Open Access Article. Published on 08 December 2025. Downloaded on 3/15/2026 5:15:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Applied Interfaces

ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: RSC Appl. Interfaces, 2026,
3,135

Received 10th September 2025,
Accepted 13th November 2025

DOI: 10.1039/d51f00271k

rsc.li/RSCApplinter

1. Introduction

Bio-nanocomposite Eri silk fibroin/zinc oxide for
antibacterial and anticancer applications
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The increasing prevalence of multidrug-resistant (MDR) bacteria and aggressive breast cancers such as
triple-negative breast cancer (TNBC) poses a significant challenge to current therapeutic strategies,
necessitating the development of novel, biocompatible and multifunctional materials. In this study, a bio-
nanocomposite matrix of Eri silk fibroin-zinc oxide (ESF@ZnO) has been successfully synthesized and
characterized to explore its potential for antibacterial and anticancer applications. XRD, FTIR, UV-vis, FESEM
and TEM demonstrated the successful integration of ZnO within the ESF matrix. FESEM of the ESF@ZnO
composite revealed a heterogeneous surface morphology with ZnO nanoflakes embedded within the silk
fibroin matrix. TEM further confirmed the incorporation of crystalline ZnO structures into the amorphous
network, while SAED patterns displayed both sharp diffraction rings from ZnO and diffuse halos from ESF,
validating the formation of a hybrid organic-inorganic nanocomposite. The antibacterial activity of
ESF@ZnO was evaluated against Escherichia coli and Bacillus subtilis with an inhibition zone of 14.8 + 0.15
mm and 13.2 * 0.14 mm, respectively. Furthermore, ESF@QZnO exhibited significant anticancer activity
against 4T1 (mouse breast cancer) and MDA-MB-231 (human triple-negative breast cancer) cell lines, with
ICso values of 84.06 + 21.13 and 29.76 * 13.46 ug mL™, respectively. A dose-dependent reduction in cell
viability and statistically significant cytotoxic effects (p < 0.001) were observed, confirming its effectiveness
in inducing cancer cell death. These results highlight ESFQRZnO as a promising bio-nanocomposite for
future antibacterial and anticancer applications.

readily through HGT and are also responsible for causing many
diseases such as meningitis, septicaemia, pneumonia,

The rapid rise of antimicrobial resistance (AMR) or multidrug-
resistance (MDR) and aggressive cancers such as triple-negative
breast cancer (TNBC) poses serious global health challenges.'”
MDR pathogens such as Escherichia coli (E. coli) are increasingly
resistant to conventional antibiotics due to overuse, genetic
mutations, and horizontal gene transfer (HGT).? According to
the World Health Organization (WHO), antimicrobial resistance
(AMR) directly caused 1.27 million deaths in 2019, with
projections indicating up to 10 million annual fatalities by 2050
if left unaddressed.*® Unlike MDR bacteria, Gram-positive
bacteria like Bacillus subtilis do not acquire resistance genes as
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endocarditis, wound infection and intraocular inflammation.®
Simultaneously, cancer remains a leading cause of mortality
worldwide, responsible for nearly 10 million deaths in 2020.”
Among various types, breast cancer accounted for 2.26 million
cases that year.” Breast cancer is highly heterogeneous,
classified into different subtypes such as hormone receptor-
positive (HR+), HER2-positive, and triple-negative breast cancer
(TNBC).® Among these, TNBC is the most aggressive and
difficult to treat, as it lacks the expression of hormone receptors
(estrogen and progesterone) and HER2, as a result TNBC does
not respond to hormone therapies or HER2-targeted treatments,
making it highly challenging to treat.” 4T1 and MDA-MB-231
cell lines are widely used models of TNBC due to their
invasiveness, chemoresistance and metastatic potential.*

In response to the risks posed by bacterial infections and
cancer, the development of antibacterial and anticancer
materials has arisen as an important strategy. Materials like
AgNPs, TiO,, CuO and ZnO exhibit both antibacterial and
anticancer activities."'* Among these, ZnO nanoparticles (ZnO
NPs) stand out for their ability to generate reactive oxygen
species (ROS), which play a key role in antimicrobial and
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anticancer mechanisms."'® According to reports, ZnO NPs
were effective at killing Gram negative bacteria as well as Gram-
positive bacteria."”” ZnO NPs have also demonstrated dose-
dependent cytotoxicity against cancer cells, promoting apoptosis
while exhibiting limited toxicity toward normal cells.'® Despite
these benefits, ZnO NPs face challenges such as poor
biocompatibility, cytotoxicity toward normal cells, and a strong
tendency to agglomerate, which reduces stability and functional
efficiency.’®?® To address these challenges, efforts have been
directed towards the development of ZnO-based composites
incorporating natural polymers which make the materials
biocompatible.>® Biocompatible supports such as chitosan,
polypyrrole, and silk fibroin have shown promise in enhancing
stability,  reducing  toxicity, and enabling targeted
applications.”>> However, the challenges related to this area
are functionalization and impregnation of natural polymers
with nanoparticles for different applications, which must be
overcome.>*?’

