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Therapeutic platforms suitable for NIR-responsive antimicrobial treatments through photothermal and
photodynamic modalities are gaining attention in treating chronic wounds. The efficiency of such
platforms can be further enhanced by making them angiogenic and a promoter of fibroblast activities.
Herein, we report a novel molecular platform composed of bovine serum albumin (BSA), indocyanine
green (ICG) and bivalent copper (Cu(i)) using green chemistry by exploiting the affinity of ICG and Cu(i)
ions towards BSA. We hypothesized that in the BSA-ICG-Cu(i) complex, ICG will help in producing heat
and reactive oxygen species under NIR (808 nm) exposure, which can kill bacteria; Cu(n) will induce
angiogenesis and BSA will activate dermal fibroblasts. The SEM images of the BSA-ICG-Cu(i) complex
revealed a bead and fibril structure at the microscale. Biophysical studies (UV-vis-NIR, fluorescence and
CD spectroscopy) indicated stable complex formation through the involvement of the hydrophobic BSA
core. A study on NIR-mediated (808 nm LASER) killing of bacteria (S. aureus and E. coli) confirmed the
photothermal and photodynamic efficiencies of the BSA-ICG-Cu(i) complex. At the cellular level, dermal

, . 2025 fibroblasts, when treated with the BSA-ICG-Cu() complex, showed significant enhancement in cell
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Accepted 17th April 2025 migration and cellular VEGF expression (~2.8 fold). The in vitro angiogenesis study using HUVEC cells

demonstrated that the complex can promote tube formation. In conclusion, the BSA-ICG-Cu(i) complex

DOI: 10.1039/d5ra00155b can serve as a multifunctional NIR-responsive therapeutic platform capable of exerting antibacterial,

rsc.li/rsc-advances angiogenic and fibroblast-activating properties, which are beneficial for chronic wound therapy.

photothermal and photodynamic properties when excited with
light of an appropriate wavelength and confer exceptional

1. Introduction

(cc)

Phototherapy has gained attention as a potential modality to
treat bacterial infection in chronic wounds."™ Factors that
provide an edge to phototherapy over conventional treatments
are its minimal invasiveness, low toxicity, and drug-free broad-
spectrum antibacterial effect.*® Phototherapy refers to the
application of light to achieve therapeutic benefits, primarily
through photothermal and photodynamic modalities, often
referred to as PTT and PDT, respectively. PTT uses photo-
thermal materials to generate hyperthermia, i.e., conversion of
absorbed light energy into thermal energy, to kill bacteria. In
contrast, PDT relies on the killing of bacteria by reactive radi-
cals, especially, reactive oxygen species (ROS), produced by
photosensitisers under irradiation.”?® Interestingly, it is often
found that a single material/formulation can exhibit both
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antibacterial efficacy.®™ To date, there are several materials/
formulations found to be responsive towards the wavelengths
in the UV, visible, and near-infrared (NIR) regions and are
explored for phototherapy applications.**"” In this regard, NIR-
responsive phototherapy has started gaining momentum owing
to its superior tissue penetration capabilities, reduced scat-
tering, minimal autofluorescence, and relatively low tissue
damaging properties.”*®* NIR light (700-2500 nm) presents
a broader wavelength range and less energy than the conven-
tionally used visible and UV radiation."” Human tissues such as
blood, skin, and fat tissues have shown negligible absorption
and scattering coefficients in the NIR region.>® Thus, NIR-light
responsiveness can trigger localised treatments and imaging
without damaging neighboring tissues.*

However, presently, there are only a few materials available
that can be used as an NIR-responsive platform, such as copper
ions-hydroxyapatite/polydopamine nanocomposites (HA-Cu/
PDA), quaternized Cu-carbon dots (Cu-RCDs-C35), polypyrrole-
bismuth oxychloride intercalated nanosheets (PPy-BiOCl) and
indocyanine green (ICG).*** Among these compounds, ICG is
often preferred for its better performance and biocompatibility.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra00155b&domain=pdf&date_stamp=2025-05-17
http://orcid.org/0000-0002-5033-6683
http://orcid.org/0000-0002-4661-066X
http://orcid.org/0000-0003-3634-8765
https://doi.org/10.1039/d5ra00155b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00155b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015021

Open Access Article. Published on 19 May 2025. Downloaded on 3/13/2026 5:33:41 AM.

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

(cc)

Paper

It has been experimentally proved that ICG confer therapeutic
benefits by both PTT and PDT. Further, ICG is an FDA (Food and
Drug Administration) approved dye for medical diagnosis and
imaging applications. Several therapeutic formulations have
been developed for anticancer therapy and wound healing
applications with ICG.**** However, the major drawbacks of
ICG are its short plasma half-life and poor photostability in
aqueous systems.**** Moreover, ICG as a phototherapeutic
agent can kill bacteria,”** but to address other requirements of
chronic wound healing, such as angiogenesis and dermal cell
migration and differentiation, different research groups have
tried to come up with several formulations****3**-*> Most of these
formulations encapsulated ICG into the bioactive or synthetic
polymers, and metal-organic frameworks (MOFs), which
involves complicated fabrication processes. Keeping these
aspects in mind, in this study, we have developed a greener one-
pot synthetic approach to prepare a novel multifunctional NIR-
responsive molecular complex consisting of bovine serum
albumin (BSA), ICG and Cu(u) ions for wound healing applica-
tion. We hypothesised that in the molecular complex, ICG could
act as an NIR (808 nm)-responsive phototherapeutic agent; (ii)
Cu(u) ions will help in promoting angiogenesis; and (iii) BSA
will work as a carrier for both ICG and Cu(u) ions, which will
substantially enhance the photostability of ICG and will
promote the cellular responses. The overall design and the
possible functionality of the BSA-ICG-Cu() complex are shown
in Scheme 1. Previously, it has been reported that the
complexation of ICG with serum albumin can increase the
photostability of ICG.* Further, the role of BSA as a drug carrier
and modulator of cellular response in wound healing is already
documented®* and Cu(u) is known to promote angiogenesis
by activating HIF-1a and subsequently enhancing cellular VEGF
expression.**** Finally, BSA can interact strongly with both ICG
and Cu(n) in aqueous medium and BSA-Cu(u) often leads to
stable insoluble precipitation. To test our hypothesis, we have
developed the BSA-ICG-Cu(u) complex in Milli Q at 37 °C. The
complex was subjected to thorough biophysical character-
isation using UV-vis-NIR, CD and fluorescence spectroscopy.
The microstructure of the complex was analysed using SEM.
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The complex photothermal and photodynamic properties in
acellular conditions were checked and later employed to kill
bacteria in vitro. The effect of the complex on angiogenesis and
dermal fibroblast activities was also evaluated in vitro.

