowledge, bacterial 

resistance to Ag NPs has not been reported to date (Yuan et al. 2012). Introducing silver 

nanoparticles into cellulose matrices to provide them with antibacterial function has 

therefore been a common approach (Tsai et al. 2017).  

Recently, there have been numerous reports of cellulose being modified with Ag 

NPs using different methods. For example, there has been increasing research interest in 
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the preparation of cellulose / Ag NPs composites used in dipping methods. The 

experimental process requires a large amount of Ag to immerse the film, which would 

cause a mass of silver waste (Wu et al. 2014). In addition, the binding force between Ag 

NPs and cellulose is weak, such that the Ag NPs absorbed on the fibers surface can easily 

fall off (Taurozzi et al. 2008; Nangmenyi et al. 2009). Although adding Ag NPs directly 

to the cellulose solution is an economical and robust method without silver waste, evenly 

dispersing dry Ag NP powder in cellulose solution is a substantial challenge (Rac-

Rumijowska et al. 2017). To address this problem, Fakirov proposed the concept of 

conversion instead of addition, in which well-dispersed nanoparticles are produced directly 

on the matrix (Kannan et al. 2016). Therefore, in this study, Ag NPs were directly produced 

by in situ synthesis in cellulose solution under protection of polyethyleneimine (PEI). The 

PEI can stabilize the nanoparticle size and shape and prevent potential nanoparticle 

aggregation (Lee et al. 2011). Rac-Rumijowska et al. (2017) prepared nano silver particles 

in NMMO cellulose solution and PEI as stabilizer better than poly(vinylpyrrolidone) (PVP) 

or polyethylene glycol (PEG). In addition, methods for the preparation of Ag NPs based 

on the reduction of Ag ions using toxic or dangerous reducing agents have been reported 

and often also require harsh reaction conditions such as high temperature and pressure (Seo 

et al. 2013; Zhang et al. 2015). For example, Tran et al. (2016) prepared a cellulose and 

keratin regenerated film using 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) as the 

solvent and NaBH4 as the reducing agent, at a temperature greater than 110 °C. In the 

experiment, sliver nanoparticles were synthesized at room temperature with no additional 

reducing agent: The cellulose was both the matrix and the reducing agent, and the reaction 

conditions were mild. 

Unlike many other polymers, cellulose is difficult to dissolve in general solvents; 

however, most of its applications rely on an effective dissolution process (Miao et al. 

2016). Quaternary ammonium salt ionic liquids, such as tetrabutylammonium hydroxide 

(TBAH) and tetrabutylammonium acetate (TBAA), have attracted increasing attention in 

recent years. Tetrabutylammonium hydroxide is easily recycled and does not lead to the 

degradation of the polysaccharide (Medronho et al. 2019). Compared with other solvents, 

such as aqueous NaOH/urea or nonaqueous ionic liquid, TBAH is an efficient, green, 

cheap, and mild solvent that can dissolve cellulose quickly at room temperature (Chen et 

al. 2018). Additionally, dimethyl sulfoxide (DMSO) can be added as a co-solvent to 

improve the ability of TBAH to dissolve solutes. Cao et al. (2018) obtained a cellulose 

solution with a concentration of 4.8 wt% using TBAH/DMSO/H2O and then regenerated 

cellulose films at room temperature. In the present experiment, different ratios of solvent 

were used to achieve higher-concentration cellulose solutions to obtain regenerated 

cellulose fibers. To date, there have been no reports of the antibacterial modification of 

cellulose using TBAH as a solvent. 