Eri silk is a natural polymer which is extracted from the
cocoon of Eri silkworm (Samia ricini). It consists of two types of
protein which are fibroin and sericin. Fibroin is the main
structural protein composed of repeated amino acid blocks
ended with C and N units which provide the strength to the silk
whereas sericin binds the fibroin together with its gluey
nature.”® Recent research has demonstrated the potential of
Bombyx mori silk to serve as a template for the synthesis of
nanoparticles.”*° However, ESF remains underexplored despite
its distinct physical and chemical properties. The utilization of
silk fibroin as a matrix for immobilizing ZnO NPs offers a stable
and biocompatible solution, effectively tackling issues related to
nanoparticle aggregation.®® Here, we present a novel bio-
nanocomposite of ESF and ZnO NPs, where ZnO NPs are
incorporated into the ESF matrix using a simple in situ blending
approach. This approach not only improves the biocompatibility
of the nanocomposite but also showcases good antibacterial
and anticancer capabilities. This innovative combination offers
a potential hybrid organic-inorganic bio-nanocomposite for
advanced applications in biomedical fields.

2. Experimental sections
2.1. Materials

The cocoons of Eri silkworm (Philosamia ricini) were obtained
from Directorate of Sericulture, Kokrajhar, Assam, India.
Sodium carbonate (Na,CO;) with a purity of over 99.5% and
calcium nitrate (Ca(NO3),) with a purity of over 98% were
purchased from MERCK. Ethanol (reagent grade >99.9%)
was purchased from CSS. Dialysis membrane-70 having a
molecular weight cutoff (MWCO) of 12-14 kDa was
purchased from Himedia. Zinc acetate (ZnC,H¢O,) with a
purity of over 98% and potassium hydroxide (KOH) with a
purity of over 84% were purchased from MERCK.
Glutaraldehyde was purchased from MERCK with a purity of
23-27%. Two pathogenic microbes (one Gram positive and
another Gram negative) viz., Escherichia coli (MTCC 443) and
Bacillus subtilis (MTCC 441) were purchased from Microbial
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Type Culture Collection and Gene Bank (MTCC). The BALB/c
strain-derived mouse breast cancer cell line 4T1 and the
human triple-negative breast cancer cell line MDA-MB-231
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), with catalog numbers ATCC®
CRL-2539™ and ATCC® HTB-26™, respectively. DMEM
medium, RPMI-1640 medium, certified foetal bovine serum
(FBS), 0.25% trypsin EDTA and penicillin-streptomycin
antibiotic solution were purchased from Gibco. MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was
purchased from Sigma. All other cell culture consumables
and chemicals were procured from Tarsons.

2.2. Preparation of Eri silk fibroin solution

Initially, the Eri silk cocoons were cut into smaller fragments,
and subsequently subjected to a process called degumming,
which involved boiling them in a 0.02 M solution of Na,CO;
for a duration of 1 hour in order to eliminate the sericin
component.”” Following the removal of sericin, the
degummed silk underwent three thorough washes with
deionized water and was subsequently placed in an oven for
a night.*> The extraction of ESF was performed using the
dissolution method. The degummed Eri silk was dissolved in
a solvent mixture of calcium nitrate, ethanol and water in a
ratio of 1:4:1.5, maintaining a concentration of 2.5 w/v%
and heated at 120 °C for 8 to 9 hours. Afterwards, the silk
solution underwent dialysis using a dialysis membrane
against distilled water for a duration of 3 days, resulting in
the extraction of ESF. The distilled water was replaced every
24 hours in order to eliminate the salts. Subsequently, the
ESF solution was centrifuged for 10 minutes to eliminate any
remaining undissolved silk residue. The ESF solution
obtained was stored at a temperature of 4 °C for future use.
The same has been illustrated in Scheme 1.

2.3. Preparation of ZnO NPs

To prepare ZnO NPs, zinc acetate was taken as a precursor. A
solution of zinc acetate was prepared with a (w/v%) of 2%
and then it was stirred for 30 min at room temperature. After
that, KOH was added into the solution. A slightly white milky
solution was observed. The solution was continuously stirred
for about 1 hour at room temperature. After formation of the
precipitate, it was washed several times with DI water. Then
it was kept in the oven overnight. The complete step by step
process is illustrated in Scheme 2.

