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Antimonene (Sb) is an emerging two-dimensional material belong-
ing to group VA that has shown excellent chemical and physical
properties with applications in optoelectronics, energy, catalysis,
and biomedical sciences. However, the biodegradability of Sb
sheets in response to immune stimulation and its impact on degra-
dation by-products have yet to be reported. Herein, we investi-
gated the biodegradability of Sb nanosheets by treating them with
human myeloperoxidase (hnMPO) and plant peroxidase (horseradish
peroxidase-HRP) in the presence of a low concentration of hydrogen
peroxide. Furthermore, we studied the impact of non-covalently
functionalized Sb nanosheets with 2-hydroxypropyl-g-cyclodextrin
(Sb-CD) on their biodegradability. The biodegradability of Sb sheets
was assessed using Raman spectroscopy, UV-vis spectroscopy and
transmission electron microscopy. The results revealed that functio-
nalized Sb sheets exhibited reduced degradability upon treatment
with peroxidase due to the surface coating of $-CDs on Sb sheets.
Next, the cytotoxicity results revealed that the pristine and functiona-
lized Sb sheets and their by-degradation products did not affect
human THP1 cells. Finally, the immune modulation studies with THP1
cells confirmed that Sb-nanosheets before and after partial degra-
dation did not show significant production of TNF-a, confirming that
Sb-nanosheets or degraded products played no role in the activation
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of the immune response. These results could provide better insights
into the biodegradability of Sb sheets and their potential biomedical
applications.

1. Introduction

Two-dimensional materials (2DMs) are highly attractive for
various applications such as optoelectronics, energy, catalysis,
and biomedical applications due to their unique chemical and
physical properties.'™ Recently, an inorganic layered material,
antimonene (Sb), was exfoliated using liquid-phase or mechan-
ical exfoliation methods and exhibited excellent thermal con-
ductivity and carrier mobility, along with spintronic
properties.®”® Importantly, Sb materials are also being studied
for potential biomedical applications such as NIR-photother-
mal applications for cancer theranostics,”™' drug delivery,'?
bioimaging," etc. Interestingly, antimonial drugs are already
used in clinical applications,'® which indicates that Sb-based
materials could be excellent candidates for nanomedicine
applications over other 2D materials such as graphene, MoS,,
BP, etc. However, 2D Sb sheets are known to undergo surface
oxidation under ambient conditions to form Sb,0; """
Furthermore, understanding the biodegradability of such
potential 2D Sb sheets is essential to assess their in vivo fate
and the long-term impact of degradation products on human
health. The immune response to such 2D materials is found to
be one of the important routes to understanding issues related
to their biodegradability, including graphene family materials
(GFMs) and other inorganic 2DMs. This can be done by
directly incubating 2DMs with activated immune cells (neutro-
phils, macrophages, etc.) or treating them with peroxidase
enzymes secreted by primary immune cells (neutrophils).*®™°
Such biodegradability of 2DMs has been reported for graphene
family materials and inorganic 2DMs such as MoS,, h-BN,
MXenes, etc.'®*°

However, the biodegradability of 2D Sb nanosheets by the
action of peroxidase enzymes (human myeloperoxidase-hMPO)
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Scheme 1

(a) Functionalization of Sb nanosheets using 2-hydroxypropyl-p-cyclodextrin (3-CD) to obtain f-Sb nanosheets and (b) biodegradation of

Sb and f-Sb nanosheets using the human enzyme hMPO and the plant enzyme HRP in low concentrations of hydrogen peroxide, respectively.

has yet to be reported. Herein, we report the biodegradability
of pristine 2D Sb nanosheets and cyclodextrin functionalized
nanosheets (f-Sb) by the enzymatic catalysis of hMPO and
plant peroxidase (HRP) in the presence of H,O, (Scheme 1).
The degradation was investigated using spectroscopic and
microscopic techniques. Also, the cytotoxicity of the Sb sheets,

Rajendra Kurapati obtained a
PhD from the Indian Institute of
Science, Bangalore. Kurapati
worked as a Post-Doc with Prof.
Alberto  Bianco at CNRS,
University of Strasbourg (2014-
17),  investigating the  bio-
degradation of 2D materials. In
2018, Kurapati received the
Marie Sktodowska-Curie fellow-
ship with Prof. Abhay Pandit at
Ak ., CURAM, the [University of
Rajendra Kurapati Galway, Ireland. In 2021,
Kurapati received the prestigious
DBT-Ramalingaswami Faculty fellowship at the University of
Hyderabad, India. Since 2021, Kurapati has been an Assistant
Professor of Chemistry at IISER Thiruvananthapuram. Kurapati’s
Biomaterials Lab is at the forefront of understanding the bio-
degradation of nanomaterials, microplastics, nano-immune cell
interactions and development of Biomaterials for antimicrobial
coatings, drug/gene delivery and sustainable bioplastic.

1294 | Nanoscale, 2025, 17, 11293-11304

before and after degradation, was studied to understand the
impact of these Sb materials and their degradation products
on human cells.

