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Insulin-infused bimetallic nano-subclusters

as a multifunctional agent for ROS scavenging,
antibacterial resilience, and accelerated in vitro
cell migrationt
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This is the first report on the synthesis and wound healing application of green synthesized insulin-
infused bimetallic (copper-silver) nano-subclusters (ICu—AgNSCs) with high stability, aqueous solubility,
biocompatibility, and target specificity. HRTEM and SAED data confirm octahedral particles (with a dia-
meter of 9.6 + 2.2 nm) composed of discrete copper clusters on the periphery and a silver core that are
further infused with an insulin corona (0.5 + 0.2 nm), as confirmed by the characteristics of Cu—OH and
Ag-0 stretching bonds and alteration in insulin amide bonds. The ICu—AgNSCs had high insulin loading
efficiency (93.90 + 1.05%) and a high drug release rate (92.69 + 0.90% within 40 h), making them ideal
for sustained release applications. Wound healing in diabetic conditions gets delayed due to the pro-
longed proinflammatory phase and microbial infestation, which may lead to clinical amputation. There-
fore, advanced therapeutics that promote cell growth by reducing inflammation and microbial growth
are required. ICu—AgNSCs may satisfy all these criteria. Insulin and quercetin have ROS scavenging and
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DOI: 10.1039/d4ma00278d anti-inflammatory properties. Insulin and copper have cellular growth-promoting activity; additionally,

silver has antimicrobial properties. ICu-AgNSCs have been shown to accelerate diabetic cell migration
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1. Introduction

Wound healing is a significant challenge for the scientific
community despite all the available treatments, and the global
expenditure on healing wounds ranges from $28.1 to $96.8
billion." Healing is a complex event involving overlapping
phases, which work together against the damage and restore
the lost tissue or organ.” Healing begins with hemostasis,
which involves the activation of platelets, clot formation, and
matrix organization. In proliferation, the accumulation of
growth factors, connective tissues, and angiogenesis factors
occurs at the wound site. In the inflammatory phase, the
proinflammatory cytokines promote vasodilation and activate
the different signaling pathways. The resynthesis of the extra-
cellular matrix occurs in the remodeling phase to maintain the
balance between dead and live cells.>* However, certain factors
disrupt the normal physiological mechanism of wound healing,
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in vitro, making them an ideal choice for pre-clinical and clinical applications.

including microbial infection, trauma, ischemia, and diabetes
mellitus,”® which can be avoided by preventing bacterial infes-
tation, removing the dead tissue and debris, and keeping the
wound moist.” In diabetes, there is persistent release of pro-
teases, proinflammatory cytokines, reactive oxygen species, and
low secretion of anti-inflammatory cytokines.® Diabetic
wounds are more susceptible to infection due to the body’s
immune response impairment.® The activity of different anti-
oxidant enzymes, including glutathione peroxidase and super-
oxide dismutase, is reduced, which leads to damage by free
radical generation.’ Diabetes also affects protein synthesis, re-
epithelialization, cell migration, and proliferation of fibroblasts
and keratinocytes by preventing the transport of nutrients to
the wound site."®"" Reactive oxygen species (ROS) generation
is also a major issue as their accumulation prevents the
efficient functioning of macrophages and endogenous stem
cells. Also, ROS causes endothelial dysfunction and restricts
angiogenesis."> Additionally, ROS generation due to bacterial
infection leads to chronic wound infection by damaging
endothelial cells and blood vessels."*"*

To promote healing, tremendous research is going on to
develop novel formulations that are biocompatible, efficient,
environment-friendly, and cost-effective. Here, the role of nano-
particles comes into play as they possess massive potential in
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diverse fields ranging from drug delivery to bioimaging and
wound healing, with anticancer, antimicrobial, and antioxidant
activities.''® Many nano-formulations using gold, silver, cop-
per, zinc, and cobalt were developed to study their wound
healing, antibacterial and antioxidant properties."””*° Recently,
protein-based metallic nanoparticles have gained enormous
interest because of their target specificity, biodegradability,
ability to alter their surface for efficient attachment of the
drugs, and easily metabolizable nature.’® Protein-modified
nanoformulations are developed using different proteins,
including bovine serum albumin, insulin, transferrin, lactofer-
rin and silk fibroin.”* All these formulations possess single
metal ions and, thus, obtain the properties of those constituent
metal ions only. This makes them less effective and unstable,
and they tend to form aggregates, gradually decreasing their
potential activities. However, the need of the hour is to develop
formulations with multiple activities to increase their efficacy.
Bimetallic formulations are preferred over monometallic
because they can enhance multiple properties depending upon
their surface effect, quantum tunneling effect, and quantum
size effect.”” They also possess outstanding potential in diverse
biomedical applications.”*** Based on the arrangement of the
metal atoms, bimetallic particles can be classified into four
major categories: alloyed, intermetallic, subclusters, and core-
shell.>® Bimetallic nano-subclusters (BNSCs) are a fascinating
class of nanomaterials composed of two distinct metal atoms
having two separate phases and a shared interface.”® BNSCs
exhibit properties that make them attractive candidates for
various applications in catalysis, sensing, and biomedicine.
Their ability to encapsulate and deliver therapeutic agents
directly to targeted cells offers a promising approach to improv-
ing drug treatment’s efficacy while minimizing side effects.””
Additionally, BNSCs can be functionalized with targeting
ligands to enhance their specificity and selectivity towards
specific cell types.?® In this work, we report the synthesis of
novel insulin-coated silver-copper bimetallic nano-subclusters
having a potential role in promoting cell migration and anti-
oxidant and antibacterial activities.

Silver enhances the differentiation of fibroblasts into myofi-
broblasts, which promote proliferation and keratinocyte reloca-
tion, thus increasing wound contraction. Silver activates
macrophages, modulates the inflammatory response, reduces
scar formation, and exhibits antimicrobial, anti-inflammatory,
and antioxidant activities.??*® Furthermore, the oxidation of
silver leads to the generation of free radicals and reactive
oxygen species (ROS), both of which are capable of damaging
the biomolecules, including DNA, lipids, and proteins, along
with intracellular organelles including mitochondria, ribo-
somes, vacuoles, etc. in the microbes.*® Copper promotes
wound healing by modulating the secretion of various cyto-
kines and growth factors. It stimulates the expression of
fibrinogen, collagen, and integrin, which are present in the
extracellular matrix and are essential for the attachment of cells
to the extracellular matrix. It also exhibits biocidal action.**??
Copper regulates vascular endothelial growth factor (VEGF),
which is essential for forming new blood vessels.** It enhances
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the expression of hypoxia-induced factor-1-alpha (HIF-1a),
which promotes angiogenesis and skin regeneration.®® Further-
more, quercetin has a massive role in wound healing, as it
promotes fibroblast proliferation and migration, decreases the
proinflammatory cytokines, reduces the immune cell infiltra-
tion, increases the collagen fiber accumulation, and improves
the GSH level along with vascular endothelial growth factor,
fibroblast growth factor, and alpha-smooth muscle actin
levels. Quercetin itself acts as a reducing and stabilizing
agent for synthesizing multiple nanoparticles.>®*” Insulin is
gaining colossal interest from researchers for its ability to act as
a growth factor and to transition the proinflammatory cyto-
kines to anti-inflammatory cytokines, which are essential for
inflammation, re-epithelialization, wound repair, and
regeneration.’®?*° It promotes protein and lipid biosynthesis,
stimulates cell glucose uptake, increases cellular differentia-
tion, and promotes cellular migration.*® After binding to the
receptors, insulin activates different pathways like Akt, Erk, and
NRF-2 pathways to promote wound healing.*"*> The insulin-
templated nanoformulations have promising potential for bioi-
maging, super-resolution microscopy, and wound healing.***?