2.4. Preparation of ESF@ZnO NPs

To prepare the bio-nanocomposite of ESF and ZnO NPs,
prepared ZnO NPs were added into 3% (w/v%) ESF solution.
The solution was then sonicated for 30 min. After that,
glutaraldehyde was added into the solution for the proper
linking of ZnO NPs and ESF. Then the solution was kept
overnight at room temperature. After GA crosslinking,
samples were thoroughly rinsed with ethanol followed by
multiple distilled-water washes to remove unreacted GA and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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small oligomers. This step was performed immediately after  glass spreader. Subsequently, discs containing various

crosslinking to minimize residual aldehyde content. After
this, the solution was kept in the oven for drying and then
kept in a sample container for further use. The complete step
by step process is illustrated in Scheme 3.

2.5. Antibacterial activity

The antibacterial activity test was conducted using the
method developed by Priyanka P. Patil, with slight
adjustments. Initially, pathogenic bacteria that were 24 hours
old were introduced into Mueller Hinton broth and then
placed in an incubator at a temperature of 37 °C for 24
hours. Following a 24-hour incubation period, both the
bacterial strains, Escherichia coli and Bacillus subtilis, were
applied onto Mueller Hinton Agar media using a sterilized

© 2026 The Author(s). Published by the Royal Society of Chemistry

samples were positioned on the same plate and kept at a
temperature of 37 °C for another 24 hours. The diameter of
the zone of inhibition was determined for the sample that
exhibited a positive result. The test was repeated three times.

2.6. Anticancer activity

2.6.1. Cell culture. The cell lines used in this study are
established and commercially available through ATCC and
do not require further Institutional Review Board (IRB) or
Institutional Animal Ethics Committee (IAEC) approval. No
primary human or animal subjects were used. Hence,
informed consent and additional ethical clearance were not
applicable. 4T1 and MDA-MB-231 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) and Roswell
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Park Memorial Institute medium (RPMI-1640) respectively
enriched with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C in a humidified atmosphere
with 5% CO, supplied incubator.***> The cell lines were sub-
cultured by enzymatic digestion with 0.25% trypsin-0.53 mM
EDTA when they became approximately 70-80% confluent.*®

2.6.2. Cell viability. The cell viability was determined by the
MTT assay according to Fotakis and Timbrell (2006) with slight
modifications. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) is a water-soluble tetrazolium salt
that is converted to an insoluble purple formazan by cleavage of
the tetrazolium ring by succinate dehydrogenase in the
mitochondria. The formazan product is deposited within
healthy cells as it cannot penetrate through the cell
membrane.’” 4T1 cells were seeded at a density of 6.5 x 10° in
100 pL RPMI-1640 medium and were plated in 96 well plates.
MDA-MB-231 cells were seeded at a density of 6 x 10° in 100 uL
DMEM medium and were plated in 96 well plates. Cells were
allowed to attach for 24 hours in a CO, incubator. Then cells
were treated with different concentrations of the compounds in
FBS free medium for 24 hours. Following the treatment, 100 pL
of MTT (0.5 mg ml™) was prepared in FBS-free medium and
incubated at 37 °C for 4 hours, after removing the medium with
compounds. Subsequently, the MTT-containing medium was
removed and the resulting purple formazan crystals were
dissolved in 100 pL of DMSO. The absorbance was then
measured at 570 nm using a Flex Station 3 Multi-mode
Microplate reader (Molecular Devices, USA).

3. Material characterization

The X-ray diffraction patterns (XRD) were obtained using an
EMPYREAN diffractometer apparatus, with a CuKo incident
beam (1 = 1.54 A), in the 26 range of 10-80 degrees, with a step
size of 0.02 degrees. The Fourier transform infrared (FTIR)
spectroscopy technique was employed using a SHIMADZU FTIR
8201 instrument, using the KBr pallet method, in the
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wavelength range of 4000 to 500 cm™" to identify functional
groups and molecular interactions. A UV-vis spectrophotometer
(SHIMADZU, UV-2600) covering the wavelength range of 200-
800 nm was used to observe the absorbance spectra of the
samples. The surface morphology of the sample was studied
using a Gemini 500 FE-SEM. HRTEM and SAED were conducted
using a JOEL, JEM-2100 PLUS (HR) instrument.