2. Materials and methods
2.1 Materials

Bovine serum albumin, heat shock fraction, protease-free, fatty
acid-free, essentially globulin free, pH 7, =98% (Cat No. A7030),
copper sulphate (CuSO,, anhydrous powder, =99.99% trace
metals basis, Cat No. 451657), 8-anilino-1-naphthalenesulfonic
acid (ANS, Cat No. 10417), indocyanine green (ICG, Cat No.
21980), TRITC - phalloidin (Cat No. P1951) and 2’,7'-diac-
etyldichlorofluorescein (DCFH-DA, Cat No. D6883) were
purchased from Sigma-Aldrich®. Calcein-AM (Cat No. TC474),
Hoechst 33258 (Cat No. TC225), MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Cat No.
CCK003), Dulbecco's Phosphate Buffered Saline (DPBS) (Cat No.
TL1006), dimethyl sulfoxide (DMSO) (Cat No. GRM5856), para-
formaldehyde in PBS (Cat No. TCL119) and PVDF (poly-
vinylidene fluoride) syringe filters (0.22 pm) (Cat No. SF10) were
purchased from Himedia. Propidium iodide (Cat No. 11195)
from Sisco Research Laboratories (SRL). Dil stain (1,1-dio-
ctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlorate
(‘Dir’; DiIC18(3))) (Cat No. D282) was purchased from Invi-
trogen. The EZXpand™ Human Umbilical Vein Endothelial Cell
Culture Kit (Cat No. CCK026) and EZXpand™ Dermal Fibro-
blast Culture Kit (CCK027) were purchased from Himedia.
Primary antibody of Smooth Muscle Actin (anti-mouse) (Cat No.
sc-53142), and secondary antibody (Goat anti-Mouse IgG (H + L),
FITC) (Cat No. 31569) were purchased from Santa cruz
biotechnology and Invitrogen respectively. Luria Bertani Broth
(Cat No: 14593) was purchased from Sisco Research Laborato-
ries (SRL). Ultrapure Milli-Q water (18.2 MQ) was used for the
preparation. Bacterial strains E. coli DH5a and S. aureus RN4220
were obtained and used in Dr Sudipta Bhattacharya's laboratory
at IIT Jodhpur.

Promoting Angiogenesis

Beneficial for chronic
wound healing

Scheme 1 Schematic representation of the overall design and activities of the BSA-ICG-Cu(i) complex as a multifunctional NIR-responsive
therapeutic platform for addressing bacterial infection, angiogenesis and fibroblast activities.
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2.2 One-step synthesis of the BSA-ICG-Cu(u) complex

For the synthesis of the BSA-ICG-Cu(u) complex, the BSA stock
solution (0.2 mM), copper sulfate (10 mM) and ICG (645 pM)
were prepared in milli Q water (18.2 MQ). For the BSA-ICG-Cu(ur)
complex formation, 500 pl of BSA (0.2 mM), 155 pl of ICG (645
uM) and 60 pl of Cu(u) (10 mM) were mixed in a 1:1:6 molar
ratio of BSA, ICG and Cu(u), respectively, and finally, the volume
was made up to 1 ml with Milli Q water. The samples were then
incubated for 1 h to study the precipitation process of BSA at
37 °C and then centrifuged to obtain the precipitate and washed
with Milli Q two times to remove any free BSA and ICG in the
formulation.

BSA-Cu(ir) and BSA-ICG were also prepared for comparative
analysis. For the preparation of BSA-Cu(u), 500 pl of BSA stock
solution (0.2 mM) and 60 pl of Cu(u) from 10 mM stock
prepared in Milli Q were mixed in 1: 6 molar ratio to make up
1 ml of the solution. The sample was then incubated for 1 h
for precipitation at 37 °C, centrifuged to obtain the precipitate
and washed with Milli Q two times to remove any free BSA and
Cu(u) in the formulation. For BSA-ICG complex formation, 500
pL of BSA (0.2 mM) and 155 pL of ICG (645 uM) were mixed
and the volume was made up to 1 ml with Milli Q water and
incubated at 37 °C for 1 h. All the experiments were done
using freshly prepared samples. For physico-chemical anal-
ysis, further dilution was done using Milli Q whenever
required.

2.3 Spectroscopic characterization of the BSA-ICG-Cu(u)
complex

All the sample solutions were prepared in ultrapure Milli-Q
water. The UV-vis-NIR spectrophotometer (Jasco V-770) was
used to analyse the absorption spectra of free ICG, BSA, BSA-
Cu(m), BSA-ICG, and BSA-ICG-Cu(u) for the wavelength range
from 200 to 1100 nm taking Milli Q water as blank. A quartz
cuvette with an optical path length of 3 cm was used.

The fluorescence emissions were recorded using a Jasco
spectrofluorometer FP-8300 equipped with an Xe arc lamp
(excitation source). The widths of both the excitation and
emission slit were kept at 2.5 nm. Free BSA and BSA-containing
samples (BSA-ICG, BSA-Cu(u) and BSA-ICG-Cu(u)) were excited
at 280 nm, and emission was recorded from 300 nm to 500 nm
to study the intrinsic fluorescence of the samples.

Further, the fluorescence emission was measured for the
samples treated with 8-anilino-1-naphthalenesulfonic acid
(ANS) at a photoexcitation wavelength of 380 nm, and the
emission was recorded between 400 nm and 600 nm wave-
length. For this experiment, the samples were incubated with
ANS (10 pM) for one hour in the dark before the fluorescence
measurements. All the samples were diluted 10-fold with Milli Q
to make up the volume to 1 ml.

The 3D excitation-emission map for the sample was con-
structed by selecting an excitation wavelength range of 620-
850 nm and an emission wavelength range of 635-895 nm with
a 10 nm step size. The excitation and emission slit widths were
at 5 nm and 10 nm, respectively. The spectra were plotted
utilizing Origin software.
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For the analysis of the secondary structure of the complex,
circular dichroism spectroscopy was performed using Jasco ]
815 Spectropolarimeter. At the far UV region (190 nm to
250 nm), the conformational changes of the protein samples
were monitored. A concentration of 5 uM BSA was used for this
experiment, and from BSA-ICG, BSA-Cu(u), and BSA-ICG-Cu(u)
samples, 50 pl were taken and diluted to Milli Q to make up 1 ml
of the final solution for analysis. Samples were taken in
a cuvette of 1 mm of path length with a scanning speed of

50 nm min .