Herein, a facile, one-pot, green method of synthesizing Ag NPs using cellulose—

which was dissolved in TBAH solvent—as both the reducing agent and matrix is reported 

for the first time. When the cellulose pulp was dissolved, the hydrogen-bonding network 

was destroyed, and many reducing ends were exposed, which enhanced the reduction 

capability. Additionally, alkali from the dissolving system markedly accelerated the 

reduction of Ag+ by cellulose at room temperature. Both factors are thought to contribute 

to the accelerated reduction of Ag+ to Ag. Therefore, ionic liquids not only act as solvents 

but also act as accelerators in the reduction of silver ions. Polyethyleneimine was added 

due to Ag NPs having high specific surface area and high yield. The mixture allowed the 

preparation of regenerated fibers using a dry-wet spinning process at room temperature. 
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The influences of silver nitrate concentration, reaction time, and stabilizer on the formation 

of the Ag NPs were investigated by UV-vis spectrophotometry. The viscosity of the mixed 

solution was suitable for spinning and prepared excellent fibers. X-ray diffraction (XRD) 

and Fourier-transform infrared (FTIR) analysis were used to determine the effects of the 

Ag NPs on the fibers. The antibacterial activities of the Ag NP / cellulose fibers against 

Escherichia coli and Staphylococcus aureus were demonstrated using the inhibition zone 

method and the shake flask test method, and the fibers were found to have excellent 

antibacterial activity against S. aureus and E. coli. 

 

 

EXPERIMENTAL 
 
Materials 

Hardwood pulpboard (with a degree of polymerization of 750) was purchased from 

Senbo (Shandong, China). Silver nitrate was purchased from Sinopharm Chemical Reagent 

Co., Ltd. (Shanghai, China). Tetrabutylammonium hydroxide (55 wt% in water) and 

tetrabutylammonium acetate were purchased from Tokyo Chemical Industry (Tokyo, 

Japan). Polyethyleneimine with an average molecular weight of 10 kDa and DMSO were 

purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). All chemicals 

used were analytical grade and did not undergo further purification. Escherichia coli (8099) 

and Staphylococcus aureus (ATCC6538) were purchased from the China Center for Type 

Culture Collection (CCTCC) (Wuhan, China).  

 

Preparation of Ag NP / cellulose solution 

The cellulose (CE) was dried at 80 °C for 12 h to remove moisture. 

Tetrabutylammonium hydroxide (55 wt%) and DMSO were mixed in a 3:7 weight ratio to 

yield the solvent. Cellulose was then dissolved in 30 mL of the ionic liquid solvent mixture 

at 30 °C to yield a 9.5-wt% solution and stirred vigorously for 3 h to obtain a transparent 

solution. Set amounts of AgNO3 and PEI (weight ratio AgNO3 / PEI = 1:5) were added to 

the cellulose solution (the weights of AgNO3 were 0.015 wt%, 0.03 wt%, and 0.06 wt%, 

respectively, according to the quality of cellulose the solution), First, the PEI was added to 

the cellulose solution. Then, after thorough stirring for 0.5 h, ionic silver was added. The 

reaction was continued for 2 h to uniformly disperse the AgNO3 and PEI in the cellulose 

solution. The prepared mixed solution was then sealed for 24 h at room temperature to 

yield the spinning solution. An Ag NP / cellulose solution without added PEI was also 

prepared.   

 

Preparation of Ag NP / cellulose fibers 

The obtained Ag NP / cellulose solution was centrifuged at 4000 rpm for 10 min to 

remove the impurities and bubbles. The Ag NP / cellulose blend fibers were spun through 

a laboratory scale dry-jet wet spinning apparatus. The air gap distance was 25 mm, the 

spinning speed was 0.3 mL/m, and the drawing ratio for the blend fibers was 1.7. The 

cellulose / Ag NP solution was spun into a coagulation water bath at a temperature of 25 

℃, and then the blend fibers were stretched in the coagulation bath (Zhong et al. 2017). 

The synthetic fibers were soaked in deionized water for 48 h, and the water was changed 

every 8 h to remove the residual reagents, after which the Ag NP / cellulose blend fibers 

were obtained (R1, R2, and R3). The pure regenerated cellulose fiber was denoted R0. The 

fibers were coded as R1, R2, and R3, when the AgNO3 concentrations of the mixture 
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solution were 0.015 wt%, 0.03 wt%, and 0.06 wt%, respectively (Table 1). 

