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Abstract Metal nanoparticles are considered

intriguing to academic society, due to a wide spectrum

of applications in electronics, biomedical engineering,

optics, and medicine. In this study, effective methods

of decorating cellulose nanofibers (CNFs), deacety-

lated from cellulose acetate nanofibers, with silver

nanoparticles (AgNPs) via ultraviolet radiation and

copper nanoparticles (CuNPs) via chemical reduction

were reported. The formation of metal nanoparticles

was confirmed by scanning electron microscopy and

transmission electron microscopy. The sizes and the

metal contents of AgNPs incorporated CNFs (Ag/

CNFs) were demonstrated to correlate well with the

concentrations of immersion solutions; whereas sizes

of CuNPs decorated CNFs, denoted as Cu/CNFs, did

not change significantly upon the increased concen-

trations of wetting solutions. Bacterial inhibition

zones and the bactericidal efficacy were investigated

against both gram-negative and gram-positive bacte-

ria; interestingly, the results revealed superior bacte-

ricidal activity against E. coli for Ag/CNFs and better

antibacterial properties against B. subtilis for Cu/

CNFs.
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Introduction

Cellulose is a natural material thus considered envi-

ronmentally friendly in contrast to fossil fuel-based

commodity polymers regarding biodegradability and

the environmental consequences (Zhu et al. 2016). In

consideration of new composite materials with low

environmental impact, cellulose is rising as a promis-

ing alternative for oil-derived polymers and has

attracted much interest in academia, as well as

industrial sectors. In recent years, cellulose or cellu-

losic derivatives have been widely utilized for elec-

trospinning to fabricate nano-sized fibers with

multiple functions (Gopiraman et al. 2016). Cellulose

nanofibers offer goodmechanical properties—approx-

imately 5 MPa in the tensile test (Phan et al. 2019),

chemical resistance, and thermal stability (Greish et al.

2010). Cellulose nanofibers have presented great

potential in filtration, food packaging, electronic

devices, food additives, and medical and cosmetic

products (Rezaei et al. 2015).

Pathogenic bacteria are the root of numerous

diseases and infections which cause human sickness.

To cure those infectious diseases, diverse antibacterial

agents have been utilized, including metallic nanopar-

ticles (Kohanski et al. 2010). Silver nanoparticles are

considered as a new class of antibacterial agent, with

sustainable activity against a wide spectrum of bac-

teria (Franci et al. 2015); until now no life-threatening

risks ensuing from inhalation, ingestion or dermal

application of AgNPs have been reported hence

AgNPs in suitable doses are considered to be safe

for humans (Calderón-Jiménez et al. 2017). For

thousands of years, copper has been used as a powerful

antibiotic agent and liquid disinfection (Yang et al.

2017). Moreover, copper promotes human cell and

tissue regeneration during wound treatment and has

been combined with other materials to improve the

healing effects (Lokhande et al. 2017). Copper in

small doses exhibits negligible cytotoxicity on human

cells, yet lethal effects on bacteria (Beyth et al. 2015).

There are several well-reported routes to synthe-

sizing metallic nanoparticles, including chemical,

physical, photochemical and biological methods (Ira-

vani et al. 2014). Chemical methods, with three main

elements involved metal precursors, reducing agents,

and stabilizing agents, can be used to regulate metal

nanoparticles in a variety of sizes and shapes with high

uniformity and time-saving feature (Zielińska et al.

2009). The physical route has been described as

implementing heat generating systems (Dankovich

2014), electric discharge plasma (Lee et al. 2014), and

an electric arc discharge (Kawamura et al. 1998) to

reduce metal precursor to metal nanoparticles.

Recently, biological methods, employing bacteria or

substances extracted from plants for silver or copper

nanoparticle synthesis, have emerged as an environ-

mentally friendly, economical, and promising route

(Iravani 2011; Kuppusamy et al. 2016; Lee et al.
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2013). When integrating into medical devices, it is a

necessity to eliminate any consequent risk for human

health, as well as environments. Therefore, photo-

chemical approaches without the use of additional

reagents are regarded as sustainable alternatives for

silver nanoparticles syntheses.