2.4 Analysis of the micro-structure of the BSA-ICG-Cu(u)
complex by scanning electron microscopy (SEM)

The morphology of the BSA-ICG-Cu(u) complex was analysed
using a scanning electron microscope (SEM-EVO 18-Carl Zeiss).
A lyophilized sample of BSA-ICG-Cu(u) was prepared for SEM
imaging. The sample was then sputter coated with Au using
a direct current sputter coater, and images were captured at 10
kv. The elemental mapping was done with EDAX (Oxford
instruments, EDS-51-ADDD-0048, United Kingdom).

2.5 In silico study of the BSA-ICG-Cu(1) complex

The BSA and ICG were first simulated separately for 30 ns in an
NPT environment to remove all the crystallographic and
packing constraints. The ligand 2D structure was retrieved from
the PubChem database (CID. 5282412) and converted into a 3D
structure with Open Babel.** The protein crystal structure was
downloaded from RCSB PDB (PDB Id. 4F5S)** with a resolution
of 2.47 A. The water and other non-bonded ligands were
removed with PyMol. The simulation was carried out using a 10
A cubic solvation box with ded, xst, restart frequency 5000 while
output energy was kept at 500. The timesteps were kept in 2
femtoseconds and 1 step per cycle. PME grid size x, y, z was kept
at 100. The Langevin dynamics was used, and the temperature
was set to 310 K. NAMD and VMD software were used for
simulation. A molecular dynamics simulation study of the BSA
ICG complex was performed to evaluate the stability of ICG with
BSA in particular binding pockets under physiological simu-
lated parameters. For the docking study, simulated BSA and ICG
PDB files were taken as input files. Docking was done with
AutoDock Tools 1.5.7 (ref. 45) with exhaustiveness 16 and the
grid box was set for 1 A spacing with grid sizes of x, y, and z 7.44,
25.33, and 117.90, respectively. All atomistic MD simulation
experiments were conducted using the NAMD 2.14 (ref. 46)
simulation platform. NAMD, a software for simulating molec-
ular dynamics at the nanoscale, uses VMD* for preparing files.
Utilizing the Charmm-Gui Ligand Reader and Modeller,*® the
ligands' trajectory and parameter files were obtained. Using
Langevin dynamics, a solution cubic of 10 A was established in
the isothermal-isobaric ensemble (NPT) environment. In the
conditions involving multiple time steps, time steps per cycle
remained at 2 fs. At 5000, the dcd, xst, restart, and output
energies were all configured. A 1000-step minimization process
was conducted before the simulation and a 30 ns run was per-
formed. After the simulation experiment, RMSD and RMSF files
were generated with the VMD tool and assessed with Origin

© 2025 The Author(s). Published by the Royal Society of Chemistry
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software. Finally, the copper ions were docked with the BSA-ICG
complex and six poses were analysed. (Kollman charges added,
Polar hydrogens added, 1 A spacing with grid size x, y, z 7.44,
25.33, 117.90).

2.6 Study of NIR-induced photothermal and photodynamic
effects

Photothermal properties of the BSA-ICG-Cu(u) complex were
determined by irradiating the sample with an 808 nm NIR laser
at a power density of 0.33 W cm > for 5 minutes and subse-
quently measuring the temperature increase in the sample
using a thermal camera (Model No. FLIR Cx-series). For this
experiment, 300 ul of the sample (aqueous suspension of BSA-
ICG-Cu(u) complex) was kept in a 1.5 ml microcentrifuge tube.
The sample was then exposed to laser irradiation from the top
of the tube with the lid open. The temperature increase was
measured for 5 minutes at intervals of thirty seconds. The
photostability of the complex under the 808 nm NIR excitation
was checked for three ON/OFF cycles of 5 minutes duration of
each phase at 0.3 W cm ™2 laser power and temperature changes
were recorded using the thermal camera. The NIR-induced ROS
production from BSA-ICG-Cu(n) complexe was analysed by
fluorimetry using a ROS-measuring dye DCFH-DA. For this
purpose, sodium hydroxide (0.01 M) was first mixed with DCFH-
DA (200 pM) in a 3 : 2 v/v ratio and incubated for 30 minutes at
room temperature to facilitate the conversion of DCFH-DA to
DCFH2.* The reaction was terminated by adding 3 ml of 0.1 M
PBS. DCFH2 was then added to the sample suspension. The
final concentration of the probe in the sample suspension was 5
uM. The samples were then irradiated with 808 nm CW laser at
a power density of 0.3 W cm?® for 5 minutes. After irradiation,
the sample was excited at 405 nm and emission was recorded
from 420-500 nm.

2.7 Study of NIR-mediated antimicrobial activity in vitro

We evaluated the antibacterial efficiency of the BSA-ICG-Cu(u)
complex with and without NIR irradiation against E. coli DH5o
(Gram-negative) and S. aureus RN4220 (Gram-positive). The
glycerol-stored pure cultures that had been preserved earlier
were used to perform quadrant-streak on the agar plate and
thereafter incubated overnight at a temperature of 37 °C.
Colonies collected from the fourth quadrant were then cultured
for 24 h on a fresh nutrient agar plate using the quadrant-
streaked method. For each bacterial strain, a single colony on
a solid LB agar plate was dispersed in 5 ml of LB separately and
cultured at 37 °C under shaking (110 rpm) until the optical
density (OD@600 nm) of this suspension reached to 0.6 AU
(arbitrary unit). 50 pL of log phase cultures of individual Gram-
negative E. coli DH5a and Gram-positive S. aureus were added
separately to a 96-well plate for different treatments. They were
incubated with ICG (100 uL), BSA-ICG (100 pL), BSA-Cu(u) (100
uL) and BSA-ICG-Cu(u) (100 pL) for 2 h, separately. In the NIR
groups, all samples were irradiated for 15 minutes (808 nm,
0.33 W cm™?) in three cycles and cultivated in a bacterial
incubator for a further 2 h. While in the non-NIR groups, the
solutions were cultured in a bacterial incubator for 2 h without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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any further treatment. Post-incubation, the suspension was
diluted 1000 folds and 50 pl of the diluted suspension was
spread on the LB plate with a sterile spreader to cover the entire
agar surface. Plates were incubated in a bacterial incubator for
24 h for bacterial colony formation. Post-incubation, images of
the plates were taken and colony counting was done by image
analysis using NIH-Image] software.

