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Cellulose fibers were extracted from sugarcane bagasse and then modified with ZnO nanoparticles
(NPs) by a sol-gel process using an oxime modified Zn precursor [ZnCl:.2{HONC(CHs)2}] in different gram
ratios to make them antimicrobial. ZnO modified cellulose fibers were further characterized by Fourier
transform infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM) studies. Obtained
results confirmed well-dispersed hexagonal wurtzite ZnO NPs onto the surface of cellulose. Lower band
gaps (2.87-2.48 eV) were observed in ZnO modified cellulose as compared to pure ZnO NPs (~ 3.3 V). An-
tibacterial activities were examined against Staphylococcus aureus and Escherichia coli in different ratios
(1:1, 1:2 and 1:3) and concentrations (1.5 to 200 mg-ml-1) of ZnO modified cellulose. The antifungal activity
of ZnO modified cellulose (1:1) was evaluated against Aspergillus niger, Phanerochaete chrysosporium, and
Geotrichum candidum. ZnO modified cellulose ratio of 1:1 at the tested concentration remarkably inhibited
the mycelial growth of the fungus. The antifungal efficacy of ZnO modified cellulose depended on the con-
centration of the sample concerned, therefore maximal inhibition of mycelia growth occurred at the highest
concentration (5 mg).
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1. INTRODUCTION

Fabrics that are presently being used in healthcare
(such as PPE kits during current COVID-19) act as a
barrier to protect the wearer from infectious microor-
ganisms [1]. However, these fabrics, usually, do not
have the ability to avoid the spread of microbes, as the
surface of the material allows adherence and growth of
microorganisms with time [2]. This leads to further
spread of microbes due to careless handling of health-
care fabrics and improper disposal practices. Strategi-
cally incorporated into fabrics metal-based nanoparti-
cles (NPs), such as copper [3], silver [4], zirconia [5],
titania [6] and other active organic ingredients [4], can
act as antimicrobial agents. This confirms limited pene-
tration and growth of microbial contaminants on
healthcare fabrics. Thus, fabrics coated with metal NPs
have the potential to reduce the risk of secondary infec-
tions by regulating microbial communication [7]. Now-
adays, the design of antimicrobial fabrics requires to be
followed by some important aspects, such as the use of
cheap raw materials, biocompatible and biodegradable
properties of the designed fabrics [8].

Cellulose, one of the excellent and low-cost abun-
dant biopolymers, can be easily extracted from agricul-
tural waste material and has received a lot of attention
in proton-conducting membranes water treatment,
transparent displays, supercapacitors, wound dress-
ings, super absorbents, tissue engineering, food packag-
ing, etc. [9]. But cellulose does not show any antimicro-
bial activity due to its neutral properties; however,
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considerable efforts have been made to modify cellulose
with different organic and inorganic NPs, such as ZnO,
TiOg, Cu0O, and Ag to incorporate antimicrobial proper-
ties [10]. ZnO is a wide band gap (Eg = 3.37 eV) semi-
conductor metal oxide with potential application in
catalytic, electrical, photochemical and optical fields
[11]. It assumes a significant role in the formation of
reactive oxygen species (ROS) that lead to the antimi-
crobial role of ZnO NPs by damaging the protective
layer and plasma membranes of microbes, such as E.
coli and S. aureus [12]. ZnO has gained much attention
in food engineering applications also because of its low
toxicity to the human body [13].

Modification of cellulose fibers with ZnO has been
done (1) using a hydrothermal process to deposit ZnO
NPs on the cellulose surface using ZnO precursor [14],
(ii) by immersing cellulose fibers in an aqueous disper-
sion of ZnO NPs [15] or (iii) by sol-gel deposition of ZnO
NPs on the cellulose surface using ZnO precursor [16].
ZnO precursors used were Zn (II) acetate or Zn (II)
nitrate [17]. We have recently designed an oxime modi-
fied precursor, [ZnClz.2{HONC(CH3)2}], and used it for
ZnO NPs preparation in our earlier report [18]. We
have used the same precursor in the current study to
modify cellulose fibers with ZnO NPs.