The electrospinning method is an effective

approach to fabricate ultra-thin fibers with high

specific surface area and controllable porosity, hence

ideal for applications in tissue engineering scaffolds,

wound dressings, and drug delivery (Phan et al. 2018).

To conduct electrospinning, the desired polymers are

first dissolved in solvent systems, single or co-solvent.

A high voltage–power supply with adjustable voltages

and a rotary collector to obtain fibers in random

orientation are the required apparatus. The former one

produces electrical force to overcome the surface

tension of the droplet, and an electrified fluid jet is

subsequently spun and elongated. While the jet is

traveling through the air, the solvent evaporation takes

place, and thin fibers accumulate at the collector (Lee

et al. 2017; Zhu et al. 2017).

Attempts to incorporate metal nanoparticles into

the polymer matrix of nanofibers have made signifi-

cant progress (Ifuku et al. 2015; Kohsari et al. 2016).

Metal nanoparticle-based composite nanofibers

demonstrate great advantages to facilitate the uniform

distribution and the controllable release of silver or

copper at the bacteria contact surfaces (Chen and Peng

2017). For this reason, we opted for silver and copper

nanoparticles loaded on cellulosic nanofibers as a

functional composite material with antibacterial

effects. There have been several scientific articles

investigating the synthesis and growth of silver

nanoparticles on fibers via the ultraviolet radiation

(UV)-induced method (Kozicki et al. 2013; Omrani

and Taghavinia 2012; Perera et al. 2013; Rehan et al.

2017). The absorption of silver ions in cellulose was

governed by the hydroxyl groups on cellulose

nanofibers (Jatoi et al. 2019), and the UV light played

the role of reducing agent. The introduction of copper

nanoparticles and their antibacterial properties have

also been presented on other research papers (Jia et al.

2012; Rubilar et al. 2013). In our study, we success-

fully coated the silver and copper metals in the

nanofibrous cellulosic framework and juxtaposed the

UV-facilitating synthesis of AgNPs and the chemical

synthesis of CuNPs regarding the metal loading

effectiveness on the nanofibrous scaffolds, the metal

release properties, and the antibacterial activity

against two representative bacteria strains, E. coli

and B. subtilis.

Experimental

Materials

Cellulose acetate (39.8% acetyl weight content, aver-

age Mw = 30,000 g mol-1) was purchased from

Sigma Aldrich Chemical Co., Ltd (USA). Dimethyl-

formamide (DMF 99.8%), acetone (99.5%), nitric acid

(HNO3 65 wt%), silver nitrate (AgNO3 99.8%), and

copper (II) acetate (Cu(CH3COO)2 97%) were

obtained from Wako Pure Chemical Industries, Ltd.

(Japan). All chemicals were used without any addi-

tional purification. Escherichia coli strain (Hrf 3000)

was received from the Coli Genetic Stock (CGSC;

Yale Univ., New Haven, CT, USA). Bacillus subtilis

strain (168) was provided by Dr. Ogasawara, Shinshu

University, Japan. The Cell Counting Kit-8 (CCK-8)

was purchased from Dojindo Laboratories Japan. The

Luria–Bertani broth was purchased in an analytical

grade from Nacalai Tesque, INC., Kyoto, Japan. The

Petri dishes were supplied by Sansei Medical Co.,

LTD., Japan.

Fabrication of cellulose nanofibers

Firstly, cellulose acetate was dissolved in the mixture

of Acetone/DMF with the weight ratio between two

solvents 2/3 to prepare a 20 wt% solution of the

polymer. The solution was vigorously agitated for

24 h to ensure all components mixed thoroughly. The

electrospinning was set up with a high voltage–power

supply (Har-100 * 12, Matsusada Co., Tokyo, Japan),

a collector, and a syringe pump. A 20-ml plastic

syringe, with a metallic needle affixed to it, was used

to contain the prepared solution. The inner diameter of

the needle was 1.2 mm, and the distance between the

tip of the needle and the collector was adjusted to

18 cm. The syringe pump was set to a flow-rate of

1 ml h-1, and the spinning was performed for 48 h.