2. Materials and methods

Sb bulk powder and 2-hydroxypropyl-beta-cyclodextrin were
purchased from Sigma-Aldrich. The enzyme human myeloper-
oxidase (hMPO, isolated from human polymorphonuclear leu-
kocytes) and horseradish peroxidase (HRP) were commercially
obtained from Sigma-Aldrich, India. The chemicals
Na,HPO,-2H,0, NaH,PO,-2H,0, NaCl, KCl, KH,PO,, hydrogen
peroxide (30% aqueous solution) and diethylenetriamine
penta acetic acid (DTPA) were obtained from Sigma-Aldrich
and used directly without any further purification. Deionized
water (DI) was acquired using a Milli-Q® Millipore filter
system.

2.1 Synthesis of Sb nanosheets

First, 100 mg of bulk Sb powder (initial concentration of 5 mg
mL ") was dispersed in 20 mL of DI water. The dispersion was
then exfoliated by combining probe and bath sonication pro-
cesses.”! During the probe sonication process, an ice bath was
employed to prevent heat generation due to cavitation bubbles.
After sonication, the dispersion was centrifuged at room temp-
erature at 3000 rpm for 20 minutes to remove the unexfoliated
Sb from the solution. Finally, the sediment part was discarded,
and the supernatant was collected and stored at 4 °C for
further use.

This journal is © The Royal Society of Chemistry 2025
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2.2 Functionalization of Sb sheets with 2-hydroxypropyl-
p-cyclodextrin

According to a previous report, Sb sheets were functionalized
with 2-hydroxypropyl-beta-cyclodextrin (CD).** Briefly, 180 mg
of CD (initial concentration, 9 mg mL™") and 100 mg of Sb
bulk powder (initial concentration, 5 mg mL™") were dispersed
in 20 mL of DI water. The resulting dispersion was exfoliated
using probe and bath sonication, respectively. After sonication,
the dispersion was centrifuged at 3000 rpm for 20 minutes,
and the sediment was discarded. Finally, the supernatant was
collected and stored at 4 °C for further characterisation.

2.3 Characterization of Sb and f-Sb nanosheets

2.3.1 Ultraviolet-visible spectroscopy. The ultraviolet-
visible (UV) absorption spectra of Sb and f-Sb nanosheets were
obtained using a spectrophotometer (Shimadzu UV-3600 Vis-
NIR spectrophotometer). The analysis was then performed
using a 1 mL quartz cuvette with a light path length of 10 mm.
All the measurements were taken at room temperature and
baseline correction was performed using water as a blank.

2.3.2 Zeta potential measurements. The size and surface
charges of Sb and f-Sb nanosheets were measured using a
Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern,
UK). The samples underwent 1 minute of sonication before
the measurements. All the measurements were taken at room
temperature using a disposable zeta sizer cuvette. Each
measurement was repeated 3 times, and the results are pre-
sented as the mean and standard deviation.

2.3.3 Raman spectroscopy. Raman spectroscopy was
employed to characterize the pristine Sb and f-Sb nanosheets
using a LabRAM HR Raman spectrophotometer with a 633 nm
laser at 3% power and using a microscope. Both samples were
sonicated for 5 minutes. Then, 6 pL of each sample was drop-
casted onto two separate clean glass slides and dried under IR
radiation. Raman spectra were recorded using a 100x objective
lens. The graphs were plotted using Origin software, where the
baseline correction was done by subtracting the origin values,
with 8 points selected in the graph. The Raman characteriz-
ation of exfoliated (thin) sheets is very difficult because of very
low non-resonant Raman intensities,>® and therefore, we could
not get more Raman spectra for each sample, unlike graphene
materials. The Raman plots present only one spectrum.

2.3.4 Fourier transform infrared spectroscopy. Fourier
transform infrared (FTIR) spectra of samples were collected
using a Jasco FT/IR 4100 spectrometer (Easton, MD) in a
single-reflection ATR with an ATR PRO ONE X (Jasco) equipped
with a ZnSe prism (ATR/sample contact area of 2.5 mm dia-
meter, no. of reflections = 1 and an angle of incidence of 45°)
at a resolution of 2 em™" and a total of 100 scans (scan range
4000-550 cm™'). Spectra were acquired in triplicate on three
different samples of 2-hydroxypropyl-f-cyclodextrin and f-Sb
nanosheets.

2.3.5 Transmission electron microscopy (TEM). The mor-
phology and lateral dimension of the nanosheets were meticu-
lously examined using transmission electron microscopy

This journal is © The Royal Society of Chemistry 2025
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(TEM) (FEI TECHNAI G2 F30 S-Twin, operating at 120 kV). The
sample was subjected to 5 minutes of sonication using an
ANM Industries ultrasonic cleaner (USC-300 50 Hz). Nearly
10 pL of each sample was deposited on a carbon-coated copper
TEM grid and left to dry for 20 minutes under an IR lamp.