Here, we have synthesized the bimetallic nanosubclusters to
check the synergism between silver nanoparticles and insulin-
loaded copper quantum clusters for healing wounds when
linked together to yield formulations in the nano-range. To
maintain the affected individual’s quality of life, there is a need
to explore potent and effective agents that not only have
effective drug delivery potential but also have antimicrobial
and antioxidant potency to yield better outcomes without
making the process cumbersome, costly, and risky for the
patient’s life.

2. Materials and methods
2.1 Chemicals and the cell line

Silver nitrate (AgNO;), copper sulfate (CuSO,), formaldehyde,
HC], NaOH, and H,0, were of analytical grade and were
purchased from HiMedia, India. Recombinant human insulin
was purchased from Elli Lilly, India. For cell culture, DMEM
cell culture media, Fetal Bovine Serum (FBS), 100x penicillin-
streptomycin, and phosphate buffered saline (PBS) having pH
7.4 were purchased from HiMedia, India. Human primary
epithelial keratinocytes (HEKa cells) ATCC-PCS-200-011 were
procured from Himedia, India. The cells were cultured, main-
tained, and treated with DMEM containing 5% FBS at 37 °C and
5% CO,. The bacterial strains used for investigating antibacter-
ial activity include Escherichia coli (MTCC no. 448), Bacillus
subtilis (MTCC no. 441), Acinetobacter calcoaceticus (MTCC no.
1948), and Staphylococcus aureus (MTCC no. 902), which were
procured from IMTech, Chandigarh, India.

2.2 Synthesis of bimetallic nano-subclusters

At first, the insulin-protected copper quantum clusters
(ICuQCs) were prepared by following a previously reported
one-pot method. The insulin solution with a final

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and spectroscopic studies confirming the interactions between ICuQCs and AgNPs for synthesizing ICu-AgNSCs. (a) Schematic
representation of the synthesis protocol being followed for formulating bimetallic nanosubclusters. (b) UV-visible absorption spectra showing the peak of

pure insulin, ICuQCs, and ICu—AgNSCs at ~272 nm and a peak at

~412 nm for AgNPs and ICu—-AgNSCs, confirming the interaction between the two. (c)

FTIR spectra of CuSQ4, AgNOs, AgNPs, insulin, ICUQCs and ICu—~AgNSCs in the range of 400-4000 cm™?, indicating the formation of new bonds; Cu—
OH stretching and the Ag—O bond, which were otherwise not present in pure insulin. (d) Raman spectra of CuSO,4, AgNO3, AgNPs, insulin, ICUQCs and
ICu—AgNSCs indicate the involvement of different functional groups of insulin in synthesizing ICu—AgNSCs. (e) Circular dichroism confirms the stability
of secondary protein structure with minimal changes even after the synthesis of ICu—AgNSCs.

concentration of 1.82 mM was prepared, and using NaOH
solution (0.1 M), its pH was adjusted to 10.5 and kept in the
dark. Afterward, a salt solution (CuSO,-5H,O) of the same
concentration was prepared, followed by mixing insulin and
salt solution in 1:1, which was further followed by adjustment
of the pH of the final solution to a physiological pH of 7.4,
using HCI (0.1 N). The resulting solution was kept in the
incubator at slow stirring (240 rpm) for 24 h at 37 °C. The final
solution was dialyzed using a 10 kDa cut-off dialysis
membrane, stored at 4 °C. After that, silver nanoparticles
(AgNPs) were prepared to have the same concentration using
quercetin and by slightly modifying the previously reported
method** and incubated in the dark with the earlier formed
insulin copper quantum clusters for 24 h at 37 °C to obtain the
bimetallic nano-subclusters (ICu-AgNSCs) as shown in Fig. 1a.
Then, the final solution was again dialyzed using a 10 kDa cut-
off dialysis membrane, stored at 4 °C, and used further for
characterization and biological studies.

2.3 Study of interactions using spectroscopic techniques

Initially, to monitor the interactions between the AgNPs and
ICuQCs to form ICu-AgNSCs, UV-visible absorbance studies
were done by using the UV-2600 spectrophotometer (Shi-
madzu), which was operated between 200 and 800 nm, and a
4000 pl quartz cuvette having a path length of 1 cm was used to
determine the absorbance of both the salt solutions (CuSO,
and AgNO;), AgNPs, insulin, ICuQCs, and insulin linked bime-
tallic nano-subclusters (ICu-AgNSCs).

To study the metal-protein interactions of the ICu-AgNSCs,
FTIR was performed using an Agilent Cary 600 series spectro-
photometer. The potassium bromide (KBr) method was used to
prepare the sample pellets. The sample scanning was done

© 2024 The Author(s). Published by the Royal Society of Chemistry

from 400 em ™" to 4000 cm ™" to monitor the changes in certain
specific bonds.

Furthermore, the same samples were analyzed using surface
enhanced Raman scattering (SERS) spectroscopy to study the
structural changes in insulin protein. All the samples were
prepared on a silicon wafer ten minutes before the measure-
ment. The samples were scanned from 500 cm ™" to 1800 cm ™.
The LabRam Hr Evolution Horiba, equipped with a detector
and microscope, was used to record the Raman spectra of
insulin and ICu-AgNSCs at 785 nm.

Furthermore, circular dichroism (CD), the most reliable
technique, was used to monitor the stability of secondary
protein structures after the interactions between protein mole-
cules and metallic nanoparticles. The CD studies were per-
formed at 25 °C with 1 ml of the sample in the 200-260 nm
wavelength range for pure insulin and ICu-AgNSCs using
phosphate buffer (pH 7.4) as a solvent with a Mos500 CD
BioLogic instrument.