4. Results and discussion
4.1. Powder X-ray diffraction (PXRD) study

Powder X-ray diffraction (PXRD) was conducted to analyse the
crystallographic structure of ESF, ZnO NPs, and ESF@ZnO NPs.
The objective of this study was to better understand and
confirm the structural incorporation of ZnO NPs into the ESF
matrix and to identify any alterations in the crystallographic
characteristics caused by this amalgamation. Fig. 1 shows the
PXRD for (a) ESF, (b) ZnO NPs and (c) ESF@ZnO NPs. Fig. 1(a)
reveals that the ESF exhibits peaks (26) at 16.7° and 20.2°,
indicating a corresponding spacing (d) of 5.30 and 4.50 A,
respectively. These findings suggest the presence of an alpha
helix structure. The peaks seen at 26 values of 24° and 30°, with
corresponding interplanar spacings (d) of 3.771 and 3.13 A,
indicate the presence of a beta sheet structure.*® Fig. 1(b) shows
peaks (26) at 31.8°, 34.4°, 36.3° and 47.5°, corresponding to
miller indices (100), (002), (101), and (102), indicating the
formation of ZnO NPs.*® Fig. 1(c) shows the peaks (26) of
ESF@ZnO NPs. It can be clearly observed that an amorphous
region has been formed with the crystalline regions of ZnO NPs
which confirms the formation of the bio-nanocomposite. The
average crystallite size of ESF@ZnO NPs was calculated using
the Debye-Scherrer's equation®® and is illustrated in eqn (1),

L K
" pcosh

(1)

where K is the Scherrer constant (K = 0.94), A is the X-ray
wavelength (A = 0.154 nm), # is full width at half maximum

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PXRD of (a) ESF, (b) ZnO NPs and (c) ESF@RZnO NPs.

(FWHM) and @ is the diffraction angle. The average crystallite
size of ESF@ZnO NPs was found to be around 27 nm. The
crystallinity of pure ZnO NPs was 83% but the crystallinity of
ESF@ZnO NPs was found to be 80%. The observed reduction in
crystallinity reflects the effective embedding of ZnO NPs into
the ESF matrix. The reduced crystallinity also suggests an
increase in surface defect sites that can enhance reactive oxygen
species (ROS) generation which is one of the primary
mechanisms responsible for the observed antibacterial and
anticancer activities.*"** Such defect mediated ROS activity has
been strongly correlated with antibacterial and anticancer
efficacy in previous studies.****

4.2. Fourier transform infrared (FTIR) spectroscopy study

The FTIR spectra offer valuable insights into the functional
groups and interactions within the composite material.** Fig. 2
displays FTIR spectra of ESF, ZnO NPs and ESF@ZnO NPs. It
can be observed from Fig. 2(a) that ESF displays distinct peaks,
with each peak corresponding to unique functional groups. The
peak visible at 3280 cm™ suggests the existence of C-H
stretching originating from the tyrosine found in the ESF.*® The
three key amide regions for ESF, amide I (1700-1600 cm "),
amide II (1600-1500 cm™") and amide III (1350-1250 cm ™) lie
in the band region from 2000-1000 cm™.*” The majority of the
amide I area is mostly caused by the C=0 stretching vibration,
with the remaining portion resulting from NH in-plane
bending, out-of-phase CN stretching vibration, and C-CN
deformation.”® The backbone oscillations in the CN stretching
and NH in-plane bending regions comprise the amide II
region.”” Amide III peaks arise from the concurrent presence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR of (a) ESF, (b) ZnO NPs and (c) ESF@ZnO NPs.

in-phase N-H in-plane bending vibrations, C-N stretching, and
C-H/N-H deformation vibrations.*® It can be observed from
Fig. 2(b) that three distinct peaks are observed in the ZnO NPs
spectrum. The signal observed at 3384 and 2890 cm™' is
associated with stretching vibrations of O-H bonds which
indicate the existence of hydroxyl groups or water molecules.*
The peaks observed at 1643 and 1441 cm™ are attributed to the
stretching vibrations of C=C bonds.>® The peaks at 885 and
696 cm™' indicate the stretching vibrations of Zn-O bonds,
thereby proving the presence of ZnO NPs in the sample.>”

It can be observed from Fig. 2(c) that ESF@ZnO NPs exhibit
characteristics from both ESF and ZnO NPs, suggesting that the
two materials have been effectively combined. The bio-
nanocomposite exhibits peaks at amide I, II and III regions,
which indicates the presence of ESF in the sample. However,
the peaks observed have low intensity in comparison to the pure
ESF, suggesting that the change in the ESF matrix is due to the
chemical interaction with ZnO NPs. The composite spectra
clearly show peaks at 885 and 696 cm™, which are indicative of
ZnO NPs. This confirms that ZnO NPs have been incorporated
into the ESF matrix. Moreover, the ESF@ZnO NPs spectra
display novel peaks and broadening of peaks, suggesting
possible chemical interactions or structural modifications
resulting from the amalgamation of ESF and ZnO NPs. Such
changes can enhance the surface reactivity and exposure of
functional groups, which are crucial for biological interactions.
The observed broad O-H and Zn-O bonding suggests increased
availability of sites for hydrogen bonding and electrostatic
interactions with bacterial and cancer cell membranes for
activity.”?
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4.3. Ultraviolet-visible (UV-vis) spectroscopy study