The parameters were set as voltage of 15 kV, room

temperatures, and humidity of approximately 40%.

Once the spinning process was completed, the

cellulose acetate nanofibrous sheet was removed from

the collector and immersed in sodium hydroxide
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solution 0.1 M for 36 h. The deacetylation reaction

took place slowly to transform cellulose acetate

nanofibers (CANFs) to CNFs. The CNFs were then

submerged in dilute nitric acid 0.001 M for 1 h to

remove all excessive amount of NaOH and subse-

quently washed several times with deionized

water (DI water). Afterward, the resulted nanofiber

mat was cut into round-shaped specimens with a

diameter of 12 mm in preparation for further

processes.

The synthesis of silver nanoparticles and copper

nanoparticles on the surfaces of cellulose

nanofibers

For the formation of silver nanoparticles on the

surfaces of CNFs, we opted for the UV facilitation

method, which was employed by shaking circular

cellulose specimens in AgNO3 solutions 0.01, 0.05,

and 0.1 M under the radiation of UV light for 24 h,

gradually activated the reduction of AgNO3 to AgNPs

on the surfaces of the CNFs. Samples were denoted as

Ag/CNFs 0.01, 0.05, and 0.1.

To embed CuNPs in the CNFs, rounded cellulosic

specimens were immersed in Cu(CH3COO)2 solutions

0.01, 0.05, and 0.1 M under gentle agitation for 24 h.

Those specimens were taken out and dried at room

temperature for 48 h. The chemical reduction of

copper nanoparticles was implemented by immersing

dried specimens in NaBH4 0.5 M. Resultant samples

were indicated as Cu/CNFs 0.01, 0.05, and 0.1.

After the metal nanoparticle incorporation, all

specimens were washed with DI water several times

and dried in program control oven (AS ONE DOV-

600P, MonotaRo Co., Ltd., Japan) for 24 h at 60 �C.

Characterization

Scanning Electron Microscope (SEM, JSM-6010LA,

JEOL, Japan) and Transmission Electron Microscopy

(TEM, JEOL 2010 Fas TEM, Tokyo, Japan) were

employed for morphological study. Fourier Transform

Infrared (FT-IR, Prestige-21, Shimadzu Co., Ltd.,

Japan) was used for chemical compositions. Elemental

analysis was studied on X-ray Photoelectron Spec-

troscopy (XPS, Kratos Axis-Ultra DLD, Kratos Ana-

lytical) and Energy Dispersive X-Ray Spectroscopy

(SEM–EDS, JSM-6010LA, JEOL, Japan).

Inductively Coupled Plasma-Atomic Emission

Spectroscopy (ICP-AES, Shimadzu ICPS-1000 IV,

Shimadzu, Kyoto, Japan) was implemented to deter-

mine the silver and copper release in solutions and the

metal contents of all treated samples. To investigate

the silver or copper contents of composite nanofiber

samples, samples were first immersed in concentrated

HNO3 solutions, the reactions between silver or

copper species and HNO3 ensued to dissolve all metal

nanoparticles to the solutions. The resultant solutions

were then sampled and quantified on ICP.

Silver and copper release kinetics and antibacterial

assessment assay

Themetal release profiles of nanofibrous samples were

examined by submerging 0.15 g CNFs containing

silver or copper in 50 mL DI water under the gentle

shaking condition—100 rpm for 7 days. 2 mL of

liquid specimens were extracted after certain periods

of time in order to measure the silver or copper release.

The E. coli and B. subtilis were chosen as subjects

of the antibacterial evaluation. The bacteria were

cultured in the LB liquid medium for 24 h, at 37 �C in

the case of E. coli and 30 �C in the case of B. subtilis.

