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In this study, we have investigated the effect of variants of BSA on the NIR-induced phototherapeutic
performance of the BSA-ICG complex to identify the best BSA variant for complexing with ICG. Three
variants of BSA, namely BSA-A7030 (protease, fatty acid, and globulin free), BSA-A3059 (protease &
globulin free), and BSA-A3294 (only protease free), were chosen. UV-vis-NIR absorption, fluorescence,
and CD spectroscopy studies showed no significant difference in the spectra of all the BSAs, but in the
presence of Cu?*, a differential reactivity of the three BSA variants was noticed. The biophysical study of
the BSA-ICG complexes (1:1 molar ratio) showed that post-binding, there was a significant red shift of
the ICG peak (both absorption and fluorescence) for BSA-A7030 with a widening of the excitation—
emission hotspot. The photothermal properties of the BSA-ICG complexes under NIR (808 nm) expo-
sure were similar to those of free ICG, whereas the photodynamic property increases for BSA-A3059. All
the BSA-ICG complexes were found to be cytocompatible when tested with the NIH 3T3 cell line
in vitro. The effect of the BSA type on the 808 nm NIR-mediated phototherapeutic properties of the
BSA-ICG complex was tested in vitro on lung cancer cell line A549 (2D model) and a 3D osteosarcoma
spheroid model. The study showed a NIR-induced cytoskeletal disruption of A549 cells with maximum
damage caused by the BSA-A7030-ICG complex. The same complex was found to show the highest
phototherapeutic effect on the 3D spheroid model. This study implied that an appropriate BSA variant is
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1. Introduction

In recent years, near-infrared (NIR) responsive phototherapy
has gained attention as a promising therapeutic modality for
cancer.! In principle, the approach involves the use of a NIR
absorbing material, which under the exposure of NIR of definite
wavelength gets excited and subsequently produces heat (photo-
thermal therapy, PTT) or reactive chemical species (photo-
dynamic therapy, PDT) or both together.>™* One of the preferred
materials for NIR responsive phototherapy is indocyanine green
(ICG), which is a versatile amphiphilic tricarbocyanine dye
known for its strong NIR absorption.® It has been experimentally

“ Department of Bioscience and Bioengineering, Indian Institute of Technology
Jodhpur, Karwar 342030, India. E-mail: indranil@iitj.ac.in

b Technology Innovation and Startup Center (TISC), Indian Institute of Technology
Jodhpur, Karwar 342030, India

¢ Department of Biosciences and Biomedical Engineering, Indian Institute of
Technology Indore, Khandwa Road, Indore 453552, Madhya Pradesh, India

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5ma00066a

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

crucial for BSA-ICG complex-mediated NIR phototherapy.

proved that ICG confers therapeutic benefits by both PTT and
PDT. The US Food and Drug Administration (FDA) has already
approved the use of ICG in medical diagnosis and imaging.>*®
Furthermore, since ICG also provides fluorescence upon NIR
activation it is often used as a diagnostic and theranostic agent.”

However, free ICG showed some limitations when used in
therapeutic formulations. The major drawbacks are its short
plasma half-life and poor stability in aqueous systems.®*™°
To address this issue, Jiang et al. recently reported ICG-derived
carbon dots that showed improved photothermal efficiency."
Interestingly, it was observed that ICG has an affinity to human
serum albumin (HSA), and binding with albumin leads to chemical
stability.">** Such findings inspired scientists to develop the ICG-
albumin complex to impart stability in ICG therapeutic formula-
tions. In addition to HSA, bovine serum albumin (BSA) has also
shown similar interaction with ICG because of its close homology
with HSA.'"® Other advantages of BSA are its biocompatibility, less
immunogenicity, ready availability, and low-cost.'"®™*® As a result,
BSA has often been used along with ICG to develop effective anti-
cancer formulations. There are several examples available in the
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literature that describe the combination of BSA and ICG in different
therapeutic or theranostic platforms. A novel phototheranostic
nano complex for enhanced NIR fluorescence imaging has been
reported by Feifei An et al.' This study revealed that the binding of
ICG with albumin can enhance the stability and photolumines-
cence quantum yield (PLQY). Park et al. developed an ICG-based
phototherapeutic platform using PEG-BSA-AgNP.'® Rong Ma et al.
synthesized BSA@ICG-DOX NPs. They demonstrated minimal
toxicity, good photothermal properties, strong NIR fluorescence
emission, and the potential to target cervical tumors.>