UV-vis spectroscopy was performed to confirm the presence
of ZnO NPs in the ESF matrix. Fig. 3 shows the UV-vis graphs
of ESF, ZnO NPs and ESF@ZnO NPs. As can be observed from
Fig. 3(a) ESF shows absorption peaks at 219 nm, which are
commonly linked to n-n* transitions in the main chain of
the peptide bond.>® These peaks indicate the existence of
conjugated systems or chromophoric groups within the ESF
structure. This peak is attributed to the presence of the
peptide bond in the main chain.>* Also, it can be observed
from Fig. 3(b) that ZnO NPs show a peak at around 343 nm
which confirms the formation of ZnO NPs.>®> The blue shift
near band edge UV-vis absorption of ZnO NPs was due to the
quantum confinement effect of ZnO NPs.>® As can be seen
from Fig. 3(c) the absorption spectra of the composite
ESF@ZnO NPs display a wide absorbance peak, indicating
the successful integration of ZnO NPs into the ESF matrix. In
addition, any changes in the absorbance peaks or broadening
detected in the composite spectrum may suggest interactions
between ESF and ZnO NPs, such as alterations in the
electronic surroundings or the creation of new hybrid states.
It can be seen from Fig. 3(c) that ESF@ZnO NPs show the
presence of both ESF and ZnO NPs which indicates the
successful integration of ZnO NPs into the ESF matrix. Also,
the shift in the position of the peak and change in the
intensity of ZnO NPs suggest successful interaction between
ZnO NPs and ESF.

—ESF ()
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< - 343
]
=
]
=
o
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\ ™ 350
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Fig. 3 UV-vis of (a) ESF, (b) ZnO NPs and (c) ESF@QZnO NPs.
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4.4. Field emission scanning electron microscopy (FESEM)-
energy dispersive spectroscopy (EDS) study

FESEM and EDS were performed to study the surface morphology
and elemental composition of ESF, ZnO NPs and ESF@ZnO NPs.
It can be observed from Fig. 4(a) that pure ESF demonstrates a
characteristic interconnected network of fibroin microparticles
(0.5-2 pm diameter). EDS (Fig. 5(a)) confirms the proteinaceous
composition of ESF with carbon (47.3 wt%), nitrogen (23.9 wt%)
and oxygen (28.9 wt%). In contrast, ZnO NPs appeared as
aggregated nanoparticles with radially arranged nanoflakes
having a size of 100-200 nm (Fig. 4(b)). These nanoflakes exhibit
sharp edges and thin plate-like structures which indicates
anisotropic crystal growth. Flake-like morphologies often provide
higher surface-to-volume ratios and more exposed reactive edge/
facet sites compared with simple spherical or rod shapes, which
can enhance ion release and ROS generation, mechanisms linked
to antibacterial and anticancer action.’®*” Comparative studies
have reported enhanced bioactivity for flakelike ZnO versus
spherical/rod forms; our morphological observations therefore
provide a plausible structural basis for the improved activity of
ESF@ZnO. EDS reveals stoichiometric zine (71 wt%) and oxygen
(29 wt%) contents (Fig. 5(b)). Fig. 4(c) illustrates the FESEM
image of ESF@ZnO NPs. It shows an irregular porous surface
morphology where ZnO NPs are distributed throughout the
protein matrix of ESF. Compared to pure ZnO nanoflake
structure, the flakes appear more embedded and less defined
which suggests encapsulation or surface coverage by the fibroin
phase. The surface texture is relatively rough, and the presence of
aggregated clusters indicates possible crosslinking or
entanglement between the ZnO flakes and the protein chains,
resulting in a heterogeneous structure. The EDS result of
ESF@ZnO NPs also confirms the hybrid composition (carbon:
45.1 wt%, nitrogen: 3.4 wt%, oxygen: 31.2 wt%, zinc: 20.2 wt%)
(Fig. 5(c)). The preserved nitrogen content confirms the structural
integrity of ESF. Oxygen enrichment against the pure ESF and
ZnO reflected contributions from both ESF and ZnO phases.
Table 1 highlights the weight percentage of different components
in ESF, ZnO and ESF@ZnO. Therefore, FESEM confirms the dual
phase nature of ESF@ZnO, where ZnO NPs anchor within the
ESF matrix without altering the protein's primary content.