 

Table 1. Compositions of Spinning Solutions 

Fiber 
Sample 

Solution 
Sample 

Cellulose 
(wt%) 

AgNO3 

(wt%) 
AgNO3 / PEI 
Blend Ratio 

R0 R0' 9.5 0 0 

R1 R1' 9.5 0.015 1:5 

R2 R2' 9.5 0.03 1:5 

R3 R3' 9.5 0.06 1:5 

wt% according to the weight of aqueous solution 

 

Antimicrobial Activity Studies 
The antimicrobial activities of the composite fibers were investigated using the 

inhibition zone method with E. coli and S. aureus. The bacterial solution, which achieved 

an exponential growth phase, was diluted to a cell concentration of 105 CFU/mL. The fibers 

were cut into bar shapes and formed into a circular sheet with a diameter of 12 mm using 

a specific tableting mold. Diluted bacterial solution (1.0 mL) was then inoculated onto the 

plates, and samples were pressed into close contact with agar culture medium and 

cultivated at 37 °C for 24 h. The zones of bacterial inhibition were then monitored. The 

antibacterial performances of the different fibers were evaluated through the diameters of 

the inhibitory zones (Yang et al. 2020). 

In the shake flask test method, a 0.1-g test specimen that was cut into pieces was 

added to a test flask containing 10 mL of the bacterial inoculum after sterilizing by 

autoclaving for 20 min at 121 °C. The suspension of bacteria cells had a final density of 

104 CFU/mL. Then, all of the sealed flasks were shaken at 120 rpm and 37 °C for 24 h. The 

bacterial solutions were subsequently diluted and spread onto LB agar plates. The plates 

were cultivated at 37 °C for 24 h (Yang et al. 2020). The percentage reduction of 

microorganisms after 24 h of incubation was calculated using Eq. 1, 

Y = (Wt – Qt) / Wt        (1) 

where Y is the antibacterial rate, Wt is the number of microorganisms (CFU/mL) in the 

control sample after 24 h of incubation, and Qt is the number of microorganisms (CFU/mL) 

in the tested sample after 24 h of incubation.  

 

Characterization 
The rheological properties of the spinning solution were characterized using a 

rotary rheometer (CVO-100, Bohlin, Malvern, UK). The prepared spinning solution was 

poured onto the rheometer platform, and the static rheological properties of the spinning 

solution were tested with a cone clamp with a diameter of 40 mm and a cone angle of 2°. 

The shear rate was 0.1 s-1 to 100 s−1. 

The Ag NP solution was diluted to an appropriate concentration and then poured 

into a colorimetric dish for testing. The formation of Ag NPs was confirmed using a UV-

vis spectrophotometer (PerkinElmer Lambda 650, Waltham, MA, USA) with a scanning 

wavelength range from 300 nm to 800 nm using a 1-cm optical path at ambient temperature.  

The Ag NP / cellulose blend fiber (R3), which was carefully milled with a mortar, 

was added to an appropriate amount of ethanol. After sonicating for 30 minutes, a drop of 

the ethanol solution was dropped onto a 230-mesh copper mesh. Transmission electron 

microscopy (TEM) images were acquired using a JEM-1010 transmission electron 
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microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 300 kV. The size of the 

particles was measured by Nano Measure software (Visual Basic 6.0, Shanghai, China). 

The presence of functional groups in the Ag NP / cellulose blend fibers was 

investigated using an FTIR spectrometer (Bruker Vector 33) in the 4000 cm-1 to 500 cm-1 

range at a resolution of 4 cm-1 using the KBr method.  