Subsequently, the cultures were diluted with saline

solution to about 106 colony forming unit (CFU)/ml,

verified by optical density at 600 nm.

In regard to the inhibition zone test, 200 lL
bacteria suspension at the density of 106 (CFU)/mL

was spread on each agar plate; specimens were

then gently placed on top of that. After that, agar

plates were cultured for 24 h before being evaluated.

For bactericidal efficacy evaluation, 0.01 g of

nanofiber webs were soaked in 1 mL LB broth

inoculated with bacteria at the concentration of 106

(CFU)/ml under mild shaking of 50 rpm for 8 h.

Afterward, bacterial broths were sampled, properly

diluted, and spread on the agar plates for 24-h culture

in order to count the live bacteria cells. The log

reduction was calculated as follows:

Log Reduction ¼ log10 A=Bð Þ

where A is the number of bacteria colonies counted

and calculated on the agar disk after culturing the

negative control sample with bacterial broths. B is the

number of bacteria colonies counted and calculated on

the agar disk after culturing cellulosic samples con-

taining metal with bacteria.

123

6632 Cellulose (2019) 26:6629–6640



Results and discussion

Morphology and color study of nanofibers

Figure 1a and b show SEM micrographs of electro-

spun CANFs and CNFs, no significant changes in the

morphologies were observed between them. CANFs

and CNFs presented the smooth, featureless morphol-

ogy with mean diameters of 393 ± 98 nm and

411 ± 120 nm, respectively. The cellulosic nanofi-

bers displayed a wide range of diameter distribution.

The nanoparticulate formation on the surfaces of the

cellulose nanofibers can be observed in Fig. 1c–h. The

mean diameters of Ag/CNFs 0.01, 0.05, and 0.1 were

430 ± 153, 440 ± 115, and 456 ± 100 nm, whereas

the mean diameters of Cu/CNFs 0.01, 0.05, and 0.1

were 407 ± 73, 428 ± 79, and 506 ± 77, respec-

tively. These composite fibers presented coarser

diameters, compared to CANFs and CNFs, due to

the swelling on account of the penetration of silver

nitrate and copper (II) acetate into the polymer matrix,

as well as the newly formed nanoparticles on the fiber

scaffold could also affect the nanofiber diameters. The

nanoparticles were observed to be well distributed on

CNFs.

Ag/CNFs 0.01, 0.05, and 0.1 samples exhibited a

range of brown colors, with or without yellow tints, the

yellow tints could be spotted in the case of Ag/CNFs

0.1—Fig. 1e*. These colors were ascribed to partly

the interactions between silver ions and cellulose, as

well as the nanoparticulate formation of silver.

Whereas Cu/CNFs presented a range from grey to

black colors, the saturated black color belonged to Cu/

CNFs 0.1, Fig. 1h*.

TEM images revealed the porous structure of the

CANFs which was also reported in Lee et al. (2018).

All post-treated CNFs inherently adopted that porous

feature. The high porosity of CANFs could be

explained by the phase separation occurred in a co-

solvent system of DMF and acetone. This phe-

nomenon sometimes happens in a single solvent

system but the polymer solution is electrospun in a

high humidity environment, in which water plays the

role of the second solvent. Fig. S1 illustrates the pore-

forming phenomenon in cellulosic nanofibers. In

essence, the phase separation occurs due to the

intrinsic distinctions between two solvents, which

lead to the heterogeneity in polymer density from area

to area. After solvents have been removed by the

evaporation process, the pores form at lower polymer-

density spots.