2.4 Study of particle size and morphology and elemental
analysis

DLS analysis (dynamic light scattering) was done using a
Malvern DLS-Zeta size analyzer to determine the hydrodynamic
size of synthesized ICu-AgNSCs. Thereafter, to find out the
morphology and size of bimetallic nanosubclusters, high-
resolution transmission electron microscopy (HRTEM) (Talos
F200S G2, Thermo Scientific) was used. For this, the samples
were centrifuged at 240 rpm for 15 minutes, and then the pellet
was thoroughly washed to remove the unbound metal salt or
impurities associated with the sample. Furthermore, the sam-
ple pellet was subjected to elemental mapping to find out the
distribution of metal salts in the sample and to determine the

Mater. Adv., 2024, 5, 5231-5243 | 5233
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percentage of the elements present by using the Energy dis-
persive X-ray spectrometer (EDS) (Bruker QUANTAX 200).

2.5 Drug loading and release kinetics

To monitor the drug loading in the nanosubclusters, 1 ml of
the synthesized ICu-AgNSCs was centrifuged for 15 min at
6000 rpm. The supernatant and the pellet were collected to
determine the amount of bind and free drug and, thus,
determine the drug loading capacity of the formulations. After
that, the release kinetics were investigated to determine the
amount of insulin released from the nanosubclusters and,
thus, determine the drug delivery efficiency. 1 ml of the
synthesized nanosubclusters was taken, placed in a dialysis
membrane, and kept under slow stirring conditions (250-
300 rpm). The drug release was measured at specific time
intervals for 40 hours under physiological conditions of
pH 7.4 and a temperature of 37 °C. The absorption values (at
595 nm) were later plotted to determine the trend of drug
release using BSA standard curves.

2.6 In vitro studies

2.6.1 Cell viability. For evaluating the cell viability of
synthesized nanosubclusters, the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay was performed by
using the HEKa cell line (human epidermal keratinocytes,
adult). The HEKa cells were grown in a cell culture plate and
let to reach a confluency of up to 80-85%, followed by their
splitting, and seeded into 96 well plates, with each well having
the density of cells as 1 x 10%. After that, the cells were placed in
the incubator for further cell growth and to reach a confluency
of up to 80-85%, and the medium was regularly changed after
specific time intervals. When the plate became confluent, the
different samples, including salt solutions, AgNPs, ICuQCs,
and ICu-AgNSCs, having different concentrations (5, 10, 20,
and 40 pM) were added in sets of 3 to get three concordant
readings. The plate was later incubated for 24 hours at a
temperature of 37 °C and 5% CO,. After 24 h, the medium in
the MTT plate was replaced with fresh medium with MTT
(2 mg mlI™" in 5% ethanol) and incubated for another 3 h.
Following the specified time interval, the medium was again
discarded and replaced with 200 pl of dimethyl sulfoxide (DMSO)
for dissolving the formazan crystals. Finally, the absorbance was
checked at a wavelength of 575 nm. The equation used to
calculate the percentage of cell viability is as follows:

% cell viability = K%) X 100} % 1)
C

Here, A; is the absorbance of the test substance and A. is the

absorbance of the control solvent for each concentration.

2.6.2 Effect of ICu-AgNSCs on the cell migration in vitro
determined using phase contrast imaging. To study the effect
of synthesized formulations on cell migration in vitro, the HEKa
cell line was used and grown in 60 mm plates both in the
absence and presence of glucose (360 mg dl™") to monitor the
changes in normal and diabetic conditions. The cells were
grown in the DMEM-F12 medium (FBS-free medium) and
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kept in a humidified incubator at 37 °C and 5% CO,. The
cells were allowed to grow until they reached a confluency of
80-85%, followed by creating a scratch in the confluent plate
using a sharp object such as the sterile 200 pl tip to analyze the
effect on cell migration using the scratch assay. The plates were
later incubated with fixed concentrations (5, 10, 20, and 40 uM)
of different samples, including salt solutions, AgNPs, ICuQCs,
and ICu-AgNSCs. Time-lapse imaging was done to monitor the
changes in the scratch diameter, and the variation in the
scratch width was measured after 6 h, 12 h, and 24 h,
respectively. The width was measured at different positions of
the scratch-made in each plate. The mean of those independent
readings of scratch diameter is taken to calculate the
percentage change in cell migration in the normal and
diabetic conditions individually.

2.6.3 Antioxidant activity against H,0,-induced cytotoxi-
city. To investigate the antioxidant activity, HEKa cells were
seeded in 96 well plates and maintained at 37 °C and 5% CO,
for 24 hours in the DMEM medium supplemented with 10%
FBS and let to reach 85-90% confluency. Afterward, the cells
were divided into two sets and treated with varying concentra-
tions of H,O, (0, 50, 100, 200, 400, 800, 1200, 1600, and
2000 pM) in DMEM for a brief period of 1 hour, and later the
cells were washed twice with PBS to obliterate H,0O,. The cells in
one of the sets were incubated with fresh DMEM medium
alone, and in the other set, the cells were treated with bime-
tallic nanosubclusters of fixed concentrations alongside DMEM
(40 uM) and kept in the incubator for 24 hours. Following this,
an MTT assay was performed to determine the effect on cell
viability after treatment with H,0, and to study the antioxidant
effect of the synthesized nanosubclusters on cell viability. The
medium was discarded, and the cells were washed with PBS
before adding fresh medium containing MTT and kept for a
3-hour incubation period, followed by treatment with DMSO to
measure the absorbance at 570 nm.*

2.6.4 Detection of ROS using DCFDA. ROS generation was
determined by flow cytometry using DCF-DA staining. The
Heka cells were grown in the DMEM medium and treated with
varying concentrations of H,0O, (200, 1000, and 4000 pM) for a
brief period of 1 hour. Then, the medium containing H,0, was
discarded, and the cells were treated with bimetallic nano-
subclusters (40 uM) for 12 hours after adding fresh medium.
Following this, the cells were detached using trypsin-EDTA
solution and suspended in 0.5 ml of PBS, to which DCFDA
(10 uM) was added 10 minutes before performing flow cyto-
metry analysis.

2.7 Antibacterial activity of synthesized ICu-AgNSCs. To
determine the antibacterial activity of the synthesized
nanoformulations, the Minimum Inhibitory Concentration
(MIC) was determined. MIC is the minimum concentration at
which an antibacterial agent retains the bacterial growth
inhibition for the defined period. The growth curve
experiment performed using the Gram-negative
(Escherichia coli and Acinetobacter calcoaceticus) and Gram-
positive (Bacillus subtilis and Staphylococcus aureus) bacteria
to determine the MIC of synthesized formulations. The

was

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00278d

Open Access Article. Published on 08 May 2024. Downloaded on 6/14/2026 5:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

microdilution method was performed to determine the
antimicrobial activity using 96 well plates as per previously
reported methods. Initially, the bacteria were cultivated in the
LB broth medium at 37 °C, and after 24 hours, the bacteria were
taken in the LB medium, and the concentration was adjusted to
107® CFU ml " To evaluate the antimicrobial activity of
nanosubclusters, we added 20 pl of bacteria, 20 pl of
nanosubclusters (ranging from 0.5 uM to 64 puM), and 160 pl of
Luria Broth in each well of 96 well plates. The negative control is
considered in the last well as inoculated broth without
nanosubclusters. The plates were kept in a microplate shaker for
24 hours and 37 °C under slow shaking conditions. Following this,
the best concentration of synthesized nanosubclusters against
different bacteria is determined by the MIC method.
Furthermore, the ICs, values were determined along with the
MIC value for each bacterium.*®

