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Abstract
An economic, eco-friendly and efficient synthesis route for Zinc oxide (ZnO) nanoparticles (NPs) using fungus Phan-
erochaete chrysosporium has been explored along with the single-step impregnation of these nanoparticles on cellulose 
fibers. The transmission electron microscopy confirmed 50 nm as an average size of ZnO NPs and showed the presence of 
hexagonal phases. ZnO NPs–cellulose composite was fabricated by amending sugarcane bagasse-extracted cellulose in the 
reaction mixture during the nanoparticle synthesis. The composite was characterized using Fourier transform infrared, X-ray 
diffraction patterns, Scanning electron microscopy, and Energy dispersive spectroscopy, thermogravimetric analysis, and 
also evaluated for its antimicrobial potential. The analyses revealed that well-dispersed hexagonal wurtzite ZnO NPs were 
present on the surface of the cellulose fibers. ZnO NPs–cellulose demonstrated antibacterial activity against Staphylococcus 
aureus and Escherichia coli, and antifungal activity against Aspergillus niger, Geotrichum candidum, and Phanerochaete 
chrysosporium. Thus, the study demonstrated an environmental friendly synthesis of ZnO NPs–cellulose composite using an 
economic and efficient method, which can be used for developing antimicrobial cellulosic fabric for numerous applications.
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Introduction

Several textile materials are used in hospitals as a shield 
to prevent the spread of highly infectious microbes (Liv-
ingston et al. 2020). However, most of these materials do 
not typically have the efficiency to prevent the transmission 
of microorganisms, as the surface of the material enables 
microorganisms to bind and expand over time (Koca et al. 
2012). It therefore may contributes in the transmission 
of pathogens due to reckless treatment of textiles. Metal 
nanoparticles (NPs) based textile can minimize the risk of 
spreading infectious diseases through controlling microbial 
transfer (Morais et al. 2016). Strategic implementation of 

metal-based nanoparticles into the textile as an antimicrobial 
agent (Paladini et al. 2015) may reduce the expansion and 
increase of microbial contamination in biomedical textiles. 
Beside this, most of the antimicrobial textile and agents may 
cause threat to the environment, if not disposed properly. 
Therefore, numerous research studies have concentrated on 
the processing of such textiles keeping the environmental 
protection strategy in mind (Goswami et al. 2017). Thus, 
some essential aspects for the production of antimicrobial 
textiles need to be adopted, including the use of low-cost 
material, biocompatibility, and the biodegradability of the 
material (Shahid-ul-Islam and Mohammad 2013). In this 
work, all these aspects have been coved during the devel-
opment of antimicrobial ZnO NPs–cellulose composite i.e. 
efficient antimicrobial activity, low-cost substrate, easy and 
economic synthesis of NPs and no known toxic byproducts 
during degradation.

Almost all areas of human life have been improved in 
the field of nanoscience, and their potential developments 
have progressively gained momentum in the sectors such 
as healthcare (Andersen and Rasmussen 2006), pharmaceu-
tics, cosmetics (Rai and Alves dos Santos 2017), electronic 
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products, and textile industries. In nanotechnology, the 
material’s reactivity can be significantly improved through 
its higher specific surface area, antibiotic efficiency, photo-
catalysis, and injury healing properties that are normally not 
noticed in its bulk materials (Marin et al. 2015). Cellulose 
is extensively used in such applications as it is renewable, 
low-cost, recyclable (Li et al. 2018) as well as one of the 
most readily available natural polymers (Benabid and Zouai 
2016). Along with cotton, cellulose-based fibers are also 
being used in the textile industry and gaining importance 
because of the high demand for natural fibers and several 
other advantages over synthetic polymers. In this context, 
developing a ZnO-cellulose composite may be useful for the 
preparation of antimicrobial fibers to be used in the bandage, 
sanitary pads, napkins, undergarments, etc. ZnO-cellulose 
composites made up of cellulose fibers homogeneously 
coated by ZnO nanoparticles have been suggested to be an 
eco-friendly material (Park et al. 2019). ZnO has large exac-
tion binding energy (60 meV) along with a wide bandgap 
of 3.37 eV. Cellulose fibers serve as micro-templates for the 
regulated development of nano-structured ZnO, and accu-
mulation effects may also be prevented (Zhao et al. 2018). 
Since cellulose behaves like a very strong polymer, ZnO-cel-
lulose nano-composites powder has been employed in vari-
ous forms, such as pellets and paper films (Jawaid and Khalil 
2011). Another important point is that ZnO is not harmful to 
human beings due to no toxic effect on human health, so its 
potential application in food industries and medical sectors 
is rapidly increasing (Gupta et al. 2015). ZnO NPs–cellulose 
composites may be produced through physical, chemical, 
or green fabrication techniques (Qiu and Netravali 2014). 
Physical methods, such as inert gas polymerization, physi-
cal vapor deposition, laser, and flame hydrothermal method, 
electronic spraying techniques, melt mixing, etc., are expen-
sive and involve high-throughput instruments, while the 
chemical methods that use chemical compounds may gen-
erate toxic byproducts that can further cause harmful effects 
on the environment (Fakhari et al. 2019). The green or bio-
logical synthesis of ZnO NPs nevertheless, provides a sus-
tainable, environment-friendly, economic, and time-saving 
approach with their diverse biomedical applications (Mir-
zaei and Darroudi 2017). The biological synthesis seems 
to be much safer than the chemical approach. It was also 
reported that the obtained nanoparticles have the expected 
stable hexagonal structures of high purity (Król et al. 2017). 
These eco-friendly, as well as biocompatible properties of 
ZnO NPs–cellulose composites, maximize their industrial 
applications (Madkour 2017).