There are several varieties of BSA available in the market.
A detailed list of online resources about different types of
commercially available BSA is available in Table S1 (ESIT). Earlier
reports suggest that the performance of BSA-based formulations
can vary with different versions of BSA. Gamaliel Junren Ma et al.
reported that defatted BSA which works better as an antifouling
agent has conformation and absorption properties different than
fatted BSA.>" Regardless of the purification stage’s fractionation
method, BSA proteins that were devoid of fatty acids often
performed better than those that were stabilized by fatty acids.
Defatted BSA proteins showed less charge repulsion in the
adsorbed state and lower conformational stability in the solution
phase, which results in enhanced reactivity. Increased surface-
induced denaturation and adsorption uptake provide better
passivation coatings and more tightly packed adlayers. Yuhong
Xiao et al. demonstrated that different BSA preparations used as
blocking agents in an ELISA can lead to varying levels of non-
specific binding.>* To investigate if bovine C3 caused vaccinia
virus complement control protein (VCP) binding, they tested
several BSAs with rabbit anti-bovine C3 and goat anti-human
C3b antibodies and found no signal, indicating the absence of
bovine C3. Despite this, different BSA preparations, (globulin-
free or low-endotoxin) are found to be capable of binding with
VCP. This suggests that the process to create globulin-free, low
endotoxin BSA (A2934) depletes it of a substance that binds to
VCP, though the specific contaminant was not identified. In a
separate study, it was shown by Rita Slaaby et al. that commercial
and commonly used BSAs contain factors that influence the
binding of BSA with IGF-I resulting in variation in the BSA
concentration-dependent ECs, value up to 40-fold.?* Since these
studies imply that there are variations in BSA’s preparations,
they emphasized that mentioning the catalogue number of BSA
is important to avoid such variability.

Now in the case of the BSA-ICG complex, despite widespread
interest in developing suitable phototherapeutic platforms, it is
not clear whether variation in the type of BSA has any impact on
the properties (such as absorption, fluorescence, photothermal
properties, and ROS generation) of the BSA-ICG complex and
if yes, then what should be the preferred version of BSA. The
reason for such a knowledge gap is that the majority of relevant
research publications have only assessed one version of BSA
without mentioning the type of BSA or the factors such as fatty
acid, immunoglobulin, etc. present in it. The fact is that
different commercial versions of BSA, even those made by the
same company, have different methods for isolating the protein
from bovine plasma. This point is frequently overlooked at the
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time of reporting the phototherapeutic effect of the BSA-ICG
complex, which hinders the technical progress.

Keeping this perspective in mind, herein we have conducted
a study to understand how the variation in BSA type affects the
photophysical and biological properties of the BSA-ICG
complex and what kind of BSA is a better partner for ICG for
phototherapeutic applications. For this purpose, we have cho-
sen three different types of BSA from Sigma Aldrich, namely,
BSA fraction IV catalogue number (A7030, A3059, and A3294).
The variation in physicochemical properties of all the BSAs was
checked. Furthermore, the complexes formed between ICG and
three different types of BSA were extensively studied with differ-
ent biophysical techniques that include UV-vis-NIR absorption
spectroscopy, CD spectroscopy, fluorimetry, etc. The photother-
mal and photodynamic properties of all three sets of BSA-ICG
were also checked. Finally, the effect of these complexes on
living cells was analyzed in vitro in a 2D and 3D spheroid model.

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), bovine serum albumin, heat shock fraction, protease
free, essentially globulin free, pH 7, >98% (Cat No. A3059),
bovine serum albumin, heat shock fraction, protease free, pH 7,
>98% (Cat No. A3294), copper sulfate (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’-diacetyldichlorofluorescein (DCFH-
DA, Cat No. D6883) were purchased from Sigma Chemical Co.
Dulbecco’s modified Eagle’s media (DMEM, Cat No. AL151A),
Dulbecco’s phosphate-buffered saline (DPBS, Cat No. TL006),
fetal bovine serum (FBS, Cat No. RM10432), antibiotic-antimy-
cotic solution (Cat No. A002A), 0.25% trypsin-1 mM ethylene-
diaminetetraacetic acid (EDTA, Cat No. T001) and MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Cat No. CCK003) were purchased from Himedia, India. The
NIH3T3, A549 and MG 63 cell lines were purchased from the
National Centre for Cell Science, Pune.