2.8 Determination of the combination index (CI) for AgNO;
and ICuQCs

The combination index (CI) is one of the quantitative measures
used to calculate the effect of different drugs in combination
with one another. The drug combination index was estimated
when investigating synergistic or antagonistic drug combina-
tions to quantify the level of synergism or antagonism. If the
value of the combination index is less than 1 (CI < 1), it
indicates that different drugs, when administered together,
work together to promote each other’s activity, called the
synergistic effect. When the CI value is equal to 1 (CI = 1), it
indicates that none of the two drugs interfere with each other’s
action, hence exhibiting the additive effect, and a CI value of
greater than 1 (CI > 1) shows the inhibitory activity of one drug
on the other drug, thus called the antagonistic effect. To
calculate the combination index, the cell viability of HEKa cells
was determined at different concentrations of AgNO; and
ICuQCs, and then calculations were done using the following
equation (eqn (2)).

(D1 (D)2 @

where

Di=D [j/— } — @)

Here, (D)1 and (D)2 denote the respective concentrations of
silver nitrate and insulin copper quantum clusters. The median
effect equation (eqn (3)) is used for the determination of single
drug concentrations giving the same effect (D,)1 and (D,)2.
Here, f, and f, denote the cell fractions that are affected and
unaffected, respectively, and are equal to 100 treePY™ where
m represents the slope median in the median effect plot of

log(D) vs. log(falf)-*”

2.9 Statistical analysis

The data here are represented as mean + SD of at least three
independent experiments. The statistical data analysis was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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done in MS excel using one-way ANOVA. The corresponding
p-values were calculated to check if the data were statistically
significant or not.

3. Results and discussion
3.1 Spectroscopic analysis

3.1.1 Spectroscopic changes determined using absorbance
spectra after synthesis of ICu-AgNSCs. After synthesizing ICu-
AgNSCs, their spectroscopic characterization was done to
observe the absorbance spectra of the formed nanosubclusters.
After analysis of AgNPs and insulin, the absorbance spectra of
AgNPs indicate a peak-maximum at 412 nm having an
absorbance value of 0.145, and for insulin without any added
salt solution, we obtained a sharp peak at 271.61 nm with an
absorbance value of 0.262, both of which are in accordance with
the work reported. The absorbance spectra obtained for
ICuQCs exhibit an absorption maximum at 271.31 nm,
having an absorbance value of 0.23, whereas after incubating
the AgNPs with ICuQCs for 48 h, two distinct absorption
maxima were obtained at 271.31 nm and 412.86 nm, having
absorbance values of 0.16 and 0.10, respectively, indicating the
interaction between the two, which confirms the synthesis of
ICu-AgNSCs as shown in Fig. 1b.

3.1.2 FTIR and Raman spectra for monitoring the interac-
tions between the protein and metal ions after the formation of
nano-subclusters. To monitor the variation in the functional
groups of insulin after interactions between the insulin copper
quantum clusters and silver nanoparticles, FTIR was performed
for CuSO,, AgNO3, AgNPs, insulin, ICuQCs, and ICu-AgNSCs.
The slight variations in major protein peaks appeared at
different wavenumbers due to intermolecular interactions of
ICuQCs and AgNPs and are shown in Fig. 1c. The peak at
791.29 ecm™ " and 651.23 cm™ ' indicates the NH, stretching and
C=S stretching, respectively, in AgNPs, insulin, ICuQCs, and
ICu-AgNSCs.*® Then, peaks at 724.96 cm™ "' for CuSO, and at
718.19 cm™ ' for ICuQCs and ICu-AgNSCs indicate Cu-OH
stretch.*® Ag-O stretching was observed for AgNO;, AgNPs,
and ICu-AgNSCs at 946.16 cm ™', 986.79 cm ™', and 980.25 cm ™"
respectively.”® In addition to these, peaks at 912.31 cm ™" and
845.34 cm ™' for AgNPs, at 925.85 cm ' for insulin, at
912.31 cm™ ' and 838.57 ecm™* for ICuQCs and at 912.31 cm ™!
for ICu-AgNSCs show the C-O stretching, confirming the
interaction between AgNPs and ICuQCs.* Peaks at 1113.20 cm™*
for insulin and 1048.23 cm™ ' for ICu-AgNSCs show C-N
stretching.’® Amide III stretching was observed for insulin and
ICuQCs and ICu-AgNSCs at 1207.25 cm ' and 1240.23 cm '
respectively. NO; symmetric and asymmetric stretch was
observed in AgNO; at 1320.86 cm ', in AgNPs at
1341.17 cm™ ', in insulin at 1307.31 e¢m™!, in ICuQCs at
1347.51 cm ' and at 1394.59 cm ' in ICu-AgNSCs,
respectively.’® C-OH stretching was observed at 1448.32 cm ™"
in AgNPs and ICuQCs, at 1420.83 cm™ ' in insulin, and at
1441.24 cm™ " in ICu-AgNSCs.*® Amide II, C=O stretch was

observed at 1535.29 cm ™! in insulin and at 1541.31 cm ™! in
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Table 1 The comparative wavenumber values indicated by FTIR in the range of 400-4000 cm™ for CuSO,, AgNOsz, AgNPs, insulin, ICUQCs, and ICu-
AgNSCs, showing the positions of different functional groups present, which determine the interaction amongst AgNPs and ICuQCs, indicating the

formation of bimetallic nanoparticles

Functional group CuSO, AgNO; AgNPs Insulin ICuQCs ICu-AgNSCs Ref.
Amine NH stretch — — — 3281.16 3281.16 3281.16 39
Amide-B -CH stretch — — — 2827.15 — 2960.32 40
-OH stretch 2860.25 2760.42 2760.42 2760.42 2760.42 2867.03 38
Nitrile stretch — — — 2247.81 2160.53 2351.64 40
N=O0 stretching — 1755.74 — — — 1642.13 50
Amide II C=O0 stretch — — — 1535.29 — 1541.31 38
C-OH stretch — — 1448.32 1420.93 1448.32 1441.24 38
NO; symmetric and asymmetric stretch — 1320.86 1341.17 1307.31 1347.51 1394.59 50
Amide III stretching — — — 1207.25 1207.25 1240.35 50
C-N stretch — — — 1113.20 — 1048.23 40
Ag-O stretching — 946.16 986.79 — — 980.25 49
C-O stretch — — 912.31 925.85 912.31 912.31 39
845.34 838.57
NH, stretch — 791.29 791.29 791.29 791.29 791.29 40
—-Cu-OH stretch 724.96 — — — 718.19 718.19 48
C=S stretch — — 651.23 651.23 651.23 651.23 40

ICu-AgNSCs.*® N=O stretching was observed at 1755.74 cm ™"

in AgNOj; and at 1642.13 cm™ ' in ICu-AgNSCs.”° Nitrile stretch
was marked at 2247.81 cm ™, 2160.53 cm ™%, and 2351.64 cm ™
in insulin, ICuQCs, and ICu-AgNSCs respectively.’® A broad
peak of -OH stretch was observed for all the formulations
between 2760.42 cm ' and 2867.03 cm .*®* Amide B C-H
stretch was observed at 2827.15 cm ' and 2960.32 cm ',
respectively, in insulin and ICu-AgNSCs.*® The amine N-H
stretch was observed in insulin, ICuQCs, and ICu-AgNSCs at
3281.16 c¢cm '.*° The comparative wavenumbers of each
solution are given in Table 1.