Microbial synthesis of nanomaterials depends on the abil-
ity of microorganisms to withstand heavy metal toxic poten-
tial and synthesize nanomaterials by reducing metal ions to 
their metal oxide form (Yusof et al. 2019). Consequently, by 
following the usual bio-mineralization process, zinc-tolerant 

microbes may efficiently produce ZnO NPs (Jain et  al. 
2013). Some fungal species, especially wood degrading 
white tor fungus e.g. Phanerochaete chrysosporium may 
reduce heavy metal via the extracellular secretion of differ-
ent biomolecules (Ojuederie and Babalola 2017). The pre-
sent study aims to demonstrate synthesis of ZnO NPs using 
extracellular filtrate of a non-pathogenic white-rot fungus 
Phanerochaete chrysosporium, and simultaneous fabrication 
of ZnO NPs–cellulose composite for its potential application 
in various industrial, environmental and medical sectors.

Materials and methods

Microorganisms

Bacterial strains Staphylococcus aureus (MTCC-96) and 
Escherichia coli (MTCC-443); and fungal strains Asper-
gillus niger (MTCC-281), Geotrichum candidum (MTCC-
3993) were procured from Microbial Type Culture Collec-
tion, Chandigarh, India. Wood degrading white-rot fungus 
Phanerochaete chrysosporium (BKM-F-1767) was received 
from the Centre for Forest Mycology Research, USDA, 
Madison, Wisconsin, USA.

Extraction of cellulose from sugarcane bagasse

Sugarcane bagasse was ground and washed with distilled 
water to eliminate contaminants and impurities. This bio-
mass was immersed in 3.5% NaCl solution for 24 h at 60 
°C, then treated with 4% (w/v) NaOH for 2 h at 90 °C and 
washed several times. A bleaching process was carried 
out using 7.5 M H2O2 and 2.5 M NaOH for 24 h at 60 °C. 
This process was repeated three times until white pulp was 
obtained. HCl (1 M) was used for neutralization of the con-
tents for 2 h at 80 °C (Alemdar and Sain 2008). The insolu-
ble residue (cellulose) was collected by filtration, washed 
thoroughly three times with distilled water, and dried in an 
oven at 55 °C for 24 h (Lefatshe et al. 2017).

Synthesis of ZnO nanoparticles

Phanerochaete chrysosporium was inoculated in malt 
extract broth (150 ml) and incubated for 5–7 days, then 
filtered through Whatman filter paper No. 1. Zinc sulfate 
(ZnSO4·7H2O) solution (0.1 M) and sodium hydroxide 
(NaOH) solution (0.1 M) were prepared in distilled water. 
One hundred ml of filtrate was mixed with 100 ml of zinc 
sulfate solution, followed by drop-wise addition of sodium 
hydroxide till the appearance of white suspended nanopar-
ticles and again it was incubated for 24 h at 27 °C. These 
synthesized nanoparticles were dried at 100 ºC for a further 
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24 h. This dried white powder was used for all the charac-
terization and antimicrobial testing (Jain et al. 2020).