AgNPs and CuNPs were detected on the surfaces of

CNFs after the photo-induced treatment or chemical

reduction. The sizes of silver particles were measured

from several TEM photographs and the results were

charted in Fig. 2c–h. The average sizes of AgNPs were

Fig. 1 Morphology and color appearances of a, a* cellulose acetate nanofibers; b, b* cellulose nanofibers; Ag/CNFs 0.01 c, c*, 0.05 d,
d*, and 0.1 e, e*; Cu/CNFs 0.01 f, f*, 0.05 g, g*, and 0.1 h, h*

123

Cellulose (2019) 26:6629–6640 6633



8.2 ± 2.3, 12.9 ± 4.3, and 18.5 ± 5.3 nm respective

to treatment in AgNO3 solutions 0.01, 0.05, and 0.1 M

under UV radiation. The concentrations of silver salt

treating solutions positively influenced the sizes of the

AgNPs, the higher the concentrations the larger the

particle sizes. In the case of Cu/CNFs samples, the

average sizes of CuNPs were 6.5 ± 1.7, 6.7 ± 1.6,

and 9.6 ± 2.8, respectively. The CuNPs possessed a

more uniform size, and the difference between copper

decorated cellulose samples was less significant.

Silver and copper contents

To determine the metal contents in all treated CNFs

samples, 0.015 g of metal composite nanofibers was

immersed in 50 mL concentrated HNO3 solution for

24 h. ICP was subsequently performed on these

solutions to quantify the silver or copper concentra-

tions. The results from the ICP analysis disclosed the

metal contents of all composite samples as follows:

0.4 ± 0.2, 3.8 ± 1.0, 6.8 ± 1.7 wt% for Cu/CNFs

0.01, 0.05, and 0.1, Fig. 3I; whereas, Ag/CNFs

0.01, 0.05, and 0.1 possessed silver contents of

6.0 ± 1.4, 8.7 ± 0.8, and 13.6 ± 0.9 wt%, respec-

tively, Fig. 3III. The UV induced synthesis method

proved to be effective on loading silver on the

nanofiber platforms with the highest silver content of

13.6 wt%, treated in AgNO3 0.1 M solution. The

highest copper loading amount was 6.8 ± 1.7 wt% for

Cu/CNFs 0.1. There was a strong correlation between

metal contents against the concentrations of treating

solutions.

FT-IR spectral study

The FT-IR spectroscopy graphs of CANFs and CNFs

reported in Fig. 4, verified the transformation of

cellulose acetate into cellulose. The FTIR spectrum

of CANFs presented three distinctive peaks at 1750,

1375, and 1230 cm-1 which characterized carbonyl

C=O stretching, C–CH3 bending, and C–O stretching

of acetyl groups in cellulose acetate, respectively

(Song et al. 2012). The two peaks at 1750 and 1230

disappeared in the spectroscopy of CNFs, indicating

that the acetyl groups were completely removed after

the deacetylation reaction with NaOH. The wide-

stretching band at 3500–3600, ascribed to the O–H

group in CA nanofiber graph, shifted to the new

position at 3200–3500 in the case of CNFs nanofiber,

and the intensity noticeably increased. Conclusively,

the CANFs were fully converted into CNFs.

CNFs showed the typical band at 3200–3500 and

peaks of CNFs at 2890, 1640, 1375, 1160, and 1020,

attributed to O–H stretching, C–H stretching, H–O–H

bending of absorbed water, C–OH bending, C–O

antisymmetric bridge stretching, and C–O–C pyranose

ring skeletal vibration, respectively (Li et al. 2009).

For CNFs treated in AgNO3 under UV excitation, the

peak at 820, ascribed to nitrate bending (Oyumi et al.

1985), indicated the presence of nitrate groups in Ag/

CNF samples. We surmise that a small amount of

AgNO3 penetrated into the CNFs during immersion

treatment. The difference in intensity of the 820 cm-1

peak must be due to the difference in the quantities of

silver nitrate absorbed in the nanofibers; hence, the

Fig. 2 TEM images of a CANFs; b CNFs; Ag/CNFs c 0.01, d 0.05, e 0.1; Cu/CNFs f 0.01, g 0.05, and h 0.1
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results suggested that the concentration variation of

the treating solutions is one of the factors to alter the

silver contents. After immersing CNFs in copper (II)

acetate, the acetyl groups were present on CNFs,

identified by peaks at 1750, 1375, 1230, and 1050;

those peaks were similar to CANFs. After the reduc-

tion of copper (II) acetate by sodium borohydride,

these peaks disappeared in Cu/CNFs samples, which

demonstrated the absolute conversion of copper (II)

acetate to zerovalent copper nanoparticles—Cu (0)

nanoparticles.