To study the effect of Ag NPs on the crystallinity of the nanocomposite fibers, XRD 

measurements were performed using an X-ray diffractometer (Bruker D8 Advance, Brook, 

Germany) at 40 kV and 40 mA with Cu-Kα radiation. The scan range was from 6° to 80°, 

at a scanning rate of 2°/min. The crystallinity index of the matrix in the nanohybrid fibers 

was calculated using the peak height method (Eq. 2),   

Crystallinity index (%) = (I020 – Iam) / I020     (2) 

where I020 (2θ = 21.6° for cellulose II) is the intensity of the crystalline fraction, and Iam is 

the intensity of the amorphous region (2θ = 16° for cellulose II) (Fu et al. 2017).  

The cross sections and surfaces of the fibers were characterized by scanning 

electron microscopy (SEM, S-3000N, Hitachi, Tokyo, Japan). The fibers were frozen in 

liquid nitrogen and immediately snapped. The best sample was chosen, and a single fiber 

was covered with a platinum layer. Elemental and distribution maps of the Ag NPs in the 

cross sections of the fibers were obtained using energy dispersive spectroscopy (EDS) from 

SEM. (Model, Manufacturer, City, Country). 

The mechanical properties of the fibers were tested using an electronic tensile tester 

(Instron 5848, Norwood, MA, USA). The stretching rate was 10 mm/min, with a 10-mm 

gauge length. The diameter of the fiber was measured using a microscope (XPV-25, Pudan, 

Shanghai, China). The tensile strength and elongation were calculated as the averages of 

at least 20 measurements from stress-strain curves. 

 

 

RESULTS AND DISCUSSION 
 
Effect of Factors on the Formation of Ag NPs  
Effect of AgNO3 content on the formation of Ag NPs 

The UV-vis spectra of the cellulose silver nanoparticles solution are shown in Fig. 

1. As shown in Fig. 1a, the typical characteristic peak of Ag NPs appeared at approximately 

417 nm, which confirmed the presence of the Ag NPs in the cellulose solution kept at room 

temperature for 24 h. Because of the surface plasmon resonance absorption characteristics 

of precious metals, Ag NPs have unique absorption bands at 390 nm to 440 nm (Song and 

Kim 2009; Johnston and Nilsson 2012). With the increase of AgNO3 concentration (0.015 

wt% to 0.06 wt%), the intensity of the absorption peak gradually increased, which indicated 

that an increasing number of Ag NPs were formed in the system, as the intensity of the 

absorption peak depends on the concentration of Ag NPs. 

 

Change of Ag NPs in solution with time and the effect of stabilizer 

The influences of time and stabilizer on the Ag NPs are shown in Fig. 1b. When 

mixing had just ended, there was a characteristic absorption peak in the UV-vis spectrum, 

suggesting that few Ag NPs had been generated at that point. The peak intensity increased 

with reaction time. After 24 h of storage at room temperature, a higher absorption peak 

appeared, which indicated that more Ag NPs were produced as a result of reduction by 

cellulose at room temperature. However, due to the high concentration of Ag NPs—which 
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have a large surface area—generated in the cellulose solution, after 48 h, the absorption 

peak intensity decreased substantially. 

 

  
 
Fig. 1. (a) UV-vis spectra of Ag NPs prepared from solutions with different AgNO3 concentrations: 
0.015 wt%, 0.03 wt%, and 0.06 wt%; (b) UV-vis spectra of Ag NPs at different times (0.03 wt% 
AgNO3 solution); (c) UV-vis spectra of Ag NPs prepared under different conditions; and (d) digital 
camera photo: (1) Ag NP / cellulose solution without added PEI after 48 h and (2) Ag NP / 
cellulose solution with added PEI after 48 h 

 
Figure 1d (1) shows that the cellulose / Ag NP solution was stratified, with larger 

Ag NPs deposited on the bottom. Thus, the generation of Ag NPs is mainly divided into 

two stages: Ag NPs are first generated (0 h to 24 h) and then they agglomerate as the 

generated Ag NPs’ concentration increases (24 h to 48 h). To prevent the aggregation of 

Ag NPs, PEI was added to stabilize the cellulose solution. As a result, the absorption peak 

intensity of the Ag NPs did not change at 48 h compared to 24 h, and the cellulose solution 

did not exhibit stratification, as shown in Fig. 1d (2). These findings confirmed that PEI 

was an effective stabilizer for the reaction.  