Preparation of zinc oxide nanoparticles‑cellulose 
composites

ZnO NPs containing cellulose were fabricated by the addi-
tion of extracted cellulose fibers into P. chrysosporium fil-
trate (100 ml) containing zinc sulfate (0.1 M). pH 10 was 
maintained by addition of 0.1 M NaOH drop-by-drop. The 
flask containing these solutions was then kept on stirring 
for 24 h. Three different cellulose concentrations i.e. 1 g 
(1:1), 2 g (1:2), and 3 g (1:3) were used for the fabrication of 
ZnO NPs–cellulose composite. The composite prepared was 
thereafter allowed to dry in an oven at 100 °C and labeled as 
sample ‘A’, samples ‘B’, and sample ‘C’.

Characterization of ZnO NPs and ZnO NPs–cellulose 
composite

UV–Visible absorption spectra samples were measured 
using Shimadzu UV-2600 spectrophotometer. Fourier trans-
form infrared (FT-IR) spectra were recorded from 4000 to 
500 cm−1 using a Bruker ALPHA FT-IR spectrometer. 
Thermogravimetric analysis (TGA) tests were conducted 
on Shimadzu DTG-60H using heating point 20 °C min−1 
from 30 to 600 °C in the flowing air region. The surface 
morphology of ZnO NPs was determined using a scanning 
electron microscope (SEM) (JSM-7600F; JEOL, Tokyo, 
Japan), while the detailed shape and size of ZnO NPs were 
determined using Transmission Electron Microscope (JEM-
2100; JEOL, Tokyo, Japan) at an accelerating voltage of 200 
kV. X-ray diffractograms (XRD) were analyzed by X-ray 
diffractometer (Panalytical X’pert powder).

Antibacterial activity

Agar well diffusion assay was carried out to evaluate the 
antibacterial activity of ZnO Nps and ZnO NPs–cellulose 
composite. Sterilized Luria–Bertani agar plates were inocu-
lated by spreading 100 µl of pre-grown cultures (OD600 1) 
of Staphylococcus aureus or Escherichia coli. The wells 
(6 mm) were filled with 50 µl of the suspension having a 
varied concentration of ZnO NPs (from 0.1 μg L−1 to 200 
μg mL−1) or ZnO NPs–cellulose composite (1:1, 1:2, 1:3). 
These plates were incubated for 24 h at 37 °C. The inhibition 
zone was measured and compared with the control (sterile 
distilled water).

Antifungal activity

The antifungal activity of ZnO NPs and ZnO NPs–cellulose 
composite was evaluated against A. niger, P. chrysosporium, 

and G. candidum. Varying concentrations of test samples 
were amended in Potato Dextrose Agar (PDA) media and 
poured aseptically into pre-sterilized Petri dish. The con-
trol dish contained only PDA. All the plates were inocu-
lated with one agar disc at the center of the plate containing 
actively growing fungal culture from the margin of a 7 days 
old plate. These Petri plates were then incubated at 28 °C for 
7 to 12 days. The diameter of the growing fungal colony was 
measured daily and compared with control. All the experi-
ments were carried in triplicate and the mean values along 
with the standard deviation were represented as a result.