2.3.6 X-ray photoelectron spectroscopy. Sb and f-Sb
nanosheets underwent examination utilizing X-ray photo-
electron spectroscopy (XPS) (Omicron Nanotechnology XPS)
and the data acquisition was performed using VISION soft-
ware, while data interpretation was performed using CASAXPS
software (Casa Software Ltd, UK). The analysis was carried out
with a monochromatic AL K X-ray source (1486.7 eV) operating
at 15 kV (90 W).

2.4 Colloidal and chemical stability of Sb nanosheets with
and without functionalization

In order to study the chemical stability of both types of
nanosheets, 2 mL of each prepared nanosheet was taken in
separate vials. The UV spectra of each vial were recorded daily
over 4 days. The data were also recorded on the same day and
the nanosheets were synthesized. All the measurements were
recorded at room temperature and baseline correction was per-
formed using water as a blank control.

2.5 Degradation of Sb and f-Sb nanosheets with the HRP
enzyme

For the degradation with HRP, 78.33 pL of Sb nanosheets
(final concentration of —0.3 mg mL ") was added to 921.67 pL
of PBS buffer. For f-Sb nanosheets, 67 pL of nanosheets (final
concentration of 0.6 mg mL™") was added to 933 pL. To both
suspensions, 0.175 mg of HRP was added. 4 pL of 10 mM
H,0, were added daily for ten days. All suspensions were
maintained under dark conditions and were subjected to con-
tinuous stirring throughout the experimental period. The
portions of 20 puL were collected at 0, 5, and 10 days and stored
at —20 °C for further characterization.

Similarly, sample degradation was conducted using the
same amount in the absence of HRP. 4 uL of H,0, was added
once daily for 10 days.

2.6 Degradation of Sb and f-Sb nanosheets with the hMPO
enzyme

Next, 42 pL of Sb nanosheet solution was added to 70.5 pL of
50 mM PBS buffer (final concentration is 0.3 mg mL™"). To
this suspension, 12.5 pL of hMPO (1 mg mL™"), pre-dissolved
in PBS buffer, was added. Every hour, 2 pL of 10 mM H,0, was
added for 10 hours. The hMPO enzyme was refreshed every
5 hours. The reaction mixture was kept at 37 °C in an incuba-
tor. The fractions of 10 pL were collected at 0 h, 5 h, and 10 h
and stored at —20 °C until they were characterized using
various techniques. To investigate the degradation process
without hMPO, 42 pL of Sb nanosheets was combined with
70.5 pL of PBS buffer. Subsequently, 2 pL of H,0, was added
every hour for 10 hours.

Likewise, the degradation of f-Sb nanosheets was conducted
by adding 12.5 pL of f-Sb nanosheets (final concentration:

Nanoscale, 2025,17, 1293-11304 | 11295
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0.9 mg mL™") to 98 uL of PBS buffer. 12.5 pL of hMPO was
introduced. Next, 2 pL of H,0, was introduced every hour for
10 hours. In the same way, the degradation only in the pres-
ence of H,O, was carried out by adding 12.5 pL of f-Sb
nanosheets to 99 pL of PBS buffer. The reaction was carried
out at 37 °C.

2.7 Characterization of degraded Sb and f-Sb nanosheets

2.7.1 Raman analyses. Raman analyses were performed on
the degraded samples (buffer and buffer/H,0,/enzyme) for
both types of nanosheets (Sb and f-Sb) using a LabRAM HR
Raman spectrophotometer equipped with a 633 nm laser at
3% power and a microscope. All the samples were sonicated
for 5 minutes before deposition on clean glass slides. Next,
6 pL of each sample was drop-cast and dried under IR radi-
ation. Raman spectra were recorded using a 100x objective
lens.

2.7.2 Transmission electron microscopy analyses. TEM
analyses were conducted using an FEI TECNAI G2 Spirit Bio-
Twin microscope with an accelerating voltage of 120 kV. Next,
6 uL of each degraded sample (buffer, buffer/H,0,, and buffer/
H,0,/enzyme) for both types of nanosheets (Sb and f-Sb) was
drop-cast onto separate carbon-coated copper TEM grids. The
grids were dried under an IR lamp for 20 minutes and then
washed with Milli-Q water for approximately 8-10 minutes to
remove salts from the buffer. Finally, the grids were again
dried under an IR lamp for another 20 minutes.

2.8 Cell viability of Sb and f-Sb nanosheets before and after
degradation

Cytotoxicity was assessed using a colorimetric assay based on
the reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-
zolium bromide (MTT) by mitochondrial dehydrogenases in
viable cells, resulting in the formation of a blue formazan
precipitate.