2.2. Methodologies

2.2.1. Preparation of BSA stocks and other reagents. The
BSA stock solutions (0.2 mM) of A7030, A3059, and A3294 were
prepared in MilliQ water (18.2 MQ). For the comparative
analysis of important physicochemical properties of three types
of BSAs, the aforementioned stock was further diluted in MilliQ
water as per the experimental requirement. The ANS stock
solution was prepared using Milli-Q water with a concentration
of 3.16 mg mL ™" (10 mM). For the biophysical study of the
interaction of different types of BSA with metal ions (Cu®"), all
BSA samples were prepared in MilliQ at 0.2 mM concentration.
A 10 mM stock solution of copper sulfate was prepared in
MilliQ and further diluted to 0.3 mM, 0.6 mM, and 0.9 mM in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MilliQ at the time of studying the interaction with different
types of BSA. For the BSA-ICG complex formation, ICG stock
(645 uM) was prepared in MilliQ water. For BSA-ICG complex
formation, 500 puL of BSA (0.2 mM) and 155 pL of ICG (645 puM)
were mixed and the volume was made up to 1 mL with MilliQ
water. For cellular studies, BSA solution (0.2 mM) was prepared
in incomplete media (DMEM). For every experiment, freshly
prepared reagents were used.

2.2.2. UV-vis-NIR absorption spectroscopy. The absorption
spectra of the three different BSA samples were measured using
a Shimadzu UV-vis-NIR spectrophotometer (UV-1900i) from
200-1100 nm wavelength. For studying the interactions of
different BSA with varying concentrations of Cu®', the absorp-
tion spectra were recorded for the 200-500 nm wavelength
region. BSA-ICG sample spectra were recorded in the 200-
900 nm wavelength region. For all the absorption spectra,
ultrapure Milli-Q water was used as the blank as the samples
were prepared in it. Quartz cuvettes having a 1 cm optical path
length were used.

2.2.3. Fluorescence spectroscopy. The intrinsic fluores-
cence spectra of different BSAs were recorded using a Jasco
spectrofluorometer (FP-8300) containing an Xe arc lamp
(continuous output) as the excitation source. The slit widths
for excitation and emission were kept at 2.5 nm. For intrinsic
fluorescence measurements, all the samples with BSA were
excited at 295 nm and the emission was collected from 300~
500 nm wavelength. Spectra were recorded at 298 K with a 1 mL
quartz cuvette of 1 cm optical path length. For this experiment,
all the samples were diluted 10-fold with MilliQ to make up the
volume to 1 mL. The spectra obtained through these experi-
ments were analyzed using Origin software. For ICG fluores-
cence detection measurements, the sample was excited at
720 nm, and emission spectra were recorded at 735-900 nm.

For 3D excitation and emission mapping, the excitation
wavelength range was 650-850 nm, and the emission wave-
length range was 665-895 nm with a 10 nm increment. The
excitation and emission bandwidth were set to 5 nm and
10 nm, respectively. Furthermore, the spectra were analyzed
using Origin software. For 8-anilino-1-naphthalenesulfonic acid
(ANS) fluorescence measurements, the fluorescence emission
was recorded at the photoexcitation wavelength of 350 nm and
the emission was collected from 400-600 nm wavelength.
Before the fluorescence scan, the sample was incubated for
1 hour in the dark.

2.2.4. Circular dichroism (CD) spectroscopy. For secondary
structure prediction of the different BSAs, CD measurements
were done on a Jasco J 815 Spectropolarimeter, and the con-
formational changes of the BSA samples were monitored for the
wavelength range 195-250 nm. For this experiment, 5 pM
concentration of BSA was used. Samples were taken in a cuvette
of 1 mm path length with a scanning speed of 50 nm min~".