Similarly, Raman spectral analysis was used to study the
significant conformational changes in insulin after interaction
with metal ions. The S-S stretch was observed at 598.10 cm™?,
584.76 cm ', and 554.24 cm ™', respectively, in AgNPs, ICuQCs
and ICu-AgNSCs.”' The band at 662.45 cm™ ' is observed
for AgNO;, AgNPs, ICuQCs, and ICu-AgNSCs, indicating a C-
S-C bond.?? The bands at 793.13 cm™* for CuSO, and ICuQCs
and at 794.12 cm ' for ICu-AgNSCs indicate the Cu-OH

stretching.”® The C-H out-of-plane wagging was observed at
847.81 cm ™' in CuSO, and insulin, at 841.74 cm ' in AgNO;
and ICuQCs, at 828.70 cm ™" in AgNPs and 849.74 cm ™" in ICu-
AgNSCs.>* The Ag-O stretching was observed at 947.26 cm ™ in
AgNPs and ICu-AgNSCs and at 931.12 cm ™" in AgNO,;.*° The
C-0-C bond was observed at 986.23 cm™ ' in insulin and
ICu-AgNSCs.*® The peaks at 995.87 cm ', 970.38 cm ', and
1002.69 cm ™' for insulin, ICuQCs, and ICu-AgNSCs, respec-
tively, indicate the C-C stretching.”®> C-N stretching was
observed in AgNPs, insulin, ICuQCs, and ICu-AgNSCs, respec-
tively, at 1086.86 cm ', 1071.15 cm ', 1072.34 cm
and 1097.53 cm '.>* Amide III (x-helix) was observed at
1229.43 cm™ ! in insulin and ICu-AgNSCs.>® The band for
Amide III random coils was observed at 1283.37 cm™ ' for
insulin, 1301.75 em™! for ICuQCs, and 1311.24 cm ' and
1340.28 cm ™' for ICu-AgNSCs.”® The C-H bend was observed
at 1364.12 em ™" in ICu-AgNSCs."® The peak for Amide II was
observed at 1442.80 cm™ ' and 1445.50 cm ™, respectively, for
insulin and ICu-AgNSCs.?° The peak at 1516.32 for insulin,

Table 2 The comparative wavenumber values indicated by Raman spectra in the range of 500-1800 cm™* for CuSO.,4, AgNO3, AgNPs, insulin, ICUQCs,
and ICu—AgNSCs showing the positions of different functional groups present, which determine the interaction amongst AgNPs and ICuQCs, indicating

the formation of bimetallic nanoparticles

Functional group CuSO, AgNO; AgNPs Insulin ICuQCs ICu-AgNSCs Ref.
Amide-I — — — 1658.21 — 1606.23 20
1658.21
C-C stretch — — — 1516.32 1516.32 1516.32 40
Amide-II — — — 1442.80 — 1445.50 20
C-H bend — — — — — 1364.12 40
Amide-III (random coils) — — — 1283.37 1301.75 1311.24 56
1340.28
Amide TII (o helix) — — — 1229.43 — 1229.43 55
C-N stretching — — 1086.86 1071.15 1072.34 1097.53 54
C-C stretching — — — 995.87 970.38 1002.69 53
C-0-C — — — 986.23 — 986.23 40
Ag-O stretching 931.12 — 947.26 — — 947.26 49
C-H out of plane wagging 847.08 841.74 828.70 847.81 841.74 849.74 52
Cu-OH stretch 793.13 — — — 793.13 794.12 48
C-S-C stretching vibrations — 662.45 662.45 — 662.45 662.45 52
S-S stretch — — 598.10 — 584.76 554.24 51
5236 | Mater. Adv, 2024, 5, 5231-5243 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00278d

Open Access Article. Published on 08 May 2024. Downloaded on 6/14/2026 5:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper

ICuQCs, and ICu-AgNSCs indicates the C-C stretch.*” The 3.2 Structure, composition, and stoichiometry of metal
peaks for Amide I were observed at 1658.21 cm " for insulin insulin nanosubclusters

and ICu-AgNSCs and at 1606.23 cm ™' for ICu-AgNSCs alone® 1y hydrodynamic sizes of AgNPs, ICuQCs, and ICu-AgNSCs
and are shown in Fig. 1d. The comparative wavenumbers of ..o 1easured and found to be 25 + 5 nm, 35 + 5 nm, and
each solution are mentioned in Table 2. 40 £ 5 nm, respectively, as shown in Fig. Sla-c (ESI) respec-

Circular dichroism was performed using the insulin protein  (jyely Furthermore, the formation of nearly octahedral bime-
and ICu-AgNSCs to monitor the stability of the secondary (ajlic nano-subclusters (ICu-AgNSCs) having a size of 9.6 =+
structure of protein after interaction with metal ions from 5 5 hm and an outer insulin layer (0.5 4 0.2 nm) was confirmed
silver nanoparticles and insulin copper quantum clusters. by transmission electron microscopic images (at scales of 20
The three significant far UV signals were observed for both 43,49 nm) as shown in Fig. 2a and b, respectively, and the SAED
solutions. A positive peak was observed at ~194 nm (represen-  pattern obtained is shown in Fig. 2c. Additionally, the lattice
tative of the B-sheet), and two negative peaks, one at ~208 nm  fringes in HRTEM were spaced apart by 0.23 nm and 0.17 nm
and the other at ~217 nm, were observed (representative of the  and were indexed with Ag(111) and Cu(200) respectively. It was
a-helix), indicating the secondary structure of insulin protein.”’  found that copper is mainly present in the peripheral region,
Slight variations in all three peaks were observed for ICu- and silver is inside, forming distinct phases with copper.
AgNSCs, that is, 5.57%, 3.75%, and 5.15%, respectively, and  Furthermore, it was evident from the percentages obtained
are shown in Fig. le. The % variation is much less when for Ag and Cu in the nanoparticles (7.63% and 6.17%) that
compared with pure insulin, confirming protein stability with  silver is in higher amounts, which is further confirmed by the
no significant observable structural changes. TEM image, where the electron-dense portion indicates copper