Results and discussion

Synthesis and characterization of ZnO nanoparticles

ZnO NPs were successfully synthesized using cell-free extra-
cellular filtrate of 7 days old culture of P. chrysosporium. 
Optical characteristics of the synthesized particles indicated 
towards nano size of ZnO particles as the absorption bands 
represented a redshift with an absorbance peak at about 
349 nm (Fig. 1) as recorded by UV–Vis spectrophotometer 
with the band gap of ZnO was about 3.55 eV. The biologi-
cal synthesis of ZnO NPs has been encouraging in terms of 
its performance, eco-friendly methods, cost-effective, quick 
and mass improved productivity output (Fakhari et al. 2019). 
The chemical synthesis of ZnO NPs generally requires toxic 
chemicals, longer processing time, and requires sintering 
at high temperatures (Saini et al. 2019). On the other hand, 
the present green synthesis of NPs is rather easy, does not 
involve any toxic chemical, and excludes sintering. Differ-
ent metallic nanoparticles have already been synthesized 
using white-rot fungi including P. chrysosporium (He et al. 
2017). P. chrysosporium may produce different extracellular 
enzymes, proteins, and other compounds, which facilitate 
the synthesis of NPs. This fungus belongs to the Basidiomy-
cetes and no associated pathogenicity has been reported to 
date. Further, the fungus has been widely used for industrial 
applications mainly for the production of extracellular lig-
nocellulolytic enzymes (Liu et al. 2020). P. chrysosporium 
has another advantage as it may be grown on low-cost lig-
nocellulosic waste (Sharma et al. 2010). Thus, in the present 
study malt extract broth was used as a production medium. 
Extracellular synthesis is more beneficial and preferable as 
compared to the intracellular approach. Other researchers 
have suggested that extracellular synthesis is a nitrate reduc-
tase-mediated synthesis, which is due to the reduction of 
metal ions to metal NPs (Yusof et al. 2019). As a result, Zn2+ 
gain the electron and reduced to ZnO. Consequently, this led 
to the formation of ZnO NPs. Lignin degrading extracel-
lular oxidoreductase enzymes i.e. lignin peroxidase (LiP) 
and manganese-dependent peroxidase (MnP) are primarily 
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produced by white-rot fungi including Cladosporium her-
barum, Gloeophyllum sepiarium, and Phanerochaete 
chrysosporium(Yadav et al. 2010). All these enzymes along 
with other metabolites may act as a reducing agent during 
the synthesis of ZnO NPs.

The FT-IR spectra of these particles showed the peaks 
in the region of 3848–3618 cm−1, which confirmed the 
presence of hydroxyl (O–H) groups. A characteristic peaks 
spectra of about 531 cm−1 and 2359 cm−1 point towards two 
ZnO transverse optical stretching modes (Fig. 2a). It was 
also revealed that the ZnO-NPs were stable by externally 
attached protein molecules that may prevent aggregation, as 
observed in peak 531 (Quadri et al. 2017). The considerable 

band broadening of the XRD peaks indicated that ZnO 
nanoparticles were present in the samples (Fig. 2b). Crystal 
structure, positioning, and size, full-width at half-maximum 
(FWHM) related data provided by XRD spectroscopy. It 
thus confirmed that the synthesized nanoparticles any other 
contamination as they did not show any X-ray diffraction 
peak characteristics other than zinc oxide, which matches 
with the JCPDS card no # 36-1451.

The TGA data for ZnO NPs revealed that the weight loss 
started in successive steps, along with an increase in tem-
perature (Fig. 3a). The initial weight loss was up to 4.21% at 
224 °C, while the second major loss was recorded in between 
224 and 400 °C, with approximately 38.37%. There was no 

Fig. 1   a UV–Vis spectra and b Energy band gap of ZnO NPs and ZnO NPs–cellulose composite (1:1, 1:2 and 1:3)

Fig. 2   a FT-IR spectra and XRD spectra b of ZnO NPs and ZnO NPs–cellulose composite (1:1, 1:2 and 1:3)
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further decrease in weight up to 500 °C. The initial weight 
loss was due to the removal of water molecules adsorbed on 
the surface, while the subsequent weight loss might be due 
to the removal of hydroxyl groups (Mocanu et al. 2019).

Transmission electron microscopic (TEM) images and 
the Selected Area Electron Diffraction (SAED) trend are 
depicted for biosynthesized ZnO NPs in Fig. 3. NPs were 
found to be hexagonal with the particle size ranging from 5 
to 200 nm (Fig. 3b). The SAED pattern confirmed that the 
ZnO NPs were crystalline and polydispersed (Fig. 3c). The 
SAED trend revealed that the d-spacing of the particles was 
0.19 nm (Jain et al. 2020). The d-spacing estimated by the 
planes acquired by the SAED trends was further verified by 
the XRD analysis. SEM micrographs of the nanoparticles 
also confirmed the hexagonal form with the varied size of 
ZnO NPs (Fig. 4a).