2.8.1 THP-1 human monocyte cells. The cytotoxicity of the
pristine Sb and f-Sb nanosheets before and after partial degra-
dation was assessed on THP-1 cells. Partial degradation was
performed by incubating pristine Sb and f-Sb nanosheets in
PBS buffer for 3-4 days. THP-1 cells were maintained in com-
plete RPMI-1640 medium (Sigma-R6504) supplemented with
10% fetal bovine serum (FBS) (Gibco-16170078) and 1% peni-
cillin-streptomycin (Gibco-15140-122) solution under standard
conditions of 37 °C and 5% CO, for 24 hours. THP-1 cells were
added to a 96-well plate at a density of 10000 cells per well.
Then, the cells were treated with decreasing concentrations of
Sb and f-Sb nanosheets and partially degraded Sb and f-Sb
nanosheets (1 pg ml~'-20 pg ml™") and incubated for 24 hours
at 37 °C and 5% CO,. Before treatment, non-degraded, pristine
and functionalised nanosheets were freshly reconstituted as
per the concentrations. The experiment was conducted in
triplicate for each concentration of each nanosheet. Control
wells contained only the cells without any treatment. After
24 hours of incubation, 50 pL of MTT (Sigma, M5655) solution
(5 mg mL™" concentration in PBS) was added into each well
and incubated for 4 hours at 37 °C and 5% CO, for 24 hours.
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Later, ~100 pL of media was aspirated and discarded, and for-
mazan crystals were dissolved in 50 pL of dimethyl sulfoxide
(DMSO) and incubated for 15 minutes. Absorbance (O.D.) was
then measured at 570 nm using a MEGALLAN (Tecan Life
Sciences) microplate reader. Percentage cell viability was then
calculated based on the nanosheet treatment’s absorbance
relative to the cell control’s absorbance.

2.9 Cytokine TNF-a production analysis: ELISA

Secreted cytokines were measured by sandwich enzyme-linked
immunosorbent assay  (ELISA). For this, human
THP-1 monocytic cells (1 x 10° cells) were cultured in a 48-well
tissue culture plate in a complete medium (RPMI-10% FBS).
The cells were then treated with pristine Sb and f-Sb
nanosheets before and after partial degradation with a concen-
tration of 5 pg mL™" and incubated at 37 °C with 5% CO, for
24 hours. Culture supernatants were then collected and centri-
fuged at 1500 rpm for 5 minutes to remove any cell debris.
TNF-a in supernatants was measured using ELISA Kkits
(Human TNF-a DuoSet ELISA kit, DY210-05) following the
manufacturer’s protocol.

2.10 Statistical analysis

Data were analysed using GraphPad Prism 8. A comparison of
two groups was performed either using Student’s unpaired
and paired t-tests or with Mann-Whitney rank sum nonpara-
metric and parametric tests depending on the results.

3. Results and discussion
3.1 Synthesis and characterization of Sb and f-Sb nanosheets

First, pristine Sb and CD functionalized f-Sb sheets were exfo-
liated using probe and bath sonication similar to the
functionalization of p-CDs with 2D MoS, and ReS, sheets.??
First, a broad peak at 250-260 nm in the UV-vis spectrum
(Fig. 1a) of pristine Sb nanosheets indicates the formation of
exfoliated Sb sheets.>* Meanwhile, a small shift in the UV-vis
peak of f-Sb sheets could be due to the stabilization of hydro-
phobic Sb sheets by the surface coating or adsorption of f-CDs
containing hydrophilic functional groups similar to -CD func-
tionalized 2D MoS,.>> As p-CDs have minimal absorbance
between 200 and 400 nm, the shift in f-Sb could be attributed
to the surface adsorption of B-CDs on the Sb sheets.
Furthermore, the pristine Sb nanosheets initially exhibited a
surface potential of -25.6 + 5.03 mV; however, upon
functionalization with p-CDs, the negative potential of f-Sb
shifted to —18.8 + 3.67 mV, indicating the functionalization of
Sb sheets, thereby reducing its aqueous oxidation (Fig. $17).*
Dynamic light scattering (DLS) revealed that the size of Sb
sheets ranges from ~200 to 500 nm (Fig. S2t). Furthermore,
Raman spectroscopy was employed to evaluate the formation
of antimonene sheets (Fig. 1b and c).>® The Raman spectra of
pristine Sb sheets show fundamental peaks at 118 cm™ " and
149 cm™! corresponding to the E, (in-plane vibrations of Sb
atoms) and A', vibration modes (out-of-plane vibrations per-

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Sb and f-Sb nanosheet synthesized by LPE. (a) UV-vis absorption spectra of pristine Sb (red line), f-Sb nanosheets (black line), and 2HP-
B-cyclodextrin (blue line) in water, respectively, (b) Raman spectra of Sb nanosheets (red line) and f-Sb nanosheets (black line) exfoliated in water,
respectively. (c) Raman spectra of Sb nanosheets (bottom) and f-Sb nanosheets (top) show distinctive peaks for each type of nanosheet vibration
mode, respectively, (d) FTIR spectra of 2-HP-B-cyclodextrin (blue line), Sb nanosheets (red line) and f-Sb nanosheets (black line). HR-TEM images of

(e) Sb nanosheets and (f) f-Sb nanosheets, respectively.

pendicular to the crystal lattice) of 2D Sb, respectively.””*®

Furthermore, the intense peaks at 185, 250, 373 and 435 cm™
indicate oxide forms of Sb due to aqueous oxidation.”*' In
the case of f-Sb sheets, Raman spectra show all the peaks
similar to pristine Sb; however, there is a shift towards a lower
wavenumber and enhanced intensity, which could be due to
the surface adsorption of -CDs on the Sb sheets.™