2.2.5. Study of the NIR-induced photothermal effect. To
study the photothermal properties of the BSA-ICG complex
prepared with different types of BSA, samples were irradiated
using an 808 nm CW laser at a power density of 0.33, 0.66, and
1 W ecm 2 for 5 min, and the temperature rise was recorded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using a thermal camera (Model No. FLIR Cx-series). Briefly,
300 pL of the sample was kept in a 1.5 mL microcentrifuge tube
and was subjected to laser irradiation from the top keeping the
lid of the microcentrifuge open. The temperature rise was
recorded for 5 min at a 30 s time interval. MilliQ served as a
control in this experiment. To study the photostability, the
samples were irradiated with an 808 nm CW laser at a power
density of 0.33 W cm 2 for 5 min, and allowed to cool down for
5 min with the laser off. Samples were exposed to the laser
through five such on/off cycles to measure the temperature rise
using a thermal camera (FLIR Cx-series). The cooling curve was
obtained during the laser-off period.

2.2.6. Study of the NIR-induced photodynamic -effect
(analysis of acellular ROS generation). In the study of the
NIR-induced ROS generation from different BSA-ICG com-
plexes, the samples were analyzed through fluorimetry using
DCFH-DA (a ROS probe) as per the protocol mentioned by Netra
et al.** Briefly, sodium hydroxide (0.01 M) was mixed with
DCFH-DA (200 pM) in a 3:2 v/v ratio and incubated for
30 min at room temperature to convert DCFH-DA to DCFH2.
To stop the reaction, the mixture was poured into 0.1 M PBS
(3 mL). DCFH2 was added to the BSA sample to obtain the final
concentration of 5 uM. After that, the samples were subjected to
808 nm CW laser irradiation at a power density of 0.3 W ecm™> for
5 min. The resulting solution was excited at 405 nm and emission
was recorded for the wavelength range spanning from 420-500 nm.

2.2.7. Invitro cytotoxicity assay. The in vitro cytotoxicity of
the BSA-ICG complexes was evaluated by MTT assay using
NIH3T3 mouse fibroblasts. The cells were cultured in complete
DMEM, and incubated at 37 °C and 5% CO,. For cytotoxicity
studies, the 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 puL of BSA-ICG complex
(0.1 mM) prepared in incomplete DMEM media and incubated
for 4 h at 37 °C. The cells were then washed with PBS and
treated with 100 pL of 0.5 mg mL™' of MTT reagent and
incubated for 3.5 h. Then, the MTT solution was removed
and 100 pL of DMSO was added to each well to dissolve the
formazan crystals, and the absorbance was measured at 570 nm
using a microplate reader (Agilent EPOCH-SN). The experiment
was done in triplicate. The statistical analysis was performed
using one-way ANOVA for p-value < 0.05.

For the study of cytoskeletal reorganization, cells were
cultured and treated with BSA-ICG complexes as per the
method mentioned above. Post-treatment cells were fixed with
4% paraformaldehyde (in PBS), permeabilized with 0.1% Triton
X, and then stained with TRITC (tetramethylrhodamine iso-
thiocyanate) phalloidin and Hoechst. The cells were visualized
through fluorescence microscopy (Olympus, USA).

2.2.8. Study of in vitro uptake of BSA-ICG complexes by
A549 cells and cellular ROS generation. To compare the
influence of different BSA on the uptake of the BSA-ICG
complex by A549 lung cancer cells and subsequent generation
of ROS under NIR exposure, 3 x 10> cells were seeded in 6 well
plates for 48 h before treatment. The cells were then treated

Mater. Adv,, 2025, 6,1621-1634 | 1623
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with BSA-ICG complexes (0.1 mM, prepared in incomplete
DMEM media) for 4 hours. Post incubation, the cells were
trypsinized, washed with PBS, and resuspended in 500 pL of
PBS. After that the cells were then irradiated with an 808 nm
laser at a power density of 0.33 W cm > for 5 min. Post-
irradiation cells were incubated for 30 minutes with DCFH-
DA (a probe for ROS) washed two times with PBS to remove any
remaining free DCFH-DA in the solution. Finally, the cells were
resuspended in PBS and subjected to flow cytometry using a
FACS BD Accuri C6 (BD Biosciences, San Jose, CA, USA). ROS
signals were acquired at FL-1 (filter for FITC) and ICG signals in
the cells were acquired at the APC-Cy7 channel (785 nm) filter
as per the protocol reported.>