The antibacterial properties of ZnO modified cellu-
lose fibers are well documented by some researchers,
but their antifungal properties are still unexplored [18].

Therefore, the novelty of the current research is to
examine the antifungal properties of ZnO modified
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cellulose against Phanerochaete chrysosporium (wood
degrading fungus) along with Aspergillus niger and
Geotrichum candidum as well as to examine the anti-
bacterial properties against Staphylococcus aureus and
Escherichia coli.

2. EXPERIMENTAL

Substances and equipment were dried and purified
using traditional methods [19]. Acetoxime and
[ZnCl2.2{HONC(CH3s)2}] were synthesized as reported
earlier [18]. Cellulose fibers were extracted from sugar-
cane bagasse (SB) as per the reported method [20].

FTIR spectra (4000-500 cm ~1) were observed on a
Bruker ALPHA Fourier transform infrared spectrome-
ter. Thermo-gravimetric (TG) analyses were conducted
on Shimadzu DTG-60H at a heating rate of 20 °C-min !
from 30 to 600 °C in flowing air environment. The crys-
talline cellulose composition and ZnO modified cellulose
were evaluated using a Bruker D8 advance Diffractome-
ter with a Cu-Ka source at A= 1.544 A in 260 range of 10°
to 70°. The surface morphology and elemental composi-
tions of the formed composites and cellulose were inves-
tigated using SEM coupled with EDX on Nova Nano
FE-SEM 450 (FEI). A Shimadzu UV-2600 spectropho-
tometer was used to assess the UV-visible absorbance of
the formed samples. Cellulose fibers were extracted
from SB by a physicochemical method [20].

A zinc oxide hydrogel was prepared using
[ZnCl2.2{HONC(CH3s)2}] as a precursor. 3.0 gm of the
precursor was dissolved in ethanol (~ 30 ml) and 0.5 ml
of ammonia solution was added dropwise with stirring.
This mixture was further stirred for 2 h. To ensure
complete hydrolysis, some more ammonia solution
(0.5 ml) was added to the mixture, then stirred over-
night. The obtained white precipitate was thoroughly
washed with ethanol and distilled water. The obtained
solid was dried in an oven to get hydrogel of ZnO. ZnO
modified cellulose was prepared using ZnO hydrogel
and cellulose fibers in gram ratios of 1:1 (A), 1:2 (B),
and 1:3 (C). About 1.0 g of cellulose fibers and 1.0 g of
ZnO hydrogel were separately suspended in 50 ml of
distilled water and stirred for 24 h. The obtained ZnO
sol was further mixed with a suspension of cellulose
fibers and placed on stirring for 4 more days. The re-
sultant mixture was dried in a hot oven (~ 100 °C) and
further sintered at 150 °C for 1 h to yield (A).

Samples (B) and (C) were also synthesized by a sim-
ilar method taking 1:2 and 1:3 ratios of ZnO hydrogel
and cellulose fibers, respectively.

The antibacterial properties of ZnO modified cellu-
lose were tested against Escherichia coli and Staphylo-
coccus aureus, which were obtained only from Microbial
Type Culture Collection, IMTECH, Chandigarh, India.
Agar well diffusion method was used to evaluate the
antibacterial effects of ZnO modified cellulose. Steadily
growing bacterial inoculums in nutrient broth medium
(100 pl of 1 OD) were spread on the agar plates using a
sterilized glass spreader. Wells with a diameter of
7 mm were prepared in inoculated agar plates using a
stainless steel borer under sterile conditions and loaded
with 100 pl of suspension with different concentrations
(1.5 to 200 mg-ml-1) of ZnO modified cellulose. Plates
were incubated at 37 °C for 24 h along with a suitable

J. NANO- ELECTRON. PHYS. 13, 05028 (2021)

control, and the diameter of the inhibition zone was
observed. The experiment was repeated 3 times for each
bacterium under the same conditions, and the average
values for the standard deviation were presented.