To further confirm the binding between the Sb sheets and
the B-CDs, FTIR spectra were analysed (Fig. 1d). For pristine Sb
exfoliated in water (red line), the peaks at around 722 and
830 cm™" were ascribed to Sb-O-Sb and Sb oxide vibrations in
Sb,0;, whereas the two extensively overlapped bands in the
range of 3600-2600 cm™', as well as those at ~1580 and
1346 cm™', could be due to the vibrational modes of strongly
surface adsorbed water molecules.?” These results suggested
that by applying sonication in a water-based suspension, Sb
underwent significant oxidation, at least on the surface of the
sheets.>"*® The FTIR spectrum of B-CDs (blue line) showed a
characteristic, intense band at around 3300 cm™" due to O-H
stretching vibrations and two weak, partially overlapped bands
at around 2900 cm™" caused by asymmetric and symmetric C-
H stretching vibrations.?* These bands, in the FTIR spectrum
of lyophilized f-Sb nanosheets (black line), showed a notice-

1

This journal is © The Royal Society of Chemistry 2025

able variation in their relative intensities, suggesting that the
oxygen-containing functional groups of B-CDs could replace
water molecules in the interaction with Sb nanosheets. Further
differences in the FTIR spectra were also appreciable in the
range of 600-1500 cm™" (see Fig. S3,T for details). The overall
data supported the involvement of oxygen-containing func-
tional groups of B-CDs in the interaction with the Sb sheets.
These interactions could involve the formation of hydrogen
bonds between -OH on p-CDs and the oxygen atoms on the
oxidized Sb nanosheet surface. Next, HR-TEM was employed to
determine the morphology and size of both types of
nanosheets. The HR-TEM images of the Sb nanosheets
(Fig. 1e) illustrate the polydisperse nature of the Sb sheets,
with sizes ranging from 200 to 500 nm. These results are con-
sistent with DLS size analysis (Fig. S2t). Furthermore, the f-Sb
nanosheets (Fig. 1f) functionalized with B-CDs exhibit a size
range of 200-500 nm, aligning with the findings of DLS.
Furthermore, XPS analyses (Fig. S5, S6 and Table S1t) depict
the spectra of Sb nanosheets: the Sb 3d peaks can be deconvo-
luted into two components: Sb 3d;,, and Sb 3ds),, at 534 and
537 eV, which corresponds to the Sb,0; oxidation states of
antimonene. The peak at 532.2 eV corresponds to the Ols,
indicating the presence of oxygen on the surface of Sb,**

Nanoscale, 2025, 17, 1293-11304 | 11297
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thereby confirming that the surface of the sheets oxidized
during preparation in the water. Additionally, longer soni-
cation times further enhance this oxidation process, as evi-
denced by the increased intensity of the oxygen-related peaks
in the XPS spectra.>® Furthermore, Fig. Sebf illustrates the
spectra for f-Sb, and the peak at 532.2 eV corresponds to the
O1s, which has a lower intensity than that observed in the Sb
nanosheets. This suggests that the surface was oxidized,
although not to the same extent as the bare ones, as the p-CD
molecules covered the surface of nanosheets through adsorp-
tion. This observation supports the conclusion that the Sb
nanosheets are more prone to oxidation than the functiona-
lized ones.

3.2 Chemical stability studies

Furthermore, monitoring the degradation of nanosheets in an
aqueous environment is crucial for understanding their stabi-
lity and potential environmental impact. The use of UV-vis
spectroscopy is a common method to track these changes.
This method provides a non-invasive way to study the
nanosheet behaviour over time, offering insights into their
longevity and the timing of their oxidation. Hence, UV-vis
absorption measurements were conducted for Sb suspensions
(Fig. 2). In the case of Sb nanosheets, the observed decrease in
intensity over the initial two days could indeed be attributed to
the precipitation or reaggregation phenomenon, which does
not necessarily imply degradation.*® It is also obvious that the
dispersion of Sb NSs in pure water results in poorer stability as
compared to the Sb NSs dispersed in organic solvents.’” The
sonication process in itself induces oxidation during the fabri-
cation of Sb NSs due to the activation of high sonic jets and
cavitation bubbles producing very high energy, enabling
atmospheric oxygen to go inside the structure of Sb NSs,
resulting in Sb,0; or Sb,0.%® Prolonged dispersion over several
days increases the surface oxidation layer and oxidation com-
position of the exfoliated material. In agreement with the lit-
erature, with an increase in the oxidation degree, as in our
case, the lattice thermal conductivity of the material decreases,

View Article Online

Nanoscale

which, as a result, affects the physical properties of the
material, decreasing the absorbance intensity of bare Sb
NSs.>*? On the other hand, f-Sb NSs exhibit a less oxidized
surface in comparison with bare Sb NSs. The slower decrease
in the absorbance intensity of f-Sb NSs can be attributed to the
slower degradation and less oxidation of the oxidized passiva-
tion layer of Sb NSs."**° This substantially agrees with our XPS
and FTIR results, confirming a high degree of oxidation for
bare Sb compared to f-Sb-NSs.