2.2.9. Study of the impact of NIR irradiation on the A549
cells treated with BSA-ICG complexes. To evaluate the effect of
NIR irradiation on the A549 cells treated with different BSA-
ICG complexes, 10* cells were seeded per well in 96-well plates
and incubated overnight at 37 °C in an incubator (5% CO,, 95%
humidity). The cells were then treated with 100 ul of BSA-ICG
complexes (0.1 mM) prepared in incomplete DMEM media and
incubated for 4 h at 37 °C. The cells were then irradiated with
an 808 nm CW laser at a power density of 0.33 W cm™> for
5 min. Post irradiation, the cells were fixed with 4% parafor-
maldehyde (in PBS), permeabilized with 0.1% triton X, and
then stained with TRITC (tetramethylrhodamine isothiocya-
nate) phalloidin and Hoechst. The cells were visualized through
fluorescence microscopy (Olympus, USA).

2.2.10. Study of the NIR-mediated phototherapeutic effect
of BSA-ICG formulations in a 3D spheroid model. To check the
influence of BSA-types on the phototherapeutic effect of BSA-
ICG complexes in a 3D tumors model, we prepared a cellular
spheroid using the MG-63 cell line (osteosarcoma cell line).

To prepare spheroids, 60 puL of 0.6% agarose solution was
poured into each well of a 96-well plate and allowed to solidify
at room temperature for 10-15 min. A single-cell suspension
containing 10* cells in complete DMEM medium was added to
the solidified agarose bed in each well. The plate was incubated
at 37 °C (in 5% CO,, 95% humidity) for 4 days, allowing the
cells to aggregate and form densely packed, spherical spher-
oids. Once the spheroids attained the spherical morphology,
they were treated with BSA-A7030-ICG, BSA-A3059-ICG, and
BSA-A3294-ICG complexes (0.1 mM) prepared in incomplete
DMEM media and incubated for 4 h at 37 °C.

Following the incubation, the spheroids are exposed to
808 nm near-infrared (NIR) light at 1 W em ™ for 10 min and
then kept in an incubator for 4 hours. After this period, one set
of spheroids was treated with 3 pM of propidium iodide (PI)
and incubated for 20-30 min at 37 °C. The spheroids are
subsequently washed three times with sterile 1x PBS. Finally,
the spheroids are imaged using an Olympus IX73 inverted
fluorescence microscope, capturing both phase contrast and
fluorescence images to analyze spheroid integrity and PI
uptake. Another set of spheroids (after treatment with BSA-
ICG complex followed by NIR irradiation) was plated on a tissue
culture plate and migration of the cells from the spheroid to the
surface of the plate (analogues to explant culture) was checked
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after 96 h of plating. Post 96 h, images were captured using a
phase contrast microscope. For quantitative analysis, following
4 hours of incubation all of the NIR light irradiation treatment
groups were irradiated with an 808 nm laser for 10 min at a
power density of 1 W cm™? and then kept in an incubator for
3 hours. The cells were gently washed with 1x PBS, trypsinized,
and neutralized in complete DMEM and were stained with 2 uM
propidium iodide (PI) and incubated for 20-25 min at 37 °C.
After that the cell population was analysed by flow cytometry to
check the PI positive population.