2.8 Evaluation of the effect of the BSA-ICG-Cu(u) complex on
viability and functionality of human adult dermal fibroblast
(HADF) cells

The effect of the BSA-ICG-Cu(1) complex on the viability and
functionality of HADF was assessed in vitro. For all the cellular
studies, the HADF cells were cultured in fibroblast-specific
media at 37 °C in an incubator (5% CO, and 95% humidity).
Prior to any assay, cells were harvested from the T25 flask by
trypsinization. The effect of the BSA-ICG-Cu(u) complex on the
viability of HADF cells was first qualitatively assessed through
calcein AM staining. For this purpose, cells were seeded on the
wells of a 96-well plate (10" cells per well) and incubated over-
night to let them adhere to the surface of the plate. Subse-
quently, the cells were treated with 100 pl of the BSA-ICG-Cu(u)
complex prepared in complete fibroblast media for 48 h. Post-
incubation, cells were treated with Calcein-AM in PBS with the
final concentrations of 2 uM and incubated at 37 °C for 30 min.
The cells were then imaged using an Olympus IX73 fluorescence
microscope.

The viability of the cells under the exposure of the complex
was then checked using an MTT assay. For the MTT assay, cells
were seeded in 96-well plates at a density of 10* cells per well
and incubated overnight at 37 °C in an incubator (5% CO,, 95%
humidity). The cells were then treated with 100 pl of the BSA-
ICG-Cu(un) complex prepared in complete media (complete
fibroblast media) for 24 h. Post-treatment, 100 ul of the MTT
reagent at a concentration of 0.5 mg ml~ ' was added to the wells
and the assay was performed as per the instructions provided
with the kit. The absorbance was recorded at 570 nm using
a microplate reader (Agilent EPOCH-SN). The experiment was
done in triplicate and the cellular viability was calculated rela-
tive to that of the control. The statistical analysis was performed
using one-way ANOVA for p-value < 0.05.

To quantify the cell death under the influence of the
complex, flow cytometry was performed using PI. In 24-well
plates, HADF cells were seeded (4 x 10* per well) and cultured
in fibroblast-specific media. Cells were then treated with BSA-
ICG-Cu(n) (13.5 mg ml ') for 24 h. Post-treatment, cells (in the
supernatant and adhered) were collected together and centri-
fuged at 1000 g for 5 minutes to form a pellet. It was then
washed with PBS and resuspended in PBS. After that, the cell
suspension was treated with a PI solution (final concentration
of 50 pg ml~") for 15 minutes at room temperature in the dark.
The total cell population was then examined using a flow
cytometer (FACS Accuri C6, BD Biosciences).

The effect of the complex on the cytoskeletal organization
was studied by immunocytochemistry using phalloidin-TRITC
as an F-actin specific probe. For this study, cells were treated
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with the BSA-ICG-Cu(u) complex for 24 hours. After incubation,
the cells were fixed with a 4% paraformaldehyde solution in PBS
to fix them and then stained with TRITC (tetramethyl rhoda-
mine isothiocyanate)-phalloidin and Hoechst. The imaging was
done using a fluorescence microscope (Olympus IX73) equip-
ped with a CMOS camera.

Migration of the HADF cells under the influence of the
complex was measured by a scratch assay. For this purpose,
HADF cells were stained with membrane-binding vital dye DIL.
The Dil-stained cells were then seeded in the wells of a 24-well
plate at a density of 4 x 10° cells per well and cells were incu-
bated for 48 h to reach confluence. After that, a sharp scratch
was made through the confluent layer using a 10 pl-
micropipette tip. After making the scratch, the old media was
removed, and fresh media containing the complex was added to
the well. Cells treated with only media (without complex) were
taken as control. Covering of the scratch due to cell migration
was then visualized using a fluorescence microscope.

To study the effect of the complex on the differentiation of
HADF, cells were incubated with 13.5 mg ml~" of sample for 7
days. Post-incubation, cells were fixed with 4% para-
formaldehyde, permeabilised with 01% Triton X, blocked with
5% BSA and probed with the primary antibody against a-SMA
(1:500) and the corresponding FITC-conjugated secondary
antibody (1:500). The immune-stained cells were counter-
stained with Hoechst. Imaging was done using a fluorescence
microscope.

The effect of the BSA-ICG-Cu(u) complex on the cellular
expression of VEGF in HADF was analysed using a Human VEGF
ELISA kit (Abcam 100662). In brief, 3 x 10* HADF cells were
seeded in each well of a 24-well plate and allowed to adhere for
24 h in a cell culture incubator. The cells were then treated with
BSA-ICG-Cu(u) for 24 h. Post-treatment, the supernatant was
collected and added to the wells of the pre-coated ELISA plate.
The ELISA procedure was conducted following the protocol
provided by the Company (Abcam), and absorbance was recor-
ded at 450 nm.

2.9 Study of BSA-ICG-Cu(u) induced angiogenesis in vitro
(HUVEC cell tube-forming assay)

To evaluate the angiogenic property of the complex in vitro,
a tube formation assay was performed using HUVEC cells.
HUVEC cells were cultured in a gelatin-coated T-25 flask in
HiEndoXL Endothelial basal medium (part B) supplemented
with endothelial cell growth supplement (part C) in a cell
culture incubator (95% humidity, 5% CO, at 37 °C) as per the
protocol provided by the supplier of the cell (Himedia). For the
tube formation assay, fibrin gel from CELLINK was added to
a 96-well tissue culture plate (50 puL per well). The bed was cured
with 365 nm UV light for 40 seconds, after which 1 x 10*
HUVECs were seeded per well. The cells were treated with BSA-
ICG-Cu(u), and the control group was given complete endothe-
lial media. The cells were incubated at 37 °C for 12 h and the
development of angiogenic networking (tube formation) was
evaluated using calcein-AM staining. Representative pictures of
tube formation were taken at 10x magnification with
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a fluorescence microscope with z-stacking (Olympus, USA).
Further, quantification of the tubular network formation was
done by image analysis using the NIH Image] software, angio-
genesis plug-in to check the number of Meshes, Junctions,
Branches, and Master Segments.

2.10 Statistical analysis

The experiments were done in triplicate, and data were
expressed as mean =+ SD. Statistical significance was assessed by
one-way ANOVA. ‘P’ Value less than 0.05 was considered
significant.