3.3 Degradation of Sb and f-Sb nanosheets using hMPO

The biodegradation of both Sb and f-Sb nanosheets was
studied using the peroxidase enzyme predominantly found in
neutrophils and macrophages, known as hMPO enzyme. The
study of biodegradation was significant in presenting intri-
guing insights into the fate of the nanosheets in humans and
their potential biomedical applications. Briefly, pristine and
f-Sb nanosheets were treated with hMPO dispersed in PBS
buffer in the presence of H,0,, which was renewed per hour.
The total hMPO treatment was performed for 10 hours. Next,
the morphological and structural changes in the Sb sheets
after degradation were characterized using TEM and Raman
spectroscopy. First, TEM analyses of the control Sb and f-Sb
nanosheets showed no significant morphological changes
before (Fig. 3a and e) and after 10 h of incubation in PBS
(Fig. 3b and f). However, there is a remarkable difference in
the morphology of both Sb and f-Sb sheets after 10 h of incu-
bation with hMPO/H,0,, which can be attributed to oxidation/
degradation that resulted in the formation of debris and frag-
mented nanosheets. The Sb sheets lost their characteristic sheet
morphology and found nanoscale debris or fragments com-
pared to the control samples (Fig. 3d and h). Next, Sb and {-Sb
nanosheets showed minimal damage or degradation after incu-
bating in H,0, alone without adding hMPO for 10 h (Fig. 3c
and g). The results also confirm that f-Sb nanosheets underwent
less degradation than the pristine Sb sheets, which could be
attributed to the surface coating of the cyclodextrin molecules
on the Sb sheets, thereby providing protection and stability to

a b
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Fig. 2 Chemical stability studies of (a) Sb nanosheets and (b) f-Sb nanosheets over five days, characterized using UV-visible absorption spec-

troscopy, respectively.
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Fig. 3 TEM images of hMPO-catalysed degradation of (a) Sb NSs and (e) f-Sb NSs dispersed in buffer at 0 h, respectively. (b) Sb NSs and (f) f-Sb NSs
after 10 h of incubation in the buffer. (c) Sb NSs and (g) f-Sb NSs in the buffer along with H,O, after 10 h of incubation. (d) 10 h treated Sb NSs and

(h) f-Sb NSs with PBS/H,0,/hMPO.

the nanosheets.***> Similar results were also reported for other

inorganic 2D materials, such as MoS,, where chemical
functionalization reduced the degradability of f-MoS, sheets
over the pristine ones upon hMPO treatment.'*

Furthermore, the samples were analysed using Raman spec-
troscopy to investigate the possible oxidation or degradation
by hMPO. Fig. 4a shows the spectra of the nanosheets in
buffer at 0 h and 10 h, respectively. At 0 h, all the main charac-
teristic peaks of the Sb nanosheets were present; however,
after 10 h, the intensity of those peaks was reduced, and peaks
at 375 and 453 cm™" were broadened, corresponding to the
oxide form of the Sb sheets.? ' These results suggested that
there were structural changes due to the gradual oxidation

a
—— 0 h in buffer
2501 10 h in buffer

—— 10 h in buffer with HMPO
~
]
&
g
w»
H]
& 190
=

453
120 375

process affecting the Sb layers in the buffer alone. Next, the
Raman spectra of the Sb nanosheets after degradation using
hMPO/H,0, showed no characteristic peaks of the Sb sheets,
confirming the oxidation or degradation of Sb nanosheets.
However, Raman spectra of f-Sb sheets (Fig. 4b) display all the
characteristic peaks of Sb at 0 h in PBS, and those peak inten-
sities subsequently reduced after 10 h of incubation in PBS,
possibly due to mild oxidation of Sb sheets in the PBS
alone.?”*! Furthermore, in the presence of hMPO/H,0,, there
were no characteristic peaks observed for Sb nanosheets,
whereas a small broad peak at 456 cm™" corresponding to the
oxide form of Sb was observed.”*' This indicated that the
sheets were partially degraded compared to the pristine Sb

——0 hin buffer
257/ —10hinbuffer
—— 10 h in buffer with HMPO
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Fig. 4 Raman spectra of (a) Sb NSs dispersed in buffer at 0 h (black line), after 10 h of incubation in the buffer (red line) and Sb NSs treated with
PBS/H,0,/hMPO (blue line). (b) f-Sb nanosheets in buffer at 0 h (black line) and after 10 h of incubation in the buffer (red line), and f-Sb nanosheets

treated with PBS/H,O, /hMPO for 10 h (blue line).
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nanosheets. Importantly, functionalized Sb nanosheets
showed less degradation compared to pristine Sb nanosheets,
which can be attributed to the increased physiological stability
provided by the cyclodextrin coatings.”> These results
suggested that the peroxidase activity of hMPO was responsible
for the degradation of the Sb nanosheets.