3. Results & discussion

3.1. Comparative analysis of the biophysical properties of
different BSAs (A7030, A3059 and A3294)

Analysis of the UV-vis absorption spectra of three different
types of BSA in MilliQ is presented in Fig. 1A. We did not
observe any significant variation in the absorption spectra of
three different types of BSA. All the BSAs possessed two
absorption peaks at 214 nm and 278 nm in MilliQ.>**” The
spectrum shows a high absorption peak at 214 nm and a
shoulder peak at 278 nm. The 214 nm absorption peak corre-
sponds to the m — m transition, which is a characteristic of its
backbone structure is C—O and the weak absorption peak at
278 nm is attributed to the presence of aromatic amino acids
like tryptophan, tyrosine, and phenylalanine. The same find-
ings were reported in other studies.”®*® When checked for
intrinsic fluorescence properties, and no variation in the spec-
tral pattern was observed among the three BSAs, as shown in
Fig. 1B. However, the peak intensity at 340 nm for BSA-A7030
was found to be relatively less in comparison to BSA-A3059 and
BSA-A3294. It is already known that Trp fluorescence intensity
often depends on the microenvironment of the protein.?**°
Since BSA-A7030 has been reported as free of fatty acids and
globulin, it can be inferred that the microenvironment of BSA-
A7030 may be slightly different than the other two BSA types.
Probing further with ANS revealed that there is a decrease in
the ANS fluorescence for BSA-A7030 in comparison to the other
two types of BSA (Fig. 1C). ANS as an extrinsic fluorophore gives
a strong fluorescence signal in a hydrophobic environment.**
A decrease in ANS fluorescence often happens because of the
change in conformation of the protein that may lead to a more
compact structure. Such changes can reduce the chances of
binding of a smaller number of ANS molecules. Considering
this finding along with the observation of intrinsic fluorescence
study, it can be inferred that BSA without fatty acid and
globulin allows maintaining its hydrophobic domain with
lesser flexibility. However, when checked with CD spectroscopy,
no significant change in the spectra was observed suggesting
that the basic o-helical structure remains conserved irrespective
of the presence or absence of fatty acid or globulin. The two
negative bands at around 208 and 222 nm as observed in the
CD spectra of all three variants of BSA, indicate the a-helical
structure (Fig. 1D).>> The negative ellipticity values of the
three types of BSA at these wavelengths suggest no major

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biophysical characterisation of all the BSAs (A) UV-vis absorption spectra. The spectra were taken for the range 200-1100 nm but reported for the
range 200-500 nm since there were no features observed in the rest of the wavelength range; (B) intrinsic fluorescence emission spectra recorded at
Jex =295 nm and Aem = 300-500 nm; (C) ANS fluorescence spectra recorded at /ey = 350 nm and Ay, = 400-600 nm; and (D) circular dichroism spectra

in the far-UV region. All measurements were recorded in MilliQ water.

conformational changes in a-helical structure. Therefore, it can
be assumed that the change in the microenvironment of Trp
was the result of minor variations in the molecular arrange-
ments around the two Trp residues.

3.2. Study of the interaction of different types of BSA with
Cu(u) ions in aqueous medium

It is already known that albumin binds to d-block transition metal
ions like Cu®*, Zn*', etc. through its multiple binding sites, facil-
itating metal transport and regulation in the bloodstream.>**® We
wanted to test the affinity of different types of BSA with these
transition metal ions, so we decided to take Cu(u) as our model ion.
To study the interaction of different BSA with Cu(u) at 37 °C
temperature, for each type of BSA (0.1 mM), copper sulfate solu-
tions of three different concentrations ie. 0.3 mM, 0.6 mM, and
0.9 mM were used. Earlier, it was reported that BSA can form a
visible precipitate when interacting with Cu>* ions.?” Here, we have
observed that the formation of the copper-induced precipitation
not only depends on the type of BSA, but also shows responsiveness
towards the variation of Cu®>" concentration (Fig. 2D). We observed
that the interaction of BSA-A7030 with Cu®>* (both at 0.6 mM and
0.9 mM) leads to the formation of a dense visible precipitate
(high turbidity) whereas in the case of BSA-A3059 mild turbidity
was observed even after interaction with Cu*" ions at higher
concentration Ze., 0.9 mM. The other BSA ie., BSA-A3294 showed
reactivity in between BSA-A7030 and BSA-A3059. Among all these
sets we found maximum precipitation in the case of reaction
between BSA-A7030 with Cu®* (0.9 mM) whereas the least precipita-
tion was observed for BSA-A3059 interacting with Cu>* (0.3 mM).

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

Earlier, it was reported that BSA can form a precipitate with Cu®*
when interacted in a 1:6 molar ratio.”” It was also reported that
such precipitation reaction was governed by Cu®" and not by the
anion or pH or temperature.