 

Roles of cellulose and TBAH in the synthesis of Ag NPs 

To investigate the roles of cellulose and TBAH in the synthesis of the Ag NPs, 

contrast experiments were conducted. When Ag+ was added to the TBAH/DMSO/H2O 

solution (at the same concentration) in the absence of cellulose, no Ag NPs were obtained, 

as indicated by the UV-vis spectra (Fig. 1c). Additionally, the characteristic absorption 

band of Ag NPs had a much lower intensity when the solvent was substituted by 

TBAA/DMSO (Fig. 1c) (the reaction temperature was 55 °C due to the dissolution 

characteristics of TBAA, while all other reaction conditions were the same). When DMSO 

Wavelength (nm) 
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is used as a co-solvent, TBAH and TBAA are highly efficient cellulose solvents. These 

results suggest that cellulose played a crucial role in the synthesis of the Ag NPs, as the 

TBAH greatly increased the reducing power of the cellulose. The above analysis shows 

that PEI was used as a stabilizer to prevent the aggregation of Ag NPs, and the cellulose 

chains acted as the reducing agent in the TBAH solvent. 

 

Formation Mechanism of Ag NPs 
Based on the described results, a possible formation mechanism for cellulose / Ag 

NP fibers using TBAH solvent as an accelerant is proposed in Fig. 2.  Cellulose is a natural 

polysaccharide containing many hydroxyl groups, which can form intramolecular and 

intermolecular hydrogen bonds, thus limiting its reducing ability. However, when the 

cellulose pulp was dissolved, the hydrogen bond network was destroyed, and many 

reducing ends were exposed, resulting in better reducing ability (Dong et al. 2015). 

 

 
 
Fig. 2. Formation mechanism of Ag NP / cellulose fibers using TBAH/DMSO/H2O solvent  

 

Meanwhile, when the AgNO3 was added to the cellulose solution, Ag2O particles 

were formed rapidly, as Ag+ ions tend to form insoluble Ag2O particles in alkaline 

conditions. Importantly, the reduction of Ag2O to Ag is much easier than the reduction of 

Ag+ to Ag, as widely reported in the literature (Nishimura et al. 2011). Under the synergy 

of the above two aspects, Ag+ ions were reduced by cellulose at room temperature. The 

PEI molecules, which contain many amino groups in the long molecular chain, act as 

stabilizer in the course of the metal nanoparticle synthesis (Although PEI has a certain 

degree of reduction, the synthesis of Ag NPs with PEI is not practical at room temperature 

(Lee et al. 2011).) This behavior created a simple reaction pathway for the facile formation 

of the Ag NPs / cellulose.  

 

Basic Characterization Analysis 
The spinning solution’s viscosity has a substantial influence on the spinning 

process and the resultant fiber morphology. Figure 3a shows the change of spinning 

solution viscosity with shear rate for solutions with different Ag NP contents. The cellulose 

solutions containing different Ag NP concentrations all exhibited shear thinning, which is 

a notable feature of polymers (Liu et al. 2011). The findings showed that the properties of 
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the cellulose solution after the Ag NPs were generated were similar to those of a typical 

polymer solution, which, to a certain extent, implied that the cellulose solution was still 

stable after adding silver nitrate. Figure 3a also suggests that the viscosity of the cellulose 

solution increased with the increasing concentration of Ag NPs generated in solution, as 

the Ag NPs may participate in the physical entanglement of the cellulose in the solution. 