Synthesis and characterization of ZnO NPs–cellulose 
composite

ZnO NPs–cellulose composite has been developed to pro-
vide a potential material for numerous applications based 
on recent research interests, development, and demand in 
the field. As bioactive materials for antibody immobiliza-
tion, cellulose fiber sheets impregnated with saccharide 
capped-ZnO nanoparticles is being developed (Khatri et al. 
2014). Active packaging materials based on carboxymethyl 
cellulose-chitosan-ZnO NPs nanocomposite has also been 
reported to increase the shelf life of bread (Noshirvani et al. 
2017). The prepared ZnO NPs–cellulose composite has been 
characterized as reported in the present study.

The UV–Vis spectrometric spectrum of the ZnO NPs–cel-
lulose composite with varying ratios of cellulose polymer 
along with pure ZnO NPs has been shown in Fig. 1. The 
composite spectra showed a distinguished absorption band 
at 352–365 nm, however, the results revealed that a sharp 
characteristic peak was declining as the concentration of 

free ZnO NPs were lower in the composite as compared to 
ZnO NPs suspension (Fu et al. 2015). The bandgaps for ZnO 
NPs–cellulose composites, 1:1, 1:2, and 1:3 were observed 
to be 3.52, 3.49, and 3.39 eV. This corresponding decrease 
in bandgap energy can be positively correlated with the 
increasing cellulose concentrations (Fig. 1b).

In the FT-IR spectrum of ZnO NPs–cellulose composite 
ratios 1:1, 1:2, and 1:3, few wide peaks were detected in the 
region from 3848 to 3618 cm−1, which represents the exist-
ence of hydroxyl (O–H) groups (Lefatshe et al. 2017). A 
peak at 2359 cm−1 was also observed in all the composites 
showing O=C=O stretching (Fig. 2). In the composite, an 
extreme peak attributed to the C–O stretching was observed 
in the region from 1045 to 1047 cm−1, which was absent 
in ZnO NPs (Lefatshe et al. 2017). XRD studies were per-
formed to examine the crystalline property of the samples 
(Fig. 2b). The XRD cellulose results illustrated in the inset 
showed standard diffraction peaks at 2θ = 16.14°, 22.64° 
and 32.84° (Lefatshe et al. 2017), but such peaks were not 
observed in XRD graphs of ZnO NPs–cellulose composite 
except a peak at 22.64°. The peaks at 2θ = 31.81°, 34.46°, 
36.29°, 47.57°, 56.63°, 62.89°, 66.41°, 67.98°, 69.12°, 
72.60°, 76.99°, 81.41°, and 89.63°, referring to the diffrac-
tion of 100, 002, 101, 102, 110, 200, 112, 201, 004, 202 
planes, indicating the existence of the hexagonal phase of 
zinc oxide (JCPDS: 00-036−1451) (Fu et al. 2017; Lefat-
she et al. 2017) in composites. The amplitude of the crys-
talline cellulose peaks typically remained constant with a 
raise in cellulose concentrations; however, ZnO NPs peaks 
were reduced. Thus, XRD trends indicated that composites 
consist of varying amounts of cellulose and ZnO NPs. This 
shift in cellulose-specific peaks indicated a strong interac-
tion between the ZnO crystals and the cellulose surface. This 
shift was also observed previously due to the interaction 
between ZnO and a polymeric matrix (Fu et al. 2017).

Thermogravimetric studies (TGAs) revealed that there 
was a minor weight loss (4%) in all the three formulations 

Fig. 3   a TGA curve showing weight loss (%)  ZnO NPs and ZnO fabricated cellulose (1:1, 1:2 and 1:3), b TEM image of ZnO NPs, and c 
selected area electron diffraction (SAED) pattern of ZnO NPs
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of ZnO NPs–cellulose composites (1:1, 1:2, and 1:3) below 
100 °C due to the elimination of water molecules from the 
samples (Fig. 3a). These composites showed a huge weight 
loss between 278 and 336 °C due to the thermal degrada-
tion of cellulose leaving behind about 63% material. The 
initial difference between the thermal degradation of ZnO 
NPs–cellulose composites and ZnO NPs might be a result 
of the rapid disintegration of carbon skeleton bonding pre-
sent in composite (Mocanu et al. 2019). At extremely high 
temperatures, however, ZnO NPs demonstrated superior 
thermal stability as compared to ZnO NPs–cellulose com-
posites. Through the completion of the heating cycle, the 
overall weight loss of ZnO NPs–cellulose composites was 
52.62, 65.81, and 69.28% for 1:1, 1:2, and 1:3, respectively.