3. Results and discussion

3.1 Synthesis and characterization of the BSA-ICG-Cu(u)
complex

ICG has a high affinity for BSA and binds to the hydrophobic
pockets of albumin.****** On the other hand, copper ions
(Cu(m)) can bind with BSA to form an insoluble precipitate at
various stoichiometries.***"*> Here, we exploited the afore-
mentioned properties of BSA, ICG and Cu(u) ions to develop the
proposed BSA-ICG-Cu(un) complex. We observed that the
formation of the BSA-ICG-Cu(u) complex results in a dense,
visible green precipitate (high turbidity) at 37 °C in water within
a few seconds after the addition of Cu(u) and ICG into BSA
solution [see the inset in Fig. 1A]. The UV-vis-NIR absorption
spectra of BSA-ICG-Cu(u) are shown in Fig. 1A. Analysis of the
spectra revealed that, for the BSA-ICG-Cu(u) complex, the
characteristic peaks of BSA at 278 nm,**** which arise due to the
presence of tryptophan, tyrosine, and phenylalanine are partly
masked.*>*® Similar masking was observed in the case of BSA-
Cu(n) but not for BSA-ICG. Therefore, it may be assumed that
such masking is probably because of the interaction of Cu(u)
ions with the aromatic amino acids in BSA. On the other hand,
the free ICG gives characteristic absorption peaks at 713 nm and
780 nm. With the addition of ICG to BSA, there is an increase in
the overall absorbance, as well as a significant red shift in the
absorption of the peak from 713 nm to 734 nm (~21 nm), and
for the monomeric peak, from 780 nm to 804 nm (~24 nm),
respectively. A similar redshift was also observed for BSA-ICG-
Cu(n), indicating a strong interaction between the BSA and ICG
molecules.”” CD spectroscopy (Fig. 1B) showed drastic dissimi-
larities between the spectra of BSA and BSA-ICG-Cu(u), indi-
cating a structural change in the secondary structure, especially
the native o-helical structure of BSA.*® Interestingly, the CD
spectrum of BSA-ICG was found to be similar to that of BSA,
which implies that the binding of ICG to BSA has minimal effect
on the secondary structure of BSA. On the contrary, the CD
spectrum of BSA-Cu(u) was found analogous to BSA-ICG-Cu(u),
indicating that the structural changes in the protein were due to
its interaction with Cu(u). The fluorescence emission spectra of
the samples were recorded by photoexcitation at a 280 nm
wavelength, and the emission data were collected from 300 nm
to 500 nm (Fig. 1C). BSA generates a strong fluorescence emis-
sion peak at 337-340 nm at 280 nm excitation.>® We observed
a reduction in the intrinsic fluorescence intensity of BSA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biophysical characterization of the BSA-ICG-Cu(i) ion complex: (A) UV-vis-NIR spectra [inset: BSA-ICG-Cu(i) complex], (B) secondary
structural analysis using circular dichroism spectroscopy. (C) Intrinsic fluorescence emission spectra recorded at Aex = 280 nm and A¢py = 300—
500 nm, (D) 8-aniline-1-naphthalene sulfonic acid (ANS) fluorescence spectra at Aex = 380 hm and Ay = 400-600 nm. (E) Excitation—emission
(EEM) mapping and (F) scanning electron microscopy images of lyophilized BSA-ICG-Cu(n). All the spectra were recorded in Milli-Q at RT.

following the addition of ICG. Likewise, the introduction of
Cu(u) ions to BSA also diminished the emission intensity. Such
a decrease in the emission intensity was found to be maximum
for the BSA-ICG-Cu(u1) complex. Previously, it was reported that
such type of fluorescence quenching often implies the struc-
tural alterations in BSA resulting from the interaction of
albumin fluorophores (aromatic amino acids) and the
quencher.®®®* Fig. 1D indicates the change in the hydropho-
bicity of BSA when the ICG and Cu(u) ions interact with it. The
fluorescence intensity of ANS was evaluated to assess the
accessibility of the hydrophobic areas in the protein. ANS is an
extrinsic fluorophore that exhibits modest fluorescence when it
binds with the hydrophilic domain of the protein but demon-
strates high fluorescence when exposed to a hydrophobic
environment.®”” Probing with ANS revealed that there is
a decrease in ANS fluorescence from BSA after the addition of
ICG and Cu(u). The BSA-ICG-Cu(u) complex had the lowest and
most substantial quenching. This may happened because of the
lower accessibility of ANS to the hydrophobic core of BSA due to
structural changes in BSA after interaction with ICG and Cu(u).
Considering this finding along with the observation of the
intrinsic fluorescence study, it can be inferred that BSA has
a strong interaction with ICG and Cu(u) that leads to the change
in protein structure. An excitation-emission mapping (EEM) is
a three-dimensional fluorescence scan indicating the correla-
tion between excitation and emission wavelengths, generating
a contour plot illustrating fluorescence intensity for each
wavelength pair. This approach yields extensive spectrum data,

© 2025 The Author(s). Published by the Royal Society of Chemistry

facilitating an in-depth investigation of fluorophores and their
interactions within a sample.®® Fig. 1E illustrates the three-
dimensional excitation-emission mapping of the BSA-ICG-
Cu(n) complex. The excitation range was noted to be between
780-820 nm, with an emission hotspot occurring at approxi-
mately 820-835 nm. In contrast, for free ICG, the excitation
wavelength ranges between 768-785 nm, and the emission hot
spot was found at 795-810 nm (data not shown). This fact
indicates a clear redshift in the fluorescence emission of the
BSA-ICG-Cu(u) complex when compared to that of free ICG.
Further, the SEM analysis of the morphology of the BSA-ICG-
Cu(n) complex showed the formation of a mesh-like structure
composed of randomly distributed fibrillar threads and beads
in the micrometer range (Fig. 1F). The average bead diameter
was found to be 1-3 um, whereas the fibril diameter was in the
range of 0.6-1 um. This structure was distinctly different with
respect to BSA, BSA-ICG, and BSA-Cu(u) (Fig. S1}). An EDAX
analysis showed that Cu(u) is present in both beads as well as in
fibrils (Fig. S2). This type of structure is not very common in
the literature. A structure partly resembling the findings was
earlier reported by Kida et al. for human serum albumin-based
formulations.®* The presence of a broad halo and the absence of
any distinct peak in the XRD profile (Fig. S3A1) indicates the
amorphous nature of the complex. The existence of copper in
the +2 valence state in the complex was confirmed by the
potassium ferrocyanide test (Fig.S3Bf). Further, the ICP-OES
analysis revealed that the quantity of the Cu was 5.3 pg mg ™"
of the complex.
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3.2 In silico study of the BSA-ICG-Cu(u) complex formation

It is already reported that a wide variety of drug molecules can
bind to serum albumin.®® Such interactions between BSA and
drug molecules have often been checked in silico through
molecular docking studies to gain insight into the binding site
and energy. Here, we have performed the in silico study to
elucidate the binding of ICG and Cu(u) with the BSA and its
impact on the overall structure of the BSA. To mimic the
physiologically relevant ligand-protein interactions, the in-
solution conformations of the interacting ligands and the
receptor protein were simulated before the docking. Intrigu-
ingly, the docking results suggest the receptor protein BSA
binds with ICG with a high free energy of binding (AG binding)
of ~ —8.6 kcal mol . Importantly, ICG was found to dock at the
domain IIA of BSA, which is also known as Sudlow site 1
(Fig. 2A). This binding site is also referred to as drug binding
site 1 and is also known to bind other clinically used drugs like
warfarin, Indomethacin® etc. Importantly, the docked confor-
mation of ICG at Sudlow site 1 is found to be principally