The Cu”" concentration-dependent precipitation reactions
with different BSAs were further monitored by UV-vis absorption
spectroscopy and the spectra are reported in Fig. 2A-C. It was
observed for all three BSAs that the characteristic UV peaks at
214 nm and 278 nm disappeared when treated with 0.9 mM of
Cu”". Eventually, these are cases where visible precipitate for-
mation was observed. In the case of interaction with 0.6 mM and
0.3 mM Cu*", it was observed that the peaks at 214 nm and
278 nm were retained for BSA-A3059 but not for the other two
types of BSA. The binding of Cu(i) might induce partial unfold-
ing or structural rearrangements in BSA, affecting the structure
and thereby altering the absorbance characteristics.*® To under-
stand these phenomena in detail, the interaction was further
studied by fluorescence spectroscopy and CD spectroscopy. The
study of fluorescence quenching is a useful tool to get the
structural information of the macro-molecule.’® The intrinsic
fluorescence spectra of all three BSAs with 0.6 mM Cu®" were
recorded (Fig. 2E). The samples were excited at 295 nm to
specifically study the Trp fluorescence property.’>*’ It was
observed that when Cu** was added into BSA, quenching of
the 340 nm peak was least for BSA-A3059 whereas both BSA-
A7030 and BSA-A3294 showed significant quenching. The UV
and fluorescence data suggest that molecular structure BSA-
A3059 remains unperturbed in the presence of Cu** whereas
the other two BSAs are vulnerable to structural changes. This was
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Fig. 2 Analysis of the interactions of BSA variants with Cuf(i) ions: (A)—(C) UV-vis spectra from 200-500 nm of BSA-A7030, BSA-A3059, and BSA-A3294,
respectively; (D) images showing the formation of Cu(i)-induced precipitation of BSA and Cu(i) solutions alone without BSA at 0.3 mM (1), 0.6 mM (2) and 0.9 mM
(3), respectively; (E) and (F) interaction of BSAs with 0.6 mM Cu(i): (E) significant quenching observed in the intrinsic fluorescence spectra recorded at ey = 295 nm
and Zem = 300500 nm confirms complex formation; and (F) circular dichroism spectra in the far-UV region. All measurements were recorded in MilliQ water.

further proved by CD spectroscopy where characteristic CD
spectra of BSA-A3059 were found unchanged indicating the
retention of the native o-helical structure. The same was found
completely lost in the case of BSA-A7030 and BSA-A3294 (Fig. 2F).
These data together implied that three different BSAs can have
different structures under the influence of metal ions.

3.3. Study of the interaction of different types of BSA with ICG
in an aqueous medium

ICG is an FDA-approved near-infrared chromophore widely used
in therapeutic applications for its exceptional tissue penetration
capabilities.”** ICG is crucial in phototherapy due to its strong
absorption in the near-infrared range, which enhances photo-
thermal and photodynamic therapeutic capabilities and facil-
itates effective targeting to mediate the destruction of cancer
cells.*>** Free ICG poses several challenges in cancer treatment

like poor circulation half-lives, rapid clearance, poor stability, and
limited cellular uptake, etc., while binding with BSA enhances its
stability and half-life with a reduction in photodegradation.>™*°
Here, we have checked the binding of ICG with different types of
BSA using a set of biophysical techniques.

The UV-vis-NIR absorption spectra of the three different
BSAs and ICG are presented in Fig. 3A. It was found that
the absorption peak intensities at 214 and 278 nm for BSA
remained the same for all three types. However, in the NIR
region, we observed a shift of the two characteristic ICG peaks,
one from 710 nm to 728 nm (~18 nm) and another from
778 nm to 798 nm (~ 20 nm) when interacting with BSA-A3059
& BSA-A3294 with nominal change in the peak intensity. In the
case of BSA-A7030, the red shift for the characteristic ICG peak
was very significant, which is ~1.4 times higher for one peak
from 710 nm to 735 nm (~25 nm) and ~ 3.5 times higher for
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Fig. 3 Analysis of the interactions of BSA variants with ICG: (A) UV-vis-NIR spectra from 200-1100 nm show a red shift, which suggests complex
formation; (B) fluorescence emission spectra with 1ex = 720 nm and Aem = 735-900 nm; and (C) intrinsic fluorescence spectra recorded at e, = 295 nm

and Aem = 300-500 nm.
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another peak from 728 to 803 nm (~ 75 nm), when compared to
free ICG. Earlier it was reported that a red shift occurs when
ICG binds with BSA.>® However, here we have observed that the
extent of redshift varies with the type of BSA, which implies
differential binding of ICG with a different variant of BSA.
When checked with other concentrations of BSA, we observed a
concentration-dependent shift of characteristic ICG peaks,
while no change was observed for the absorbance peak of
BSA for all three BSA-ICG complexes. Furthermore, for BSA-
A7030-ICG, a concentration-dependent increase in the inten-
sity of the ICG peak was observed (Fig. S2, ESIT).