(d) 200 | Ele At. |Netto |Mass
Ag (111) ment | No. Norm.
Ag 0
Ag (200) w160 [%]
= C 6 25042 |5.84
2 0 |8 [716820]80.36
0120 | Cu 29 (37709 |6.17
= i Ag 47 110102 |7.63
= 1 |C O Cu Ag Sum 100.00
-
= 80
=
&
& 40 | l
0 \ A

0 1 2 3 4 5 6 7
Energy [KeV]

Fig. 2 Structural, morphological, and elemental characterization of ICu-AgNSCs. TEM micrographs of ICu—AgNSCs show the nanoparticle size to be
~9.6 &+ 2.2 nm at scales of (a) 20 nm and (b) 2 nm (inset shows the insulin layer of 0.5 + 0.2 nm around individual bimetallic clusters). (c) SAED confirms
the crystalline structure of bimetallic nanosubclusters. (d) EDS spectra show the presence of both silver and copper (inset shows the relative percentage
of each element). Elemental mapping showing the different elements in ICu—AgNSCs: (e) carbon, (f) oxygen, (g) silver, (h) copper, and (i) the combined
image showing all elements.
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and the rest of the part is for silver having lower electron
density. Energy-dispersive X-ray spectroscopy was used for the
determination of different elements, including C, O, Cu, and
Ag, in the bimetallic nano-subclusters as shown in spectra
given in Fig. 2d. Elemental mapping was done to verify the
presence of both silver and copper in the synthesized bimetallic
nano-subclusters, and it confirms the presence of carbon
(Fig. 2e), oxygen (Fig. 2f), silver (Fig. 2g), copper (Fig. 2h) and
a combination of all elements, as shown in Fig. 2i.

3.3 Drug loading and release kinetics studies

The synthesized bimetallic nanosubclusters were studied for
their drug loading and release kinetics, and the encapsulation
efficiency of insulin in the bimetallic nanosubclusters was
determined to be 88.54 £ 0.40%. For the initial 8 h, burst drug
release was observed, followed by sustained drug release after
that, with most of the drug being released in 40 h. Furthermore,
the percentage of drug released from ICu-AgNSCs by the end of
40 hours was found to be 93.90 £ 0.90%, making it an efficient
drug delivery system, and is shown in Fig. 3a and the drug
released per hour in mg ml™" is shown in Fig. 3b.

3.4 Invitro cell studies

3.4.1 HEKa cell viability assay. Cell viability analysis was
performed using HEKa cells and MTT assay to monitor the
biocompatibility of the synthesized formulations. The study

View Article Online
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was performed using salt solutions, silver nanoparticles, insu-
lin, insulin copper quantum clusters, and bimetallic nanofor-
mulations at four different concentrations of each (5, 10, 20,
and 40 puM). The cell viability of untreated cells (control) is
taken as 100, and the values for the rest of the samples are
compared with that of the control. The cells treated with CuSO,
exhibit the cell viabilities of 100.57 £ 1.77%, 102.22 + 3.74%,
105.58 + 3.81%, and 107.05 =+ 5.09% and the cells treated with
AgNO; have the cell viabilities of 100.85 £ 6.73%, 102.45 *
1.39%, 106.37 + 1.38%, and 108.07 £ 4.12% at 5, 10, 20, and
40 pM respectively. The cells treated with AgNPs have cell
viability on the order of 109.12 + 6.01%, 115.07 £+ 3.93%,
117.89 £ 1.66%, and 119.78 + 2.48%. The cells after treatment
with insulin show viabilities of 121.29 + 3.74% at 5 pM,
124.72 £+ 2.06% at 10 pM, 128.45 + 5.35% at 20 pM and
132.39 £ 2.47% at 40 uM respectively. The cells exposed to
ICuQCs have higher viabilities than those exposed to insulin
alone and are 124.47 + 2.78%, 127.18 £ 1.04%, 131.96 =+
5.11%, and 135.18 + 2.96%, respectively, at 5, 10, 20, and
40 puM respectively. Cell viability after treatment with bimetallic
ICu-AgNSCs showed much more significant changes, which are
133.07 £ 1.18% at 5 pM, 150.37 £ 1.04% at 10 pM, 163.92 +
3.76% at 20 pM and 169.72 + 0.38% at 40 pM respectively, and
is shown in Fig. 3c and comparative data are shown in Table S1
(ESI). From the graph, it was demonstrated that none of the
samples was toxic to the cells. Moreover, as the concentration
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Fig. 3 Drug release kinetics and cell viability assay. (a) The plot showing the release kinetic studies to determine the % drug released from the bimetallic
nanosubclusters. (b) The drug released per hour in mg ml~* from ICu-AgNSCs. (c) MTT assay to determine the effect of synthesized formulations on the
cell viability to determine their potential role in cell growth and wound healing. The data were plotted as the mean value of three independent
experiments, and the solid bars indicate normal conditions, while the patterned bars indicate diabetic conditions in the graph.

5238 | Mater. Adv., 2024, 5, 5231-5243

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00278d

Open Access Atrticle. Published on 08 May 2024. Downloaded on 6/14/2026 5:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Materials Advances

of added samples increases, the cell viability increases and is
found to be maximum for synthesized bimetallic ICu-AgNSCs,
indicating that nano-subclusters formed to promote cell divi-
sion and growth and thus can be used as a potent material for
wound healing.

3.4.2 HEKa cell migration assay in diabetic and normal
conditions. The synthesized bimetallic nanoformulations,
along with silver nitrate salt solution, copper sulfate solution,
silver nanoparticles, insulin, and insulin quantum clusters,
were tested for their potential role in cell migration in normal
and diabetic conditions on HEKa cells by treating them with a
fixed concentration of each one of them (40 uM). The bimetallic
nanosubclusters demonstrate excellent migration abilities in
both conditions but have a more migration impact in normal
conditions than the diabetic ones. As time passes, a significant
increase in cell division eventually leads to enhanced migration
rates when monitored after specific time intervals. Initially, the
percentage change in the scratch diameter is measured in
HEKa cells taken as control (without any treatment) after 6,
12, and 24 h and is shown in Fig. 4(a)(a—c). Following this, we
observed the changes in cells grown in diabetic conditions. The
percentage changes in the scratch diameter of cells treated with
CuSOy after 6, 12, and 24 h are 0.56 + 0.39%, 1.40 + 0.46%, and
1.30 + 0.37%, respectively, and are shown in Fig. 4(a)(d-f).
Similarly, the percentages of a gap left in cells that were treated