View Article Online
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stabilized by an array of hydrophobic interactions, which also
corroborate  its excellent free energy of binding
(—8.6 keal mol ™) (Fig. 2B and C). Moreover, the atomistic MD
simulation-mediated in-solution stability analysis of the free-
floating and BSA-bound ICG molecule indicates the greater
stability of the molecule in the BSA-bound state during the
simulation time trajectory of 30 ns (Fig. 2D). The docked
conformation of the ICG molecule showed the proximity of the
sulfonic acid group of docked ICG to the Trp213 of BSA (Fig. 2B
and C), which is well-aligned with the quenching of intrinsic
fluorescence as reported in the previous section. A further
docking study of copper (up to 6 Cu(u) binding) with the BSA-
ICG complex gives us the probable binding sites of copper
(Fig. 2E and F) with corresponding free energy of binding (AG
binding) values ranging from —1.2 to —1.0 keal mol ™" (Fig. 2G).
The first copper ion (Cu-I) was found to bind mainly at the N-
terminal site (NTS) of BSA (domain IA, IB) and domain IIA,
which was previously proved to be metal binding site (MBS)
adjacent to drug binding site 1 and is the most explored metal
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Fig. 2

In silico studies of interaction of BSA, ICG and copper ions: (A and B) snapshot represents the binding site of ICG (stick representation in

magenta) with BSA (cartoon representation in green), which is at drug binding site 1 (Sudlow site 1) and three-dimensional orientation of the
interacting residues of BSA with ICG at the binding site. (C) Two-dimensional interaction profile of ICG with active site amino acid residues (red
spiked arch shows hydrophobic interaction between amino acids and ICG; green dotted line represents the hydrogen bond formed between the
amino acid residue and ICG). (D) Comparative RMSD time trajectories of ICG in an unbound form versus ICG bound to BSA and BSA alone
calculated through all-atomistic molecular dynamics simulation analysis. (E) Snapshots of the putative binding sites of six copper ions with BSA in
the presence of docked ICG, (F1-F6) 3D representation of the BSA amino acid residues interacting with docked copper ions. (G) Free energy of
binding of copper ions at different putative BSA interaction sites, and (H) MMGBSA values corresponding to six different putative copper-binding

sites of BSA.
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binding site of albumin (Fig. 2E and F1). Copper-II (Cu-II)
interacts with free Cys-34 in the pocket of domain IA, which
has been proven to be a metal binding site for metals, which
makes a single metal sulfur bond®” (Fig. 2F2). Cu-III and Cu-IV
bind at the multi-metal binding site (MBS)* (Fig. 2F3 and F4).
Earlier biochemical studies support the binding sites of copper,
mainly in NTS and MBS.*

The free energy of binding of Cu(u) ions with BSA has also
been rescored with the molecular mechanics generalized Born
surface area (MMGBSA) method to improve the post-docking
binding free energy calculation performed with AutoDock
scoring function and from this analysis, we found that Cu-I has
the highest free energy of binding and should be the most
favored copper-binding site of BSA (Fig. 2H). Overall, the
simulation results were matching with the findings of
biophysical characterization, especially with intrinsic fluores-
cence data. The binding of copper(u) with BSA-ICG was experi-
mentally confirmed by treating the BSA-ICG-Cu(u) complex with
EDTA of varying concentrations (0.1 mM ' mM ') and obtain-
ing the subsequent UV spectra (Fig. S471). It was found that with
an increase in the EDTA concentration, the UV spectrum of BSA-
ICG-Cu(n) changes to the characteristic UV spectrum of BSA-ICG
(Fig. 1A). Such changes happened because of the removal of
Cu(u) from the complex by EDTA (chelator), leading to the
restoration of the 278 nm peak in the EDTA-treated BSA-ICG-
Cu(u) complex. It also suggests the association of Cu(u) to the
near vicinity of the tyrosine/tryptophan residue in the complex
found in simulation data (Fig. 2F1-F6).

3.3 Study of NIR-induced photothermal and photodynamic
effect

ICG showed both photothermal and photodynamic activities
when activated by an 808 nm NIR laser. A part of the incident NIR
light energy gets absorbed by the ICG and converts the energy
into heat via photothermal processes,” while photodynamic
activation of ICG creates singlet oxygen and other oxygen-
containing free radicals. Here, we observed that at 0.3 W ¢cm >
NIR exposure for 5 min, the change in the temperature (AT) for
the BSA-ICG-Cu(u) is 12 °C, whereas the same for BSA-ICG and
ICG were 20.1 °C and 19.1 °C, respectively (Fig. 3A). This suggests
that just like BSA-ICG, BSA-ICG-Cu(u) can also be used as an agent
for NIR-induced mild hyperthermia, a technology now consid-
ered to be an effective methodology for wound healing. It is now
proven that mild hyperthermia can cause bacterial killing along
with the promotion of angiogenesis, cellular proliferation and
tissue repair.’®’> We also observed that at 0.3 W cm > NIR
exposure, the rate of the change in temperature is more gradual
for BSA-ICG-Cu(u) than BSA-ICG, which offers better control over
the process for further therapeutic applications. The temperature
rise for control (Milli Q) and BSA-Cu(u) was found to be negligible
under the same experimental condition. The photothermal effi-
ciency of the BSA-ICG-Cu(n) complex was found to be 46.5%. After
confirming the photothermal properties of BSA-ICG-Cu(u), its
photostability was further checked for 3 cycles (Fig. 3B). The BSA-
ICG-Cu(u) complex was found to be photostable till 3 cycles.
Subsequently, the photodynamic properties, i.e., the capacity to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generate ROS by the BSA-ICG-Cu(u) complex under NIR exposure,
were further checked using DCFH-DA.” ROS produced by the
samples under NIR exposure (as measured by DCF fluorescence
intensity) was found to be the highest for the BSA-ICG-Cu(u)
complex, which is ~10-fold higher than that of the control
(Fig. 3C). The same for BSA-ICG was only ~3-fold. This data
implied the strong photodynamic property of the BSA-ICG-Cu(n)
complex.