4.5. Transmission electron microscopy (TEM) study

The formation and crystallinity of ZnO and ESF@ZnO NPs were
further confirmed by the TEM images and SAED patterns. It can
be observed from Fig. 6(a and b) that TEM further supports the
flake like morphology of ZnO NPs at the nanoscale. It is clear
from the figure that flakes possess irregular boundaries. The
corresponding SAED (Selected Area Electron Diffraction) pattern
(Fig. 6(c)) exhibits a set of concentric rings with bright and well-
defined diffraction spots which is a characteristic of
polycrystalline ZnO structures.”® It confirms that the synthesized
ZnO flakes are composed of nanocrystalline domains oriented in
multiple directions but maintaining a wurtzite crystal structure.
The TEM images (Fig. 6(d and e) of ESF@ZnO also confirm the
hybrid nature of the nanocomposite. Electron dense ZnO flakes

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00271k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 08 December 2025. Downloaded on 3/15/2026 5:15:20 PM.

[{ec

View Article Online

RSC Applied Interfaces Paper

Fig. 4 FESEM images of (a) ESF, (b) ZnO NPs and (c) ESF@RZnO NPs.

@ | [= ¥ (b)
418¢ ) 8.8«
3.64K 77K
3.12K 6.6K
2.60K 5.5K
2.08K 44K
1.56K @ 33K @
1.04K 22K
0.52K: 11K
00050 1.00 z.oo‘ 3.00 = 4.00 5.00 6.00 °'°c'>(.oo 1.00 sz 3.00 4.00 5.00 6.00
1.98K @ (C)
1.76K
1.54K El@
132K
1.10K
0.88K
0.66K’
0.44K
0.22K’
0%o0 100 200 300 400 500 600

Fig. 5 EDS of (a) ESF, (b) ZnO NPs and (c) ESFQRZnO NPs.

are well dispersed within the lighter amorphous protein matrix of ~ and amorphous features. The diffused halos correspond to the
ESF. The SAED pattern (Fig. 6(f)) also exhibits both crystalline  disordered and non-crystalline nature of ESF, whereas

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Appl. Interfaces, 2026, 3,135-148 | 141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00271k

Open Access Article. Published on 08 December 2025. Downloaded on 3/15/2026 5:15:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Elemental composition (wt%)

Element ESF ZnO NPs ESF@ZnO NPs
Carbon 47.3 — 45.1
Nitrogen 23.9 — 3.4
Oxygen 28.9 29 31.2
Zinc — 71 20.2

superimposed bright rings illustrate wurtzite ZnO NPs,
particularly the (100) and (101) planes, as shown in the figure.
This confirms that ZnO retains its crystalline phase post
integration while ESF maintains its amorphous nature. The
improved dispersion of ZnO nanoparticles within the ESF matrix
may enhance the effective surface area for interaction with
bacterial cell walls and cancer cell membranes providing good
antibacterial and anticancer activities.>® In addition, the effective
dispersion of ZnO within the silk fibroin matrix, as evidenced by
FESEM (Fig. 4), EDS (Fig. 5) and TEM (Fig. 6) analyses, indicates
a stable hybrid structure with strong electrostatic interactions
between the protein's functional groups and ZnO nanoparticles.

5. Applications
5.1. Antibacterial activity

The antimicrobial activity of the bio-nanocomposite material
ESF@ZnO NPs was methodically assessed against two bacterial
strains: Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis),
utilizing the standard inhibition zone method. Standard

Fig. 6
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antibiotics were used as positive control for both strains. For E.
coli penicillin was used and for B. subtilis gentamicin was used.
Fig. 7(a and b) shows the inhibition zone against E. coli and B.
subtilis. The antibacterial study revealed that pure ESF exhibited
no inhibitory effect against E. coli and B. subtilis, which aligns
with its known biocompatibility and lack of inherent
antimicrobial properties. In contrast, pure ZnO NPs
demonstrated moderate antibacterial activity, with inhibition
zones of 11.2 + 0.20 mm for E. coli and 11.6 + 0.11 mm for B.
subtilis, indicating their intrinsic ability to suppress bacterial
growth. The enhanced antibacterial performance of ESF@ZnO
NPs, with inhibition zones of 14.8 + 0.15 mm (E. coli) and 13.2 +
0.14 mm (B. subtilis), suggests a synergistic interaction between
ESF and ZnO that significantly boosts antimicrobial efficacy.
For comparison, penicillin (positive control for E. coli) exhibited
a smaller inhibition zone of 7.8 + 0.43 mm, while ampicillin
(positive control for B. subtilis) showed a larger zone of 15.1 +
0.65 mm. The results of the inhibitory zone have been compiled
and are displayed in Fig. 8.