(a) Cell migration in diabetic conditions
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with AgNO,; were found out to be 0.28 + 0.43%, 0.35 =+
0.50%, and 0.86 + 0.44%, respectively, after fixed intervals
(Fig. 4(a)(g-i)). The % changes in migration after 6, 12, and
24 h in the presence of AgNPs and insulin are even higher and
are found out to be 25.30 £ 1.35%, 45.18 + 0.63%, and 46.29 +
0.43% in the presence of AgNPs (Fig. 4(a)(j-1)) and 39.81 +
0.37%, 50.87 + 0.18%, and 52.17 + 0.51% for cells incubated
with insulin (Fig. 4(a)(m-o)). For cells after treatment with
ICuQCs, the values of % change in scratch are 44.75 =+
0.25%, 56.14 + 0.35%, and 58.69 + 0.35%, respectively
(Fig. 4(a)(p-1)). The maximum change in the scratch diameter
as compared with control is observed in cells treated with the
synthesized bimetallic formulations, where the values are
found out to be 65.52 + 0.51%, 72.28 £+ 0.01%, and 75.21 +
0.44% after 6, 12, and 24 h (Fig. 4(a)(s-u)). A comparative study
of variation in the scratch diameter of the diabetic cells after
treating the cells with all samples is shown graphically in
Fig. 4(a)(v).

The exact concentration and time intervals were followed to
monitor the scratch diameter variation under normal condi-
tions. The percentage variation in the scratch diameter in
control cells is shown in Fig. 4(b)(a-c). The % changes in the
scratch diameter after treatment with CuSO, are 1.54 + 0.46%,
2.59 + 0.46%, and 1.38 + 0.44% (Fig. 4(b)(d-f)) and after
treatment with AgNO; are 1.85 £ 0.32%, 2.22 £+ 0.49%, and

(b) Cell migration in normal conditions
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Fig. 4 Promotion and monitoring of in vitro cell migration in the diabetic and normal cells using ICu-AgNSCs. The bimetallic nano-subclusters induced
better cell migration in HEKa cells compared to salt solutions, insulin, AGNPS, and ICuUQCs. The cells were incubated with a fixed concentration of all the
solutions, that is, 40 uM. HEKa cells were taken as control (without any added formulations). (a) The figure shows cell migration in diabetic conditions
using HEKa cells without any treatment: (a) 6 h, (b) 12 h, and (c) 24 h; the cells treated with the salt solution of copper sulfate after (d) 6 h, (e) 12 h and (f)
24 h; the HEKa cells after treatment with silver nitrate: (g) 6 h, (h) 12 h and (i) 24 h; the cells after treating them with silver nanoparticles: (j) 6 h, (k) 12 h and
(1) 24 h; cells after treatment with insulin after a duration of (m) 6 h, (n) 12 h and (o) 24 h respectively; cells treated with ICuQCs after (p) 6 h, (q) 12 h and (r)
24 h and cells after treatment with ICu—AgNSCs after (s) 6 h, (t) 12 h and (u) 24 h. (v) The plot shows the relative change in cell migration in diabetic
conditions after treatment with all the solutions respectively after specific time intervals. (b) The figure shows cell migration in normal conditions using
HEKa cells without any treatment: (a) 6 h, (b) 12 h, and (c) 24 h; the cells treated with the salt solution of copper sulfate after (d) 6 h, (e) 12 h and (f) 24 h; the
HEKa cells after treatment with silver nitrate: (g) 6 h, (h) 12 h and (i) 24 h; the cells after treating them with silver nitrate are shown in figures after (j) 6 h,
(k) 12 h and (1) 24 h; cells after treatment with insulin after a duration of (m) 6 h, (n) 12 h and (o) 24 h respectively; cells treated with ICUQCs after (p) 6 h,
(9) 12 h and (r) 24 h and cells after treatment with ICu—AgNSCs after (s) 6 h, (t) 12 h and (u) 24 h. (v) The plot shows the relative change in cell migration in
normal conditions after treatment with all the solutions respectively after specific time intervals.
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1.85 + 0.55% respectively (Fig. 4(b)(g-i)). For the cells treated
with AgNPs, insulin, and ICuQCs, the % variations in migration
with time is more as compared to those treated with the salt
solutions alone and are equal to 29.91 + 0.44%, 49.47 + 0.64%,
and 51.73 + 0.42% for AgNPs (Fig. 4(b)(j-1)), 43.87 £+ 0.35%,
52.59 + 0.14% and 54.62 £+ 0.50% for insulin alone
(Fig. 4(b)(m-o0)) and 48.43 + 0.37%, 57.40 + 0.25% and
58.33 £ 0.21% for ICuQCs (Fig. 4(b)(p-r)). The bimetallic
nanosubclusters exhibit the maximum % changes in the
scratch diameter, which are 66.04 £+ 0.61%, 76.66 + 0.31%,
and 79.62 + 0.31%, respectively, indicating the enormous
potential of prepared nanosubclusters for enhanced cell migra-
tion in normal conditions (Fig. 4(b)(s-u)). The graph in
Fig. 4(b)(v) shows the variation in the normal scratch diameter
as a comparative study of all the formulations after particular
time intervals. A comparative data table of change in cell
migration in normal and diabetic cells is shown in Table S2
(ESI). To find the statistical significance of data, p values were
calculated for scratch assay in diabetic and normal conditions,
and the comparative data are shown in Table S3 (ESI).

3.4.3 Antioxidant activity against H,0, induced cytotoxi-
city. H,O,, when present in biological samples or cells, is widely
responsible for its cytotoxic effect. As per previous studies,
H,0, is toxic to the cells (HEKa) at a concentration of 400 uM
or higher and eventually causes a decrease in the cell viability
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with increasing concentration. The same effect was observed in
this study. When treated only with H,O, with a concentration of
400 uM or higher, cell viability was decreased due to the
cytotoxic nature of H,0, responsible for the free radical gen-
eration as shown in Fig. 5a. On the other hand, when the cells
initially treated with 1000 uM H,0O, were incubated with varying
concentrations (5, 10, 20, and 40 uM) of synthesized bimetallic
formulations, an antioxidant effect was observed due to the
scavenging of H,O,-induced reactive oxygen species responsi-
ble for cell death as shown in Fig. 5b. The ICu-AgNSCs increase
the scavenging of ROS and the % scavenging goes on increasing
with increase in the concentration of ICu-AgNSCs, making
them potent H,0, scavengers essential for promoting the
antioxidant activity of nano-subclusters. The ROS scavenging
percentages after treatment with 5, 10, 20, and 40 uM of ICu-
AgNSCs are 6.76 £ 1.98%, 14.85 £ 1.40%, 21.72 £+ 3.56%, and
28.37 + 1.31%, respectively.