3.4 Degradation of Sb and f-Sb nanosheets using HRP

The degradation of the nanosheets was also studied using a
plant enzyme, HRP. The experiment involved the incubation of
both Sb and f-Sb nanosheets in the presence of HRP and
H,0,, wherein the HRP was renewed every day for 10 days.
First, the degradation of the nanosheets was characterized
using TEM analyses and the Raman spectroscopic technique
to compare the differences in the morphology and structure at
0 and after 10 days. Fig. 5a and b show the TEM images of Sb
nanosheets at 0 and 10 days of incubation in PBS, respectively.
The results suggested that the nanosheets were quite stable in
the buffer at day 0 with distinct edges and boundaries.
However, after 10 days, partial degradation was observed with
both a sheet-like morphology as well as the visible formation
of small pores. Furthermore, Fig. 5c displays the Sb
nanosheets at 10 days in the presence of H,O, alone, revealing
no significant difference in the morphology of the nanosheet
apart from a small amount of debris formation. Furthermore,
Fig. 5d shows the Sb nanosheets after treatment with HRP/
H,0,, where the sheet morphology was completely lost, and
there were more debris and porous structures. This concluded
that similar to hMPO, HRP also mediated the oxidation or
degradation of Sb nanosheets. Furthermore, in the case of the
f-Sb nanosheets, the nanosheets incubated in PBS buffer at 0
and 10 days showed no significant difference in the morphology
(Fig. 5e and f), indicating the stability of f-Sb nanosheets stabil-

0 daysin buffer

Sb NS

/-SbNS

500 nm

10 days in buffer
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ized with B-CDs. Similarly, when the nanosheets were incubated
in H,0, alone (Fig. 5g), the nanosheets were still stable and no
degradation was observed. Finally, in the presence of HRP/
H,0,, the nanosheets showed moderate degradation with a
small amount of debris, unlike the pristine Sb sheets (Fig. 5h).
This indicated the higher stability of the f-Sb nanosheets com-
pared to the pristine nanosheets; these results are similar to the
results obtained for degradation by hMPO.

Raman spectroscopic analyses were carried out to confirm
the TEM results. The Raman spectra of Sb and f-Sb nanosheets
(Fig. 6a and b, respectively) show characteristic peaks of Sb
sheets in PBS buffer at day 0. However, in both cases, Sb and
f-Sb nanosheets showed broadening of the peaks and a signifi-
cant reduction in peak intensity after 10 days of incubation in
PBS, which could be due to the aggregation of the nanosheets
and the formation of the oxide form of Sb.>*' However, a
clear difference in the Raman analyses was observed for
samples after 10 days of degradation using HRP/H,0,. There
was a complete disappearance of the characteristic peak of
pristine Sb nanosheets, as shown in Fig. 6a, which confirmed
the heavy oxidation of Sb nanosheets.”**' However, the f-Sb
nanosheets (Fig. 6b) showed highly broadened peaks (similar
to the f-Sb nanosheets incubated in PBS for 10 hours), con-
firming that some residual f-Sb nanosheets were still present
in the buffer, demonstrating partial degradation of f-Sb
nanosheets. This partial degradation could be ascribed to the
protective effect of functionalization, which imparts stability.

3.5 Cytotoxicity of Sb and f-Sb nanosheets in THP-1 human
monocytes

The cytotoxicity of both pristine and functionalized Sb-
nanosheets before and after degradation was observed in
THP-1 cells. Fig. 7 shows the cytotoxicity induced by Sb-

10 days in H,O,/HRP

10 days in H,0,

Fig. 5 TEM images of HRP-catalysed degradation of (a) Sb NSs and (e) f-Sb NSs dispersed in buffer on day 0. (b) Sb NSs and (f) f-Sb NSs after 10
days of incubation in the buffer. (c) Sb NSs and (g) f-Sb NSs in the buffer, along with H,O,, after 10 days of incubation. (d) 10 day treated Sb NSs and

(h) f-Sb NSs with PBS/H,O,/HRP.
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Fig. 6 Raman spectra of (a) Sb NSs dispersed in buffer on day 0 (black line) and after 10 days of incubation in the buffer (red line) and Sb NSs
treated with PBS/H,0O, /HRP (blue line). (b) f-Sb hanosheets in the buffer on day 0 (black line) and after 10 days of incubation in the buffer (red line),
and f-Sb nanosheets after 10 days of treatment with PBS/H,O, /HRP (blue line).
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Fig. 7 Cytotoxicity analysis of Sb nanosheets and f-Sb nanosheets done before and after degradation using THP-1 cells. The experiment was per-
formed in triplicate (n = 3); no. of cells: 10 000; incubated with compounds for 24 hours; Sb-nanosheet concentration: 20, 10, 5, and 1 pg mL™%; cell

control (CC) containing THP-1 cells only. Statistical comparison is made
metric; *p value <0.05; **p value <0.01; and ***p value <0.001.