The difference in inhibition zones between E. coli (Gram-
negative) and B. subtilis (Gram-positive) can be attributed to
structural variations in their cell walls. Gram-negative bacteria
possess a thin peptidoglycan cell wall layer (<10 nm) and an
extra outer membrane composed of lipopolysaccharides (LPS)
(~7 nm), featuring many holes and appendages.®® Conversely,
Gram-positive bacteria possess a thick cell wall (20-80 nm) as
the outermost layer of the cell.®® The variations in cell layer
characteristics correspond to distinct aspects of the cell,

10 1/nm

L (10])

« ———(100)

-

100 nm

10 1/nm

(@ and b) TEM images of ZnO NPs. (c) SAED pattern of ZnO NPs. (d and e) TEM images of ESFQZnO NPs. (f) SAED pattern of ESF@QZnO NPs.
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Fig. 7 Antibacterial activity against (a) E. coli and (b) B. subtilis. The spots (1, 2 and 3) indicated ESF@QRZnO NPs, ZnO NPs and ESF, respectively. The

remaining zone illustrates the positive control (ampicillin and penicillin).
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Fig. 8 Zones of inhibition of ESF, ZnO and ESF@QZnO against (a) E. coli and (b) B. subtilis. Penicillin and gentamicin were used as positive controls

for E. coli and B. subtilis, respectively.

especially in response to external disruptions or stresses, such
as antibiotics. Multiple mechanisms are involved in the
antibacterial effect of ZnO NPs. The initial physical interaction
between ZnO NPs and bacterial cells leads to direct engagement
of ZnO NPs with the bacterial membrane, resulting in
membrane destruction and cell death.®® Various reasons have
been postulated for the attachment of ZnO NPs to bacterial cell
surfaces, such as van der Waals forces, electrostatic interactions,
hydrophobic contacts, and receptor-ligand interactions.®* ZnO
NPs also produce reactive oxygen species (ROS) such as hydroxyl
radicals (OH) which interact with the bacterial cells and
damage them.® When ZnO NPs are combined with ESF to form
ESF@ZnO NPs, several key enhancements occur. The ESF
matrix improves nanoparticle dispersion and prevents ZnO NP
agglomeration for bacterial interaction.®® Additionally, the
proteinaceous composition of ESF adheres it to the bacterial cell
surface and binds it to membranes more strongly,
concentrating the effects of ZnO NPs and enhancing ROS at the

© 2026 The Author(s). Published by the Royal Society of Chemistry

cell surface. Thus, ESF@ZnO NPs amplifies these effects
through improved stability, controlled ion release, and
enhanced bacterial adhesion, making it a more potent
antibacterial agent and underscores its broad-spectrum
potential.

5.2. Anticancer activity

The cytotoxic effects of pure ESF and ESF@ZnO NPs were
assessed in two distinct breast cancer cell lines: 4T1 (BALB/c
strain mouse breast cancer cell line) and MDA-MB-231 (human
triple-negative breast cancer cell line). The viability of cells was
evaluated after treatment with different concentrations of pure
ESF and ESF@ZnO NPs, and the half-maximal inhibitory
concentration (ICs,) values were calculated to assess their
relative effectiveness. Fig. 9 shows the cell viability against 4T1
cells for both ESF and ESF@ZnO NPs. It can be observed from
Fig. 9(a) that in 4T1 cells, ESF showed no significant cytotoxic
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Fig. 9 The effect of (a) ESF and (b) ESFRZnO NPs on cell viability of 4T1 cells after 24 hours of treatment. The graphs were plotted as mean *

SEM, n = 3. ***p < 0.001.

effects, with cell viability remaining similar to the control even
at the highest concentrations tested. Conversely, Fig. 9(b)
reveals that ESF@ZnO demonstrates an ICs, of 84.06 + 21.13 ug
mL ™" against the 4T1 cells, suggesting cytotoxicity effects. A
distinct dose-dependent cytotoxicity trend was noted, showing a
substantial decrease in cell viability at concentrations of 100
and 200 pg ml™" (p < 0.001). At a concentration of 200 ug mL™",
cell viability was almost completely eliminated, indicating that
at high concentrations, ESF@ZnO NPs can significantly impede
the growth of 4T1 cells. In MDA-MB-231 cells (Fig. 10(a)),
surprisingly pure ESF demonstrated an ICs, of 68.93 ug mL ™,
suggesting that elevated concentrations were necessary to elicit
notable cytotoxic effects. At a concentration of 100 ug ml™, cell
viability was still notably high, indicating that pure ESF exhibits
limited anticancer activity. On the other hand, Fig. 10(b) shows

(a)

1Cso= 68.93 pg/ml

60+

% cell viability

Control 100
Conc. (ug/ml)

that ESF@ZnO NPs exhibits a significantly lower ICs, of 29.76 +
13.46 pg mL™', suggesting increased cytotoxicity as a result of
ZnO incorporation. A clear reduction in cell viability was noted
in a dose-dependent manner, with statistically significant
differences (p < 0.001) evident at elevated concentrations. The
results indicate that ESF@ZnO NPs markedly shows good
anticancer efficacy in comparison to pure ESF, positioning it as
a promising option for breast cancer treatment.