3.4.4 Intracellular ROS measurement. Flow cytometry was
performed to examine the ROS scavenging activity of synthe-
sized nanoformulations. Briefly, the non-fluorescent DCFDA
dye exhibits green fluorescence when it comes into contact with
ROS-generating species and it is determined by measuring the
fluorescence at 572 nm using flow cytometry. Initially, the
analysis was done on control cells and cells containing only
the DCFDA dye. After that, the ROS scavenging activity of
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Fig. 5 Reactive oxygen species scavenging potential of ICu—AgNSCs. (a) Effect of varying concentrations of H,O, mediated ROS on the cell viability of
HEKa cells. (b) ROS scavenging effect of varying concentrations of ICu-AgNSCs against H,O, mediated ROS. Fluorescence microscopy to monitor the
intracellular ROS scavenging by ICu—AgNSCs in HEKa cells. (c) Flow cytometry analysis of ROS scavenging in the presence of varying concentrations of

bimetallic nanosubclusters.
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bimetallic nanosubclusters was determined, for which initially,
the fluorescence was measured for the cells treated with varying
concentrations of H,O, followed by the cells treated with
bimetallic nanosubclusters. The results show prominent
scavenging of H,0,-induced ROS in the presence of ICu-
AgNSCs. The percentage variation in fluorescence is measured
with respect to DCFDA control cells. The percentage increase in
ROS after treatment with 4000, 1000, and 200 uM of H,0, is
found to be 22.81%, 38.56%, and 47.05% respectively. The
cells, after treatment with ICu-AgNSCs (40 uM), showed a sharp
decline in the fluorescence intensity, which is 28.40% and
21.78%, respectively, for 1000 and 4000 pM H,O,, which is in
agreement with the ROS scavenging data obtained in the
previous section, and a higher decrease was observed in cells
treated with lowest concentration of H,0,, which is 200 uM,
which is even 1.76% less than DCFDA control itself, indicating
the strong ROS scavenging potential of synthesized formula-
tions, which is very beneficial for promoting the wound healing
by overcoming the ROS as shown in Fig. 5(c).

3.5 Antibacterial effect on Gram-positive and Gram-negative
strains

The antibacterial activity was investigated using the broth
dilution method, and the MIC and ICs, values against
each bacterium were determined. The MIC value for both
Gram-negative bacteria, Escherichia coli, and Acinetobacter
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calcoaceticus, is found out to be 16 uM and is shown in
Fig. 6a and b, and for Gram-positive bacteria, including Bacillus
subtilis and Staphylococcus aureus, the MIC value is 64 pM,
which is shown in Fig. 6¢ and d. The possible reason behind
this is due to the easy influx of small nanoparticles into the cell
wall of Gram-negative bacteria, which consists of a unique
outer membrane and a single peptidoglycan layer as compared
with the Gram-positive bacteria having multiple peptidoglycan
layers, which makes the entry of nanoparticles difficult into the
bacterial membrane. The ICs, values for E. coli, A. calcoaceticus,
B. subtilis, and S. aureus are 5.11 + 1.52 uM, 4.85 + 0.43 uM,
5.153 + 1.25 uM, and 4.91 + 1.75 pM, respectively, indicating
the influential role of nanosubclusters in the antibacterial
activity as shown in Fig. 6e and f.

3.6 Combination index of silver nanoparticles and insulin
copper quantum clusters

To calculate the CI, D,, was calculated using m and y from
Fig. S2a (ESI) for AgNPs and Fig. S2b (ESI) for ICuQCs. The
calculated CI values for AgNPs and ICuQCs indicate a synergis-
tic effect between the two, as the calculated values by varying
the concentrations of these two formulations are found out to
be less than one, indicating that the two formulations enhance
each other’s activity when combined. These results are in
accordance with the ones obtained from MTT assay for cell
viability and scratch assay for cell migration studies, indicating
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Fig. 6 Monitoring the antibacterial activity against Gram-negative and Gram-positive bacteria using AgNPs, ICUQCs, and ICu—AgNSCs. (a) Antibacterial

activity against E. coli. (b) Antibacterial activity against A. calcoaceticus.

(c) Antibacterial activity against B. subtilis. (d) Antibacterial activity against

S. aureus. (e) % bacterial inhibition against Gram-negative E. coli and A. calcoaceticus using ICu—AgNSCs. (f) % bacterial inhibition against Gram-positive

B. subtilis and S. aureus using ICu—AgNSCs.
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their potential role in wound healing applications. The data are
shown in Table S4 (ESIT).

4. Conclusion

Maintaining an efficient microenvironment across the wound
site is critical to avoid microbial contamination and eliminate
all possible complications that can hinder wound recovery,
thus lowering healthcare costs and increasing life quality.
Effective wound healing agents that are biocompatible and
target-specific and have a high drug delivery rate are always
required. We synthesized the bimetallic nano-subclusters by
combining the silver nanoparticles and insulin copper quan-
tum clusters to study their potential role in accelerating cell
migration in normal and diabetic conditions, antioxidant role,
and antimicrobial activity. Insulin is widely known for its role
in promoting cellular growth by decreasing the blood glucose
level, exhibiting the antioxidant effect and modulating the
inflammatory responses by replacing the proinflammatory
cytokines with the anti-inflammatory cytokines. Silver and
copper have been explored for decades for their antimicrobial
potential, which is essential for faster and contamination-free
wound healing. Insulin and quercetin possess anti-
inflammatory and antioxidant activities. Depending upon these
features, the formulations were synthesized and checked for
synergistic effects in normal and diabetic conditions.

The synthesized nanosubclusters are the first of their kind,
having two distinct metal ions embedded in the protein corona,
and exhibited a desirable HRTEM size of about 9.6 & 2.2 nm
and demonstrated notable encapsulation efficiency and drug
release profile. By efficiently conjugating the insulin copper
quantum clusters and silver nanoparticles, the targeted delivery
was obtained due to the enormous presence of insulin recep-
tors across the human cells, which gives them an upper hand
over general formulations. The FTIR and Raman spectra show
the intermolecular interaction between metal ions and insulin
and exhibit moderate structural changes in the amide regions
of the protein. Also, the stability of the protein secondary
structure was maintained throughout the synthesis, which
was confirmed by CD spectroscopy. The MTT assay and the
combination index analysis performed on the silver nano-
particles and insulin copper quantum clusters emphasized
the significant synergistic effect between the two, eventually
resulting in better cell migration abilities with antioxidant and
antibacterial activities of synthesized subclusters. Furthermore,
the synthesized bimetallic nanosubclusters exhibited acceler-
ated cell migration properties in normal and diabetic condi-
tions, even at very low concentrations. Apart from this, the
subclusters possess antioxidant and antibacterial properties,
which are essential for promoting microbial infection-free
wound recovery.

Thus, the remarkable cell migration potential, antibacterial
activity, and antioxidant properties of these novel bimetallic
nanosubclusters make them highly potential candidates for
their further use in biomedical applications and exploration of
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in vivo applications. It is our hope that the outcomes of this
paper will promote further research on the development of
bimetallic nanosubclusters, which have enormous potential for
normal and diabetic wound healing and can be further
explored for in vivo, pre-clinical, and clinical studies.
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