3.4 Study of NIR-mediated antimicrobial activity in vitro

Antimicrobial phototherapy is generally achieved using photo-
thermal and/or photodynamic agents.” ICG, as well as BSA-ICG,
has so far been explored for phototherapy in cancer.*® ICG has
also been used in various nanoformulations for the phototherapy
of wounds.****”> However, one of the critical issues in photo-
thermal therapy (part of phototherapy) regarding the treatment
of bacteria-infected wounds is the thermal injury at the tissue
site due to overheating. To avoid this problem, researchers have
used the 808 nm NIR laser at a power density of 0.3 W cm™>. It is
observed that such practice leads to minimal or no damage to the
wound tissue.”*”® At this laser exposure, temperature generally
rises 40-50 °C, and the condition is often reported as mild
hyperthermia”®* It is reported that mild hyperthermia not only
contributes to bacterial killing but also improves the other
components of healing response like angiogenesis and cellular
proliferation as mentioned in the earlier section. Keeping the
abovementioned perspective in mind, here, we have checked the
efficiency of the BSA-ICG-Cu(u) complex as an NIR-responsive
phototherapeutic antibacterial agent under 808 nm NIR expo-
sure at 0.3 W cm > power density. We observed that the BSA-ICG-
Cu(u) complex could efficiently reduce the bacterial load for both
S. aureus (Gram-positive) and E. coli DH5 alpha (Gram-negative),
as evidenced in Fig. 4A and B, respectively. Quantitative analysis
in terms of colony counting revealed that for the BSA-ICG-Cu(u)
complex, there was more than a 95% reduction in colony count
(Fig. 4C and D). The same was also found true for BSA-ICG.
Earlier, similar efficacy was reported for BSA-ICG and
Bacitracin-Engineered BSA/ICG nanocomplex but with the use of
higher laser power density.** It has to be noted that the usage of
high 808 nm NIR laser power intensities might vary the contri-
butions of both hyperthermia and photodynamic ROS genera-
tion. This highly promising result at 0.3 W ¢cm™> power density
can be correlated to the mild hyperthermia and ROS generation
capacity of the complex, as reported in section 3.3. One impor-
tant finding of the study is that even without NIR light irradia-
tion, the BSA-ICG-Cu(u) complex kills almost 60% of the bacteria.
This may be because of the generation of more ROS by the
Fenton-like reaction between Cu*” ions and H,0, generated by
ICG. This indicates an inherent antimicrobial property of the
BSA-ICG-Cu(u1) complex®-*>

3.5 Study of the effect of the BSA-ICG-Cu(u) complex on the
viability and functionality of HADF cells

Indocyanine green (ICG) and bovine serum albumin (BSA) are
both biocompatible and often used in various formulations, as
they are approved by the USFDA.** On the other hand, copper
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plays a crucial role in different cellular processes in living
species, including humans.** It is reported that copper promotes
the proliferation of dermal fibroblasts and facilitates wound
healing by promoting angiogenesis and new ECM synthesis.?>*
Thus, from the individual component's perspective, BSA, ICG
and Cu(u) are all suitable for biological applications. However,
the effect of the BSA-ICG-Cu(u) complex on the viability and
functionality of HADF needs to be examined to propose its
application for wound healing. Here, we first assessed the
viability of HADF in vitro under the treatment of BSA-ICG-Cu(1)

A CONTROL BSA-ICG BSA-I|

CG-Cu(ll) BSA-Cu(ll) C

qualitatively by calcein-AM staining (Fig. 5A1 and A2)). Calcein
AM is a vital dye that enters live cells due to its lipophilic nature,
where intracellular esterase cleaves it, liberating calcein, which
provides green fluorescence under appropriate excitation and
thus provides information about cell viability and dynamics.*”
The fluorescent images suggest that BSA-ICG-Cu(u) has no
detrimental effect on cell viability. The effect of the complex on
HADF was further evaluated quantitatively by MTT assay and
flow cytometry. Based on the MTT data obtained in our studies, it
is clear that BSA-ICG, BSA-Cu(u), and BSA-ICG-Cu(n) samples
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Fig. 4 Bacterial colonies formed by (A) S. aureus and (B) E. coli after treatment with BSA-ICG, BSA-Cu(il) and BSA-ICG-Cu(i) with or without NIR
(808 nm, 0.3 W cm™2). The survival rate of (C) S. aureus and (D) E. coli after treatment was determined using the plate counting method.
Mean + SD (n = 3); for the analysis of statistical significance, p value was found <0.001.
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Fig. 5 Assessment of the cytocompatibility on HADF cells. (Al and A2) Study of the viability of HADF cells by calcein-AM. (B) Study of the cell
viability by the MTT assay. (C and D) Analysis of dead cell population through flow cytometry using propidium iodide (PI) to evaluate dead cells. (E1
and E2) Study of the cytoskeletal organization by F-actin staining using TRITC-phalloidin. (F-G) cell migration assay. (F1 and F2) Control and (G1
and G2) BSA-ICG-Cu(i) post-24-hours. Cells were stained with a vital dye DIL. The images were taken with a 4x objective and the scale bar
corresponds to 400 pum. (H) Study of the expression of a-SMA by HADF (green colour). Nucleus was counterstained with Hoechst stain (blue).
The images were taken with a 40x objective and the scale bar corresponds to 40 um. (I) Study of the expression of cellular VEGF by the HADF
using ELISA. Data reported: Mean + SD (n = 3); for the analysis of statistical significance, p value was taken as <0.05.

have minimal cytotoxic effects (Fig. 5B). The MTT result indicates
that the BSA-ICG-Cu(u1) complex is compatible with the HADF cell
and thus can further be explored for the preparation of wound
healing formulation. The biocompatibility of BSA-ICG-Cu(u)
could be ascribed to the intrinsic biocompatibility of ICG and
BSA and copper(u) (Cu(u) at low concentrations).” Analysis of the
dead cell population by flow cytometry using PI further
confirmed the findings of the Calcein-AM and MTT study (Fig. 5C
and D). For both the control and BSA-ICG-Cu(u) treated cells, the
dead cell population was found to be less than 10%, i.e., viability
>90%. The physiological condition of adherent cells under the
treatment of the BSA-ICG-Cu(u) complex was also assessed by
analysing cytoskeletal organization. As seen in Fig. 5E1 and E2,
the cells appeared properly adhered with characteristic adherent
morphology. Actin filaments were formed across the cells in the
BSA-ICG-Cu(u) complex, similar to those found in the control
cells. For all samples, ie., BSA-ICG, BSA-Cu(u), and BSA-ICG-
Cu(u), no spherical cells or cell aggregates were observed. It was
found that the complex has no detrimental effect on the cyto-
skeletal organization.