The antifungal activity of ZnO modified cellulose
was tested against A. niger, P. chrysosporium and G.
candidum. Varying concentrations of ZnO modified
cellulose (1:1), 20 ml of potato dextrose agar (PDA)
were added and aseptically poured into a pre-sterilized
Petri dish (90x15 mm). The control plate consisted of
PDA media only. All Petri dishes were inoculated with
one agar disc in the center of the plate containing a 7-
day old fungal culture. Sterilized plates were incubated
at 28 °C for 7 to 12 days and the experiment was re-
peated 3 times. The mycelial growth was measured,
and the radial inhibition rate was calculated.

3. RESULTS AND DISCUSSION

Cellulose fibers were extracted from SB by physico-
chemical method [20].

The extracted cellulose fibers were characterized
and further modified with ZnO NPs using
[ZnCl2.2{HONC(CH3)2}] as a precursor. The modifica-
tion of the ZnO sol with cellulose was carried out in a
gram ratio of 1:1, 1:2 and 1:3 to obtain composites (A),
(B) and (C), respectively.

The range of pure cellulose revealed all the peaks
corresponding to different functional groups (Fig. 1)
[12]. The FTIR spectra of ZnO modified cellulose
showed all characteristic peaks of cellulose along with
an extra peak at 524-530 cm ~! which could be assigned
to ZnO NPs. In addition, in ZnO modified composite, a
strong peak was observed at 1062 cm~1, and the peak
at 3342 cm ! shifted to slightly higher wavenumbers
could be due to the interaction of ZnO NPs and OH
group of cellulose fibers.
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Fig. 1- FTIR spectra of ZnO modified cellulose (1:1, 1:2 and
1:3) and cellulose

The XRD profile of cellulose displayed typical dif-
fraction peaks at 260 = 16.14°, 22.64°, and 32.84° (Fig. 2)
[12]. Peaks at 20 = 31.76°, 34.54°, 36.39°, 47.52°, 56.48°,
62.82°, 66.37°, 67.92°, 69.00°, 72.40°, and 76.88° corre-
spond to diffraction from planes (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), (202), rep-
resenting the presence of a hexagonal wurtzite phase of
zinc oxide (JCPDS: 00-036-1451) [18]. The intensity of
cellulose crystalline peaks gradually increased with an
increase in cellulose concentration.
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Fig. 2 - XRD spectra ZnO modified cellulose (1:1, 1:2 and 1:3)
and cellulose

T
200 400 600
Temperature (°C)

Fig. 3 - TGA curve of ZnO modified cellulose (1:1, 1:2 and 1:3)
and cellulose

Minor weight losses were noticed in all samples be-
low 100 °C, which were due to the evaporation of ab-
sorbed water from the samples (Fig. 3).

The difference in the onset of thermal degradation
of pure cellulose and ZnO modified cellulose could be
resulted from the catalytic activity of ZnO NPs, which
assisted faster disintegration of the cross-linking in the
carbon skeleton. But at higher temperatures, ZnO mod-
ified cellulose revealed better thermal stability com-
pared to pure cellulose. It is assumed that the addition
of ZnO NPs to cellulose chains improved the thermal
stability of composites due to strong interactions be-
tween cellulose and ZnO NPs. At the end of heating,
the total weight loss of cellulose was 99.8 %, whereas
the total weight loss of ZnO modified cellulose was
67.1, 79.8 and 86.2 % for 1:1 (A), 1:2 (B) and 1:3 (C),
respectively.

In order to demonstrate a homogeneous distribution
of the inorganic phase on the cellulose substrate sur-
face, a SEM analysis was recorded (Fig. 4). As it can be
observed in all composites, Zn concentration does not
show significant gradients from one area to another,
thus confirming a uniform distribution of ZnO NPs on
the cellulose surface (Fig. 4).