X-ray diffraction study

To identify the nature of metallic nanoparticles, X-ray

diffraction patterns were acquired, Fig. 5. CANFs

presented two typical diffraction peaks, centered at

Fig. 3 ICopper contents; II copper release profiles of Cu/CNFs 0.01, 0.05, and 0.1; III Silver contents; and IV silver release profiles of

Ag/CNFs 0.01, 0.05, and 0.1

Fig. 4 FT-IR spectra of CANFs, CNFs, Ag/CNFs, copper (II)

acetate CNFs, and Cu/CNFs
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2h = 9� and 22.5�, which characterized semi-crys-

tallinity of acetylated structure of cellulose acetate

(Hong et al. 2013). After the deacetylation reaction,

the CNFs displayed peaks which can be ascribed to

cellulose II crystallites (French 2014; French and

Santiago Cintrón 2013). No Ag/CNF samples showed

diffraction peaks for silver, from which we surmised

that the nature of silver nanoparticles reduced by UV-

excitation was a mixture of zerovalent silver, mono-

valent silver, and silver salt—AgNO3; therefore,

specific diffraction silver peaks did not appear on

silver composite nanofibers. This heterogeneity of

AgNPs was thought to cause the difficulty of detecting

the silver by XRD. By contrast, CuNPs, reduced by

chemical method, could be characterized by 3 typical

diffraction peaks at 2h = 44�, 51.5�, and 75�, corre-
sponding to 111, 200, and 220 planes of copper

nanoparticles (Raffi et al. 2010).

XPS analysis

The presence of metal nanoparticles on CNF samples

under UV treatment or chemical synthesis method was

further verified by XPS spectra analysis. In Fig. 6I and

III, the peaks of O 1s (530.0 eV), C 1s (280.0 eV), and

either Ag 3d (from 372.1 to 366.1 eV) or Cu 2p (from

952.3 to 932.4 eV) could be observed in all wide

spectra. There are noticeable differences in the

intensity of the metal element peaks between samples.

Figure 6II, the magnified area at 378–362 eV, iden-

tified the silver element, peak positions at 372.1 and

366.1, the gap between two peaks was 6 eV. The

Cu2p1/2 and Cu2p3/2 signals at 950.6 and 930.6 eV,

which were assigned to Cu0, demonstrated the reduc-

tion of copper (II) acetate to metallic copper. The peak

gap was recorded to be about 20 eV (Akgul et al.

2014) (Fig. 6IV).

Metal release kinetics

The release of metal ions over time from the

nanoparticles was evaluated to anticipate the bacteri-

cidal effects of cellulose composite samples. On the

one hand, a speedy release of copper or silver is

necessary for the application of wound dressing, thus,

the wound is instantaneously cleaned off contaminat-

ing organisms; but on the other hand, a slow rate of

release ensures a sustainable feature for the membrane

in long-term applications. Figure 3II and IV indicate a

considerable initial release at the first day for all Cu/

CNFs and Ag/CNFs samples, followed by a more

gradual discharge of copper or silver into the aqueous

environment. The copper release of Cu/CNFs 0.01

sample was stable and almost unchanged during the

7-day course, Fig. 3II. The maximum amounts of

silver, discharged at the point of time of 7 days, were

26.47, 43.78, and 56.18 ppm for Ag/CNFs 0.01, 0.05,

and 0.1, respectively; whereas they were 0.87, 13.76,

and 23.11 for Cu/CNFs 0.01, 0.05, and 0.1. These

values accounted for 8.79, 10.04, and 8.25 wt% of the

total silver loading amounts on the respective Ag/CNF

samples; and 4.5, 8.98, and 8.3 wt% of the total copper

loading amounts on respective Cu/CNF samples.