Migration of dermal fibroblasts is an essential component of
wound healing.®® Commonly, to analyse the fibroblast migra-
tion, in vitro scratch assay is performed.* BSA and Cu(u) are
reported to have a positive effect on fibroblast migration;*®
however, no comprehensive data is available for ICG alone.
Here, to evaluate the effect of the complex on dermal cell

© 2025 The Author(s). Published by the Royal Society of Chemistry

migration, we performed a scratch assay, and images were
acquired at 0 h and 24 h after the treatment. During the wound
healing assay, the BSA-ICG-Cu(u1) complex-treated cells filled the
scratch area much faster than untreated control cells (Fig. 5F1,
F2, G1 and G2). The result suggests that the complex enhances
the migration of HADF cells in comparison to the control. To
assess the effect of the complex on converting the fibroblast to
the contracting subtype (myofibroblast), the expression level of
alpha-smooth muscle actin (¢-SMA), a positive marker of myo-
fibroblast was checked qualitatively by immunocytochemistry.
We observed a higher expression of a-SMA in the BSA-ICG-Cu(u)
treated fibroblasts compared to the control (Fig. 5H1 and H2).
Keeping the healing of chronic wounds in mind, we further
checked the influence of the complex on cellular expression
VEGF by HADF since VEGF plays a significant role in activating
endothelial cells and subsequently promoting angiogenesis.”® F
Shams et al. reported that fibroblast cells expressing VEGF are
accountable for enhanced numbers of blood vessels, acceler-
ating angiogenesis in the wound healing process and improving
wound healing.®* In this study, BSA-ICG-Cu(u) showed the
highest VEGF expression of 3-fold in comparison to the TCP
(Fig. 5I). Among all the samples, BSA-ICG-Cu(u) induced the
highest expression (2-3-fold increase), followed by BSA-Cu(u) (1-
fold increase). BSA-ICG showed the least expression of VEGF,
which was almost equivalent to the control. This data implied
that the presence of Cu(u) in formulation for HADF directly
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BSA-ICG-Cu(n) by the HUVEC tube formation assay. Cells were stained

with the vital fluorescence dye calcein-AM (green). Calculation of the (E) No. of junctions, (F) No. of branches, (G) No. of junctions, and (H) total
master segments via image analysis using NIH Imaged software with an angiogenesis plug-in. Data reported: mean + SD (n = 3), p < 0.05.

influenced the VEGF synthesis. The promoting effect of Cu(u)
ions on angiogenesis is well-agreed. Cu(n) has been shown to
activate angiogenic growth factors such as VEGF and FGF
(fibroblast growth factor) due to activation of hypoxia-VEGF
secretion, MAPK, and tyrosine kinase pathways.*’ In the skin,
copper stimulates dermal fibroblast proliferation®® Copper is
also required for the activation of hypoxia-inducible factor-1
(HIF-1), a major transcription factor regulating the expression
of VEGF.”* Considering the effect of BSA-ICG-Cu(u) on the HADF
cells (viability, cytoskeletal organization, migration, differenti-
ation, and VEGF expression), it can be inferred that the complex
acts as a promoter of the dermal fibroblast activities essential
for chronic wound healing.

3.6 Effect of the BSA-ICG-Cu(u) complex on angiogenesis
(study of in vitro tube formation assay in HUVEC cells)

Angiogenesis plays a key role in wound healing, involving
migration and proliferation of endothelial cells.”* Restoring blood
flow to the site of chronic wound tissue is a prerequisite for
mounting a successful repair response. In this study, we evaluate
the angiogenic potential of the BSA-ICG-Cu(u) sample by in vitro
tube formation assay using HUVEC cells (Fig. 6A-D). From the
image, it is evident that BSA-ICG-Cu(u) promotes the formation of
a tubular network among HUVEC cells. A similar network struc-
ture was observed in BSA-Cu(n) but not in the case of BSA-ICG.
This has also been verified by image analysis using the NIH-
Image] software with an angiogenesis plug-in. For a quantita-
tive understanding of the tube formation assay, the numbers of
meshes, junctions, segments, and relative tube lengths were
measured. In the four groups, including the control, BSA-ICG,
BSA-Cu(u), and BSA-ICG-Cu(u), we observed that all the afore-
said parameters were the highest for the BSA-ICG-Cu(u) group
[Fig. 6E-H]. For the control, BSA-ICG, BSA-Cu(u) and BSA-ICG-
Cu(u), the total number of meshes were 21991 + 330, 11570 +
1957, 17774 £+ 609 and 34788 £ 3070; numbers of junctions were

16550 | RSC Adv, 2025, 15, 16540-16554

58.33 £3.51,39 £ 2.82,45.33 £ 3.51 and 75.33 +£ 5; the number of
branches was 61 + 5.65, 56.5 &+ 2.12, 65.66 + 3.21 and 89 + 2.82,
and the total master segments were 2720.5 + 53.03, 225 + 564.27,
2877.5 £ 190.21 and 4477 =+ 2.82. In addition, the relative tube
length increased to approximately 1.25 times (um) in BSA-ICG-
Cu(n) in comparison to control. Cu(u) is already known to
promote angiogenesis by activating the HIF-1 pathway and here
we observed that the performance of BSA-ICG-Cu(u) is better than
BSA-Cu(u), which suggests that the improved angiogenesis is not
only because of the mere presence of the Cu(u) in the system but
the whole molecular complex has a role in activating the angio-
genic pathway.

4. Conclusions

Here, we have categorically shown that an NIR-responsive
multifunctional molecular platform can be developed by simply
combining BSA, ICG, and Cu(u) by exploiting the binding affinity
of ICG and Cu(u) to the BSA. Results revealed that the BSA-ICG-
Cu(u) complex exhibited strong NIR emission, cytocompatibility,
and appreciable photophysical properties. The NIR activation of
the BSA-ICG-Cu(u) complex led to an increase in ROS generation
with mild hyperthermia, which results in excellent bactericidal
efficiency. When tested in vitro with dermal fibroblast and
endothelial cells, we observed that the BSA-ICG-Cu(i) complex
showed enhancement in cellular VEGF expression, dermal cell
migration, and angiogenic properties. Interestingly, the thera-
peutic effect conferred by BSA-ICG)-Cu(u) was found to be syner-
gistic with its constituents, which is very promising. This complex
can be a good candidate for phototherapy-mediated chronic
wound healing. However, it is important to mention that the
results of the in vitro studies are only indicative of the therapeutic
potential of the complex but the dose optimization and safety
assessment needs to be determined precisely for further appli-
cation to substantiate its potential. Furthermore, this NIR-
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responsive platform has been developed to treat chronic wounds
such as diabetic foot ulcers and is not a therapeutic solution to
the underlying cause of the chronicity of the wound (such as
diabetes in the case of diabetic foot ulcers). Therefore, for clinical
success, the application of this complex should be aligned with
the necessary systemic treatment. Addressing such concerns
requires a comprehensive preclinical study of appropriate wound
models, preferably in multidrug-resistant bacterial-infected dia-
betic wound models in rodents.
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