7ZnO modified cellulose in a ratio of 1:1, 1:2, and 1:3
inhibited the growth of both bacteria (S. aureus and E.
coli), while cellulose as a control did not exhibit any
inhibition zone. The growth of S. aureus was inhibited
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by all ratios of ZnO modified cellulose as compared to
E. coli. Earlier studies also demonstrated that cellulose
did not show any inhibition of bacterial growth, but
ZnO modified cellulose exhibited antimicrobial activity
against S. aureus and E. coli [12]. In this study, the
minimum inhibitory concentration (MIC) of ZnO modi-
fied cellulose was 25 mg-ml-! in a ratio of 1:1 and
50 mg-ml-1 in a ratio of 1:2 for E. coli (Fig. 5), while it
was 1.5 mg-ml-1 in a ratio of 1:1 and 3 mg-ml-1 in a
ratio of 1:2 and 1:3 for S. aureus (Fig. 6).

The results indicated that antimicrobial activity was
observed because of the presence of ZnO nanoparticles
in samples. Higher concentration of the cellulose in ZnO
modified cellulose resulted into reduced inhibition zone
due to relatively lower concentration of ZnO nanoparti-
cles than cellulose. In earlier literature, we have report-
ed that ZnO nanoparticles demonstrated better antibac-
terial activity against S. aureus than E. coli, even at the
lowest concentration of 0.05 mg ml-1 [18].

The antibacterial performances of the samples were
dependent on the concentration [18]. E. coli was more
tolerant towards ZnO NPs than S. aureus, as demon-
strated by higher inhibition zone [18]. This may be due
to the presence of an outer membrane present in Gram-
negative bacteria, which plays a role of an enterable
obstacle to the penetration of ROS. Similar antibacteri-
al activity of NPs against S. aureus and E. coli was also
observed earlier [12].

Fig. 4 - SEM micrographs of ZnO modified cellulose: (a) 1:1,
(b) 1:2, (c) 1:3, and (d) cellulose

7ZnO modified cellulose in a ratio of 1:1 showed radi-
al inhibition in all fungi (A. niger, P. chrysosporium and
G. candidum). A. niger and G. candidum did not show
any response for 1:2 and 1:3 ratios. A. niger did not
respond to any variations in concentration (1 to 2 mg),
but P. chrysosporium, a wood degrading fungus, was
highly sensitive to all concentrations. It showed excel-
lent results at a concentration of 5 mg. G. candidum
showed better results at different concentrations (1 to
5 mg) compared to A. niger. G. candidum exhibited a
response against all concentrations of ZnO modified
cellulose in a ratio of 1:1, being the best at a concentra-
tion of 5 mg (Fig. 8, Fig. 9).
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Fig. 7-The effect of ZnO modified cellulose (1:1) on the
growth of A. niger

REFERENCES

States PAU HHS Public Access 10, 180 (2016).

2. N. Patojenlerin, D.Kumas, T. Uzerindeki, Y. Sireleri,
Persistence of Nosocomial Pathogens on Various Fabrics,
28 (2012).

3. Q.Xu, X.Ke, N.Ge, L.Shen, Y.Zhang, F.Fu, X. Liu,
Fibers Polymer 19, 1004 (2018).

4. Y. Xu, S. Li, X. Yue, W. Lu, BioRes. 13, 2150 (2018).

5. J.F. Kennedy, S.A. Barker, A.Zamir, Antimicrob Agents

—

J. NANO- ELECTRON. PHYS. 13, 05028 (2021)

80 ]
| | —=— control P
70 * 0.1% —
{1 —=—02%
— 604 v 0.5%
E ] 2
E
= 50+ N
E 4] ~
b 40—‘ . o
04 ® .-
4 — A
A
20 e A
] o2
104 A
T T T T T T
2 3 4 5 6 7
Time (days)

Fig. 8 - The effect of ZnO modified cellulose (1:1) on the
growth of P. chrysosporium