nanosheets at higher doses (20 pg mL ™" and 10 ug mL™") com-
pared to the cell control. However, f-Sb-nanosheets showed
lower cytotoxicity compared to pristine Sb-nanosheets even at
higher concentrations, for both non-degraded and partially
degraded Sb and f-Sb nanosheets. The reduced toxicity upon
functionalised Sb nanosheets may be due to the cyclodextrin
coating.””> Moreover, partially degraded pristine Sb-nanosheets
showed slightly higher cytotoxicity at higher concentrations
than the nanosheets before degradation, which could be due
to the higher biocompatibility of the oxidation of antimony
(Sb).>* Interestingly, partially degraded f-Sb-nanosheets
induced the proliferation of THP-1 cells instead of killing
them in comparison with the f-nanosheets before degradation,
which might suggest the involvement of processes like degra-
dation-associated maturation.**

This journal is © The Royal Society of Chemistry 2025

between the cell control and nanosheets, Student’s t-test, unpaired, para-

3.6 Immunomodulatory activity of Sb nanosheets — TNF-o
production analysis

TNF-o is a major pro-inflammatory cytokine and regulates
various immune responses. It acts as a chemical messenger in
the immune system. While various metal nanomaterials have
been studied for their immunomodulatory roles, there is
limited research on Sb nanosheets. Investigating the immuno-
modulatory activity of pristine and functionalized Sb
nanosheets before and after degradation in human cells would
be valuable. Hence, we decided to investigate the effect of Sb-
nanosheets in the production of TNF-a. We estimated the
amount of TNF-a produced by THP-1 cells upon Sb-nanosheet
treatment. As shown in Fig. 8, THP-1 cells alone do not
produce any TNF-a. Compared to the cell control, Sb-
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Fig. 8 Immunomodulatory activity of Sb nanosheets assessed through
TNF-a production analysis. The experiment was performed with two
independent sets in triplicate (n = 6); no. of cells: 20 000; incubated
with compounds for 24 hours; Sb-nanosheet concentration taken was
5 pg mL™! and LPS was used as a positive control with a concentration
of 100 ng mL™%; cell control (CC) containing THP-1 cells only. Statistical
comparison was made between LPS and nanosheets, Student’s t-test,
unpaired, non-parametric, Mann—-Whitney test; *p value <0.05; **p
value <0.01; and ***p value <0.001. Moreover, a statistical comparison
was carried out between the cell control and nanosheets as well,
Student's t-test, parametric, paired t-test; #p value <0.05; **p value
<0.01; and #*#p value <0.001.

nanosheet treatment resulted in a lower amount of TNF-o pro-
duction, indicating that Sb-nanosheet treatment is slightly
immunostimulatory. However, when compared to LPS, which
is used as a universal standard for immunomodulation, Sb-
nanosheets before and after partial degradation showed sig-
nificantly lower production of TNF-a, suggesting no role of Sb-
nanosheets at the used concentration in the activation of the
immune response. Also, we did not observe any significant
differences between pristine and functionalized or degraded
and non-degraded Sb nanosheets. The lower immunostimu-
lant activity of Sb-nanosheets attained may be due to the
damage-associated molecular pattern structure of nanosheets.

4. Conclusions

In summary, we have first fabricated and characterized the
main features of Sb and f-Sb nanosheets with the principal
aim to study the degradation of both Sb and f-Sb nanosheets
by hMPO and HRP. In particular, we focused our attention on
the possible effects of oxidation on the nanomaterials. The
structural characterization of Sb nanosheets, synthesized via
sonication-assisted exfoliation in aqueous medium, suggested
that only a limited fraction of metallic antimony may resist oxi-
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dation, regardless of the presence of f-cyclodextrin (B-CD).
However, the significantly higher absolute intensity of the
Raman signals observed in exfoliated species in the presence
of B-CD could indicate a greater retention of partially unoxi-
dized material. This effect could be due to the ability of p-CD
to interact with oxygen atoms formed on the nanosheet
surface, replacing water in the passivation process. Such an
interaction could contribute to increased solubility and
provide partial protection against further oxidative degra-
dation. As for the biodegradation of the nanomaterials, the
higher degradability of Sb sheets was found in the case of
hMPO treatment over HRP, which is due to the higher redox
potential of enzyme intermediates (Compounds I and II with
1.16 and 1.34 V, respectively) and a strong oxidant, HOCI (1.48
V), produced during the peroxidase activity of hMPO.** The
HRP radical intermediates (Compounds I and II) have a lower
oxidation potential of ~0.9 V, due to which the degradation or
oxidation of Sb nanosheets was lower compared to hMPO treat-
ment. Furthermore, the results showed that the functionali-
zation and stability of the Sb nanosheets with p-CDs reduced
their degradability significantly, which could be due to the
surface coating or adsorption of Sb sheets with B-CDs.
Moreover, the cell viability results also match the degradation
data, wherein f-Sb showed lower cell toxicity than pristine Sb
nanosheets, likely attributed to the formation of Sb,0;.

Overall, all the results confirm that the Sb sheets could
undergo functionalization-dependent biodegradability upon
treatment with the human peroxidase enzyme (hMPO),
secreted by the primary immune cells, neutrophils.
Furthermore, the cell viability studies also suggested that the
biodegradation products of Sb sheets did not affect the human
cells. These results could be crucial to understanding the
in vivo fate of Sb sheets and designing biomedical applications
such as cancer theranostics.
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