Scanning electron microscope (SEM) images of the sur-
faces of ZnO NPs and ZnO NPs–cellulose composites are 
shown in Fig. 4. These micrographs confirmed the uniform 
coating of ZnO NPs on the cellulose fibers. The composi-
tion of ZnO NPs–cellulose composites as determined by 
EDX analysis revealed that the carbon signals refer to the 
natural polymer of the sugar cane cellulose. To consider 
the homogeneous distribution of the inorganic phase on 

the surface of the sugar cane cellulose substrate, composi-
tional maps have been generated for atoms of interest: C as 
represented sugar cane cellulose and Zn for ZnO, O being 
typical for both (Fig. 5). As can be seen in all instances, 
the concentration of Zn may not demonstrate considerable 
gradients from one region to another, thus verifying the 
uniformity of inorganic particles on the surface of cellu-
lose fibers. The extremely dispersive distribution of Zn, O, 
and C elements were observed with no other contaminants 
in all the synthesized composites despite the Au element, 
which was observed due to the coating on samples (Fig. 5). 
It was reported that the morphology of ZnO NPs was con-
trolled by the size of cellulose fiber. However, in our study, 
the cellulose fiber size was not varied but the amount. 
This variation showed a direct effect on the antimicro-
bial activity of the composite as there was a difference in 
NPs/cellulose ratio. Different types of fibers/composites 
containing ZnO NPs have been developed in recent years 
through chemical and biological methods (Table 1). These 
composites have demonstrated different properties includ-
ing antimicrobial, antioxidant, cytotoxic, UV protectant, 
and photocatalytic activity.

Fig. 4   SEM images of (a) ZnO NPs, (b–d) ZnO NPs–cellulose composite (1:1, 1:2, and 1:3)
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Antimicrobial properties of ZnO NPs and ZnO NPs–
cellulose composite

Cellulose has readily modifiable hydroxyl groups thus may 
act as good support materials for fixing a wide range of anti-
microbial agents. It is further advantageous in terms of per-
formance stability, processing simplicity, non-cytotoxicity, 
and effective antimicrobial activity thus, developing durable 
and efficient biocompatible cellulose composites to meet the 
rising demand for diverse applications (Ahmad 2021).

The antibacterial property of the synthesized ZnO NPs 
and ZnO NPs–cellulose composites was determined against 

two prominent pathogenic bacteria i.e. E. coli (Gram-neg-
ative pathogen) and S. aureus (Gram-positive pathogen). 
ZnO NPs successfully inhibited both the bacteria at dif-
ferent concentrations. This inhibition was more prominent 
against S. aureus as compared to E. coli. S. aureus being 
more sensitive towards ZnO NPs was inhibited by its low-
est concentration (0.1 µg/ml). Different ZnO NPs–cellulose 
composites showed the different pattern for S. aureus inhibi-
tion as 1:1, which contained the lowest amount of cellulose 
and the highest amount of NPs showed its inhibitory activity 
up to 0.78 µg/ml. Other composite 1:2 and 1:3 did not show 
any inhibitory effect at this concentration. However, both the 

Fig. 5   EDX spectra showing elemental composition a ZnO NPs, b–d NPs-cellulose composite (1:1, 1:2, and 1:3)

Table 1   Some ZnO NPs modified fibers/composites synthesized by different methods and their activity

S. no. Composite type ZnO NPs size Synthesis method Activity References

1 ZnO NPs modified cotton 
fabric

 ~ 58 nm ZnO NPs are in situ
synthesized on the oxidized 

cotton fabric

UV-protection and antibacte-
rial

Noorian et al. (2020)

2 Cellulose nanofiber film con-
taining ZnO nanorods

280–500 nm Solution mixing and the doc-
tor blade casting technique

Antimicrobial and antioxidant Roy et al. (2021)

3 Nano-ZnO–bacterial cellulose 20–30 nm Chemical synthesis followed 
by MAPLE process

Antibacterial with high bio-
compatibility

Dincă et al. (2020)

4 Cellulose–ZnO-hybrid nano-
composite

Width size 90 nm 
and length 546 
nm

Hydrothermal treatment using 
Hibiscus leaf extract

Antibacterial Elemike et al. (2021)

5 Bacterial cellulose/ZnO nano-
composite

70–100 nm Two steps followed by drying Photocatalytic and antibacte-
rial

Wahid et al. (2019)

6 ZnO NPs–cellulose 50 nm average Single-step using fungal 
extracellular filtrate fol-
lowed by drying

Antibacterial and antifungal This study
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samples were quite active in bacterial growth inhibition at 
higher concentrations (Fig. 6).