40 A

—=— control
——0.1%
B9 |=—02%

-+ 05%

304

Growth (mm)

2 4 6 8 10 12
Time (days)

Fig. 9 - The effect of ZnO modified cellulose (1:1) on the
growth of G. candidum

4. CONCLUSIONS

Cellulose fibers were successfully extracted from
sugarcane bagasse, characterized and modified with
ZnO NPs in different ratios using the sol-gel method.
ZnO NPs were homogenously dispersed over the cellu-
lose surface in the form of hexagonal wurtzite struc-
ture. The immobilization of ZnO NPs improved the
antimicrobial efficacy of ZnO as indicated by antibacte-
rial and antifungal studies. ZnO modified cellulose was
found to be a potent antimicrobial agent against E. coli,
S. aureus, A. niger, P. chrysosporium and G. candidum.
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Bosorna 1esro03u 6ysiu BUIydeH] 3 3kOMY I[yKPOBOI TPOCTHHU 1 IIOTIM MOAM(DIKOBAHI HAHOYACTHHKAMU
(HY) ZnO 3a nomomorown 30Jib-Tejib IIPOIECYy 3 BUKOPUCTAHHSM OKCUM-MOIM(IKOBAHOrO IpeKypcopa Zn
[ZnCl2.2{HONC(CHas)2}] y pisHHX BaroBuX CIIBBiIHOIIEHHSX, M00 3po0UTH IX aHTHMIKpoOHUME. Momrdiko-
BaHl ZnO BOJIOKHA IIEJI0JIO3U JOJATKOBO XapPAKTEPU3YBAJINCh 1HPPAYEPBOHOK CIIEKTPOCKOIIIE 3 IIePeTBO-
perusm QDyp'e (FTIR), penrreniscproio gudpariieio (XRD) Ta ckaHyodu00 €I€KTPOHHOI MIKPOCKOITIE
(SEM). Orpumani peayJibTaT MiITBEPAUIA HASBHICT J00pe mucnepropanux HY rexcaroHasibHOTO BIOpIIH-
Ta ZnO Ha MOBepXHI 11eJ110J103U. BliIbIll HU3bK] 3HAYEeHHS MUpPUHU 3a60poHeHol 3oHM (2,87-2,48 eB) crocre-
piraguca B mogudikoBauiin ZnO 1resrros103i B mopisuauH] 3 unctumu HY ZnO (~ 3,3 eB). Aurubakrepianbmay
AKTUBHICTD TOCTIMKYBaJM 1moao Staphylococcus aureus 1 Escherichia coli ipu pisHHX CIIBBITHOIIEHHSIX
(1:1, 1:2 1 1:3) i1 roumenTpamiax (1,5-200 mr-mia-1) mogudikoBanoi ZnO memomaosu. [IpoTurpnbroBy aKTHB-
"icte MomudikoBanoi ZnO memiomosu  (1:1) omimooBasm momo Aspergillus niger, Phanerochaete
chrysosporium i Geotrichum candidum. CmisBigHomntenasa 1:1 Mmogudiroanoi ZnO 11e/110/1034 IIpyu BUIPOOY-
BaHIM KOHIIEHTPAIII]l IIOMITHO 1HriOyBaso pict miresriio rpuba. [IpoTurpubroBa edekTuBHICTS MOoauQIKOBA-
Hoi ZnO 1esosio3n 3ajeskalia Bil KOHIIEHTPALl JOCTIIIKyBAHOTO 3pa3dKka, TOMy MaKCHMAaJIbHe 1Hri0yBaHHA
POCTY MilTeJIiio Big0yBaJsiocs Ipy HAWBHUIIIN KOHIeHTpaIrii (5 mr).

Knrouosi ciosa: Hanouacrunku oxcnmy muHKy, MoangikoBaHa OKCHIOM IIUHKY IIesoii03a, Staphylococcus
aureus, Escherichia coli, Aspergillus niger, Phanerochaete chrysosporium, Geotrichum candidum.
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