 
 

 
 

Fig. 3. (a) Viscosities of R0' to R3' solutions for prepared R0 to R3 fibers, (b) tensile properties of 
composite fibers, (c) XRD patterns of pure cellulose and composite fibers with different silver 
contents, and (d) FTIR spectra for pure regenerated cellulose fiber and composite fiber (R3) 

 

Mechanical properties constitute an important aspect of cellulose / Ag NP 

composites due to their direct relation to applicability. The mechanical properties of the 

composite fibers with different Ag NP contents were measured at room temperature. The 

results for tensile strength and elongation at break are summarized in Fig. 3b. Pure 

regenerated cellulose fibers had a tensile strength of 289.5 MPa and an elongation at break 

of 21.3%, while the mechanical properties of the R1 fibers were slightly greater, at 304.3 

MPa and 22.1%, respectively. The good mechanical properties of the R1 fibers can be 

explained by the uniform dispersion of the Ag NPs in the cellulose and the good interfacial 

interaction between them (Chen et al. 2020). The mechanical properties of the R2 and R3 

fibers were slightly lower. In general, the prepared regenerated cellulose fibers had good 

mechanical properties that met the requirements of industrial applications. 

To examine the effects of Ag NPs on the crystallinity of the matrix and confirm the 

formation of Ag NPs in the fibers, X-ray diffractograms of the matrix and nanocomposite 

fibers prepared using different-concentration AgNO3 source solutions were acquired and 

are shown in Fig. 3c. All four fibers had three common intensity peaks at 2θ = 12°, 20°, 

and 21.6°, corresponding to the (1 0), (110), and (020) planes of cellulose II, respectively, 
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which is similar to aqueous NaOH / urea systems (French 2014).  

The addition of silver ions did not induce changes in the crystal structure of 

cellulose. Additionally, the R3 composite showed a diffraction peak at 2θ = 38.1°, which 

was assigned to the (111) peaks, representing the structure of Ag according to the standard 

card (JCPDS Card No. 4-783). This result indicated that Ag metal was successfully 

synthesized in the cellulose / Ag NP fibers. The results matched well with the UV-vis result 

and further demonstrated the successful preparation of the Ag NP / cellulose composite 

fibers. The peak attributed to cubic silver was not clearly observed in the patterns for the 

R1 and R2 fibers, which could be due to the low Ag content. Calculated from the 

diffractograms—the degree of crystallinity of the cellulose fibers was 57.1%, and the 

crystallinities of the cellulose / Ag NP fibers were 52.81%, 52.46%, and 51.55%, 

respectively.  

The intensities of the diffraction peaks for R1, R2, and R3 were slightly lower than 

that of the matrix alone. This result was because the crystal structure of cellulose was 

partially destroyed in the oxidation process. Alternatively, it may indicate that the Ag NPs 

hindering crosslinking during cellulose regeneration, which affects its crystallinity. Thus, 

the crystal structure and degree of crystallinity of cellulose were not altered obviously 

during the in-situ synthesis of the Ag NPs.  

Fourier-transform infrared spectra were measured to investigate the effects of the 

Ag NPs on the structure of cellulose and are presented in Fig. 3d. The spectra of the matrix 

and the nanocomposite made using 0.06 wt% aqueous AgNO3 solution are separated for 

clarity. Peaks were characteristic of cellulose and were visible in the spectra. The peak at 

3335 cm-1 was attributed to the OH group, and the peaks at 2900 cm-1, 1420 cm-1, and 1365 

cm-1 correspond to C-H bonds. The cellulose / Ag NP fibers did not exhibit any additional 

peaks compared with the pure fibers. This result confirmed that the silver in the fibers was 

in its metallic form and not in the form of potential metal-organic compounds. The 

corresponding peak of PEI was not present, which indicates that PEI was removed from 

the regenerated fiber to a certain extent. 