ESF@ZnO NPs exhibits anticancer activity through a multi-
faceted mechanism involving enhanced cellular uptake, ROS-
mediated oxidative stress, mitochondrial dysfunction, DNA
damage, and apoptosis induction.”® ESF acts as a biocompatible
matrix that facilitates the dispersion and stabilization of ZnO
NPs, allowing for efficient cellular uptake.** Additionally, Eri silk
fibroin (ESF) is a natural protein with proven cytocompatibility

120+
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Fig. 10 The effect of (a) ESF and (b) ESFQZnO NPs on cell viability of MDA-MB-231 cells after 24 hours of treatment. The graphs were plotted as

mean t SEM, n = 3. ***p < 0.001.
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and ZnO nanoparticles have been reported to exhibit selective
cytotoxicity toward malignant cells due to their greater sensitivity
to oxidative stress.'®'%*%>% Cancer cells, due to their altered
membrane structure and metabolic activity, show higher
endocytosis rates compared to normal cells.”” When ZnO NPs
enter the cellular environment, they interact with the lipid
bilayer and penetrate the cytoplasm through endocytosis.®® ZnO
NPs are known to generate ROS, including peroxide (0,>),
hydroxyl radicals (OH), and hydrogen peroxide (H,O,), upon
exposure to the cellular environment.** These ROS cause
oxidative stress, damaging essential cellular components such as
proteins, lipids, and nucleic acids.®® ROS-mediated oxidative
damage induces strand breaks in DNA, triggering checkpoint
mechanisms that halt cell cycle progression.”® This prevents
cancer cell proliferation and promotes apoptosis.”” The
interaction of ZnO NPs with DNA can further disrupt transcription
and replication, contributing to cytotoxic effects.”" Thus, ESF
provides a platform that enhances the stability and bioavailability
of ZnO NPs. Unlike direct ZnO NP exposure, which may cause
excessive toxicity, the ESF matrix ensures a controlled and
sustained release of ZnO NPs, reducing undesirable side effects.
Additionally, ESF contains amino acid sequences that may
facilitate cellular adhesion and uptake, improving the composite's
interaction with cancer cells while maintaining minimal toxicity
to normal cells.®®

6. Conclusion

This study successfully developed and characterized ESF@ZnO
NPs, demonstrating its potential for antibacterial and
anticancer applications. The PXRD analysis confirmed the
crystalline and amorphous portions of ESF@ZnO NPs. UV-vis
spectroscopy showed the simultaneous presence of ZnO NPs
and ESF in the bio-nanocomposite. FTIR analysis further
validated the successful formation of the bio-nanocomposite,
highlighting key functional group interactions. FESEM and
TEM analyses confirmed the successful integration of ZnO
nanoflakes into the ESF matrix. FESEM showed a rough,
heterogeneous surface, while TEM revealed well-dispersed
crystalline ZnO NPs within the amorphous fibroin phase of ESF.
This hybrid structure enhances surface interaction, supporting
the composite's antibacterial activity through controlled and
sustained ROS generation and its anticancer effect via improved
cellular uptake and cytotoxicity. ESF@ZnO NPs exhibited
enhanced antibacterial activity against E. coli in comparison to
B. subtilis and as a whole strong potential for antibacterial
applications. ESF@ZnO NPs demonstrates anticancer efficacy
against 4T1 (BALB/c strain mouse breast cancer) and MDA-MB-
231 (human triple-negative breast cancer) cell lines. A dose-
dependent reduction in cell viability was observed, with
statistically significant cytotoxic effects (p < 0.001) at higher
concentrations, confirming the effectiveness of ESF@ZnO NPs
in inducing cancer cell death. The ICs, value of ESF@ZnO NPs
was determined to be 84.06 + 21.13 ug mL ™" for 4T1 cells and
29.76 + 13.46 ug mL " for MDA-MB-231 cells, highlighting its
potent anticancer activity, particularly against MDA-MB-231
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cells. These findings suggest that ESF@ZnO NPs holds strong
potential for future biomedical applications.
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