The growth of E. coli was inhibited by ZnO NPs and ZnO 
NPs–cellulose composites. E. coli could not tolerate ZnO 
NPs concentration beyond 6 µg/ml and inhibit by the higher 
concentrations to that. In all the cases it required a higher 
concentration of composites to inhibit its growth, while it 
could grow in the presence of all the concentrations of 1:3. 
Bacterial tolerance towards metals depends upon metal and 
bacterial species. The observed differences might be due to 
the difference in the structure and morphology of the cell 
membrane and cell wall of S. aureus and E. coli. Earlier the 
antibacterial effect of ZnO NPs on these bacteria has also 
demonstrated a similar pattern (Schwartz et al. 2012). Apart 
from plants, biodegradable bacterial cellulose produced by 
Gluconacetobacter xylinum has been studied for its antimi-
crobial potential after surface modifications by embedding 
ZnO NPs. However, it was observed that the composite was 
active only against the Bacillus subtilis, a Gram-positive 
bacterium (Mocanu et al. 2019). It was also observed in our 
study the antimicrobial effect of ZnO NPs–cellulose com-
posite was prominent on a Gram-positive bacteria S. aureus 
as compared to Gram-negative E. coli.

ZnO NPs and ZnO NPs–cellulose composite demon-
strated antifungal property against two pathogenic fungi A. 
niger and G. candidum along with a wood degrading fun-
gus P. chrysosporium. However, none of these fungi could 
be inhibited by composite 1:2 and 1:3 ratios. A. niger and 
P. Chrysosporium were fast-growing fungi as compared to 
G. candidum and covered the whole plate in 7 days, while 
the latter one took about 14 days for the same. It was also 
observed that the growth of A. niger and P. chrysosporium 
were well inhibited by ZnO NPs and its cellulose composite, 
while G. candidum being less sensitive (Fig. 7). Antimi-
crobial properties of the composite, especially the activity 
against pathogenic and polymer degrading microbes further 
endorse the application of ZnO NPs coated textiles (Pintarić 
et al. 2020). ZnO NPs have also been found useful in the 

preservation of old documents and suggested to be used as 
an anti-biodeterioration agent for paper. The study further 
highlighted the role of cellulose-degrading fungus in the 
deterioration of paper mainly including Aspergillus niger. In 
the same lines, we have also evaluated the antifungal activ-
ity of ZnO NPs and ZnO NPs–cellulose composite against a 
cellulase and ligninase producing wood degrading fungus P. 
chrysosporium. And thus endorse the potential application 
of ZnO NPs against fungal deterioration of wood and paper 
(Fouda et al. 2019). Studies have also compared the coatings 
of nano-sized ZnO and micro-sized Zn salts were on the per-
formance of linen fabric. There was no considerable change 
was observed in terms of physical properties, while func-
tional efficiency and antimicrobial properties were better in 
nano-sized ZnO powders (Arik and Karaman Atmaca 2020).

Conclusion

Zinc oxide nanoparticles (ZnO NPs) were synthesized by 
extracellular filtrate of P. chrysosporium. ZnO NPs were 
homogeneously distributed over the cellulose exterior as 
hexagonal wurtzite. The process describes the synthesis of 
ZnO NPs–cellulose composite as a single-step synthesis 
instead of NPZ priming or coating, which might be advan-
tageous in terms of time requirement, multistep handling, 
thus reducing the cost of production. Surface modifica-
tion of cellulose increased the antimicrobial potential as 
ZnO NPs–cellulose composite (1:1) showed better anti 
S. aureus activity. Thus, ZnO NPs–cellulose composite 
and ZnO NPs were found to be the efficient antimicrobial 
agents against bacteria (E. coli and S. aureus) and fungi 
(A. niger, P. chrysosporium, and G. candidum). The results 
further highlight the importance of ZnO NPs containing 
cellulose fiber for its potential application in the develop-
ment of antimicrobial cellulose-based fabric for diverse 
applications.
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