 

Morphology of Ag NP / Cellulose Fibers and Ag NPs 
The morphologies of the Ag NP / cellulose nanocomposites were characterized by 

SEM, as shown in Fig. 4. The SEM images showed that all fibers had smooth surfaces and 

dense cross sections that showed no micropores, even after modification. This maintenance 

of fiber smoothness was possible as the whole fiber was doped, and the uniformity of the 

solution was well maintained during the spinning process. The diameter of the fibers was 

approximately 60 μm, which is not ideal and is due to the simple spinning device used in 

this study. The device had only one-stage solidification, lacked multistage washing, and 

did not have sufficient drafting conditions. If the equipment can be improved, the diameter 

of fibers might range from 30 to 40 μm. The pure cellulose fibers were white, whereas the 

fibers containing Ag NPs ranged from yellowish orange to brown as the Ag NP content 

increased. The color change in the fibers may be due to surface plasmon resonance in the 

Ag NPs in the doped fibers, indicating that more Ag NPs formed (Zhang et al. 2015; Rac-

Rumijowska et al. 2017). Additionally, as the color of the nanocomposite fibers did not 

change even after washing with distilled water for 48 h, it can be inferred that stable Ag 

NPs were formed in situ in the fibers (Muthulakshmi et al. 2017). 
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Fig. 4. SEM images (with inset photographs) of regenerated cellulose: (a1 to d1) the fiber 
surfaces and physical maps of R0 to R3, respectively, and (a2 to d2) the fiber cross sections of 
R0 to R3, respectively 
 

 
 

Fig. 5. (a) TEM image of the Ag NP / cellulose fibers (R3), (b) the particle size distribution of the 
Ag NPs (R3), (c) the dispersion of Ag NPs in the fiber cross section and EDS image (R3), and (d) 
high-magnification image of Ag NPs 

 

The energy dispersive spectrum measured from SEM further confirmed that there 

was Ag in the composite fiber. Figure 5c contains an EDS image (Fig. S1). Additionally, 

the EDS image showed that the nanoparticles (yellow crystals) were uniformly distributed 

throughout the fiber (Fig. 5c), and the nano silver is evenly distributed on the cross section 

of the fiber. Transmission electron microscopy observations were performed to further 
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investigate the microstructure of the Ag NPs (Fig. 5). The TEM images showed virtually 

spherical Ag NPs with uniform dispersion anchored to the fibers. These observations 

clearly indicated that Ag NPs had formed inside the matrix, and there was no aggregation 

of Ag NPs, which confirmed that PEI and cellulose prevented Ag NP aggregation. The size 

distribution of the particles was measured using Nano Measure software. The 

corresponding statistical histogram (Fig. 5b) showed that the sizes of the formed Ag NPs 

were in the approximate range of 7 nm to 27 nm, with a mean diameter of 13 nm. Most of 

the NPs had diameters in the range of 10 nm to 15 nm. The size, morphology, and stability 

of Ag NPs strongly affect their antimicrobial and antiviral activity (Xia et al. 2012). Some 

authors have found that Ag NPs measuring 5 nm to 20 nm have greater antibacterial 

activities (Liu et al. 2010). 

  

Antimicrobial Effects of Cellulose / Ag NP Fibers 
Silver nanoparticle / cellulose fibers are known to have good antibacterial activity. 

The antibacterial activity of the prepared nanocomposite fibers was tested against the 

common bacteria E. coli and S. aureus using the disk diffusion method after 24 h of 

incubation at 37 ℃ (Fig. 6). The matrix did not show any activity; however, the cellulose 

/ Ag NP fibers showed clear antibacterial activity compared with the matrix. For E. coli, 

the diameters of the clear zones were 6.5 mm, 7 mm, and 8 mm for R1, R2, and R3, 

respectively. The diameters of the clear zones for S. aureus were considerably smaller than 

those for E. coli: 1.1 mm, 2.6 mm, and 2.9 mm for R1, R2, and R3, respectively. The 

diameter of the inhibition zone can represent the antibacterial strength to a certain extent. 

The difference in the organization of the cell wall results in greater sensitivity of Gram-

negative bacteria.  