Antibacterial activity against Escherichia coli

and Bacillus subtilis

The antibacterial performance of the composite

nanofibers was evaluated against E. coli (gram-

negative) and B. subtilis (gram-positive) bacteria. To

confirm that CNFs have no antibacterial activity, CNF

specimens were used as the negative control. For all

composite samples, disk diffusion test was done in

triplicate and the inhibition zones were measured for

three specimens. The expansive degrees of halo zones

along with standard deviation are illustrated in Fig. 7

and Fig. S4. Cu/CNFs 0.01, 0.05, 0.1, Ag/CNFs 0.01,

0.05, and 0.1 distinctively demonstrated inhibitory

zones against bacteria. There was a correlation

between the metal release of the silver or copper

composite nanofibers and the sizes of the bacterial

Fig. 5 XRD spectra of CANFs, CNFs, Ag/CNFs, and Cu/CNFs
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Fig. 6 I, III XPS wide spectra, and XPS high resolution spectra of the silver region II and copper region IV for Ag/CNFs 0.01 (a, a*),

0.05 (b, b*), 0.1 (c, c*), and Cu/CNFs 0.01 (d, d*), 0.05 (e, e*), 0.1 (f, f*)

Fig. 7 Mean diameters of inhibition zones with standard deviations against I E. coli and II B. subtilis of the composite specimens
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inhibition zones, to some extent.With the higher metal

release amounts, the sizes of inhibition zone were

observed to be more expansive. The results indicated

that the antibacterial properties of the composite

nanofibers were proportionally related to the amounts

of the silver or copper releases.

Noticeably, better comparatively expansive inhibi-

tion zones against E. coli than B. subtilis could be

observed in the antibacterial assay of Ag/CNF spec-

imens. However, Cu/CNFs exhibited better antibacte-

rial activity against gram-positive bacteria. The

inhibition zones of Cu/CNFs were 15.9 ± 0.8,

18.5 ± 0.7, and 21.2 ± 0.7 mm against B. subtilis,

while only 13.2 ± 0.5, 13.7 ± 0.2, and

14.8 ± 0.4 mm against E. coli. The antibacterial

results of CuNPs against B. subtilis were even higher

than those of AgNPs. These results agree well with

other scientific reports (Kruk et al. 2015; Yoon et al.

2007).

The bactericidal efficacy against gram-negative

E. coli and gram-positive B. subtilis for the specimen/

bacterial broth ratio at 0.01 g/mL was evaluated by

agar plate counting as shown in Figs. 8 and S5. The

pristine CNF specimens were also prepared as nega-

tive controls. Quantitative analyses, which were

carried out in triplicate, exhibited an impressive more

than 2-log reduction for all composite samples. The

disk counting method also demonstrated better bacte-

ricidal activity against E. coli for silver but copper

showed better antibacterial properties against B.

subtilis. The results were in line with those of disk

diffusion tests and other reports (Ruparelia et al. 2008;

Yoon et al. 2007).

It was concluded that composites of AgNPs and

CNFs synthesized via UV-inducing method exhibited

a superior antibacterial activity compared with the

composite material Cu/CNFs synthesized via chemi-

cal route against gram-negative bacteria—E. coli.

However, the copper composite samples showed

better antibacterial activity against gram-positive

bacteria—B. subtilis.

Conclusion

The syntheses of silver and copper nanoparticles

decorated cellulose nanofibers via two routes, induced

through UV excitation or reduced by the chemical

reaction, were reported. The study demonstrated that

silver and copper nanoparticles loaded on cellulosic

scaffolds had potential to exert good antimicrobial

properties against E. coli and B. subtilis. The metal

release amounts were observed to be proportionally

related to the contents of copper or silver loaded. All

metal/cellulose composite nanofibers exhibited good

antibacterial activity in terms of inhibition zones and

log reduction. Against E. coli, silver samples dis-

played superior antibacterial activity, whereas, against

B. subtilis, the copper samples demonstrated better.
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