 

 
 

Fig. 6. Images of the antibacterial clear zone diameters for (a) E. coli and (b) S. aureus: (0 to 3) 
samples R0 to R3 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zeng et al. (2021). “Cellulose / Ag nanoparticle fibers,” BioResources 16(2), 3360-3376.  3371 

 
 

Fig. 7. Images of agar plates inoculated with (a1 to d1) S. aureus and (a2 to d2) E. coli 
suspensions and treated with R0 to R3, respectively 

 

The antibacterial ratios of the Ag NP / cellulose fibers against E. coli and S. aureus 

were tested using the shake flask test method. After 24 h of incubation, the S. aureus 

reductions for the three fibers containing different amounts of Ag NPs were 82.5%, 

96.25%, and 98.12%, for R1, R2, and R3, respectively. For E. coli, the sterilizing 

efficiencies of Ag NP / cellulose fibers were 89.3%, >99%, and >99%, for R1, R2, and R3, 

respectively. These findings were similar to those obtained using the agar diffusion 

method, which indicated that the Ag NPs provide better antibacterial activity against E. 

coli. The results demonstrated that the Ag NP / cellulose fibers had good antimicrobial 

activities against E. coli (Gram negative) and S. aureus (Gram positive). The antibacterial 

mechanism of silver nanoparticles has been explained in many reports. A generally 

accepted view is that silver nanoparticles release silver ions and thus disrupt the 

physiological functions of bacteria. Silver nanoparticles have a higher specific surface area 

and are faster at releasing Ag+ into bacteria than large silver particles, which causes more 

serious damage to bacteria (Shrivastava et al. 2007). The antibacterial activities against E. 

coli were higher than those against S. aureus, which was probably due to the difference 

between the cell walls of Gram-positive and Gram-negative bacteria (Rac-Rumijowska et 

al. 2019). It is well known that the bactericidal activity of Ag NPs is affected by the 

thickness and composition of the microorganism cell wall. In Gram-positive bacteria, the 

cell wall comprises a negatively charged peptidoglycan, and this layer is thicker than 

Gram-negative bacteria, which causes silver ions to remain stuck to the cell surface. Gram-

negative bacteria have thinner cell walls and lower peptidoglycan contents and are 

therefore more sensitive to Ag NPs.  

 

 

CONCLUSIONS 
 
1. Silver nanoparticle / cellulose fibers were successfully prepared using the direct one-

pot synthesis of Ag NPs in the spinning solution. Tetrabutylammonium hydroxide was 

used not only as a solvent for cellulose but also as an accelerator for cellulose in the 

reduction of silver ions. 

2. As the reduction time increased, Ag NPs were first generated (0 h to 24 h) and then 
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agglomerated as the number of generated Ag NPs increased. Therefore, the addition of 

stabilizers was necessary. The formation of Ag NPs caused a slight change in the 

crystallinity and did not change the functional groups of cellulose. 

3. The prepared regenerated cellulose fibers had high mechanical properties. Scanning 

electron microscopy (EDS) and transmission electron microcopy (TEM) showed that 

the Ag NPs, which had a mean diameter of 13 mm, were uniformly dispersed in the R3 

fibers. 

4. The fibers exhibited excellent antibacterial activities against E. coli and S. aureus, as 

demonstrated using the inhibition zone method and shake flask test method. 

5. This simple and mild synthetic method provides a new strategy for preparing high-

value-added cellulose-based nanohybrid materials. 
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APPENDIX:  SUPPLEMENTARY MATERIAL 
 
One-pot Synthesis of Cellulose / Silver Nanoparticles Fibers and 
Antibacterial Application 
 

 
 

 
 

 
Fig. S1. EDS images of section of R3 fibers 

 

Elt. Line Intensity 
(c/s) 

Conc Units Error 
2-sig 

MDL 
3-sig 

  

C Ka 10,598.54 45.069 wt% 0.524 0.664   

O Ka 5,469.71 51.644 wt% 0.805 1.002   

Ag La 453.23 3.287 wt% 0.167 0.201   

   100.000 wt%   Total 
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