The free ICG showed peak maxima at 809 nm, while all the BSA-
ICG showed a redshift (Fig. 3B). The highest redshift (~20 nm) was
observed for BSA-A7030 whereas the same for BSA-A3059 and BSA-
A3294 was 14 nm, respectively. This data is in accordance with the
UV-vis absorption spectra, as shown in Fig. 3A. Interestingly, when
compared to free ICG, BSA-A7030-ICG exhibited a fluorescence
enhancement of ~ 3 fold, whereas BSA-A3059-ICG and BSA-A3294—
ICG showed only ~1.7 fold. When tested with varying concentra-
tions of BSA, a concentration-dependent red shift of the emission
peak of ICG at higher concentration of BSA with an increase in
intensity for BSA-A7030-ICG was noticed (Fig. S3, ESIt). A decrease
in the intensity of the peaks at 340 nm (quenching) for all the cases
implies the strong binding of ICG with different BSAs (Fig. 3C).

3.4. Study of BSA dependent variation in the excitation-
emission map for BSA-ICG complexes

To determine the fluorescence characteristics of these formula-
tions, we have recorded the excitation-emission (EXEm) maps
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for free ICG, and various BSA-ICG complexes (BSA-A7030,
A3059 & A3294), and the data for the same are presented in
Fig. 4(A-D). The EXEm mapping for free ICG showed the two
distinct emission hotspots, 685-705 nm, and 795-810 nm,
upon excitation windows of 670-680 nm and 768-785 nm,
respectively. This finding is in accordance with the published
literature.>'

For all the BSA-ICG complexes, there are two distinct
features observed in the EXEm maps. Firstly, we observed that
the emission hotspot emission window in the region of 685-
705 nm, which was prominent in the case of free ICG, becomes
unnoticeable. Secondly, there is a broadening of emission hot
spots with a significant increase in intensity. The maximum
broadening of the hotspot and increase in intensity was
observed in the case of the BSA-A7030-ICG complex followed
by BSA-A3059 and BSA-A3294 (almost similar enhancement).
For the BSA-A7030-ICG complex, the excitation wavelength
ranges between 780-830 nm, and the emission ranges between
800-855 nm. Furthermore, in comparison to ICG, the intensity
of the hotspot for the BSA-A7030-ICG complex was found to be
~2.5 fold higher. For the BSA-(A3059 & A3294)-ICG complex,
the excitation wavelength ranges between 785-825 nm and
the emission wavelength ranges between 804-846 nm. When
checked with other concentrations of BSA, we observed a
concentration-dependent broadening of the hot spot and the
extent of such broadening was found to be the highest for BSA-
A7030-ICG (Fig. S4, ESIt). The broader 3D fluorescence excita-
tion-emission window for the BSA-A7030-ICG complex sug-
gests that this can be excited by a wider range of wavelengths
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Fig. 4 Excitation—emission mapping of (A) ICG, (B) BSA-A7030-ICG, (C) BSA-A3059-ICG, and (D) BSA-A3294-ICG. All measurements were

recorded in MilliQ.
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and can emit at a wider wavelength suitable for better detection.
This change in property makes BSA-ICG more versatile. These
EXEm maps are universal and can be used to identify the
brightest hotspot, at a given excitation wavelength.

3.5. Study of the NIR-induced photothermal and
photodynamic properties of different BSA-ICG complexes in an
acellular environment

When excited by an 808 nm NIR laser, ICG exhibits dual
functionality. Upon activation, ICG sensitizes the production
of singlet oxygen and other oxygen-centered radicals via a
photodynamic process, while also absorbing NIR light to con-
vert energy into heat through photothermal effects.>»>* The
photothermal properties of all the BSA-ICG complex formula-
tions under the exposure of an 808 nm laser were investigated.
At 0.3 W cm ™2 NIR exposure, the change in the temperature
(AT) for the BSA-A7030-ICG complex was found to be 23.6 °C.
The same for 0.6 W cm™> and 1 W em™ > NIR exposure were found
to be 38.3 °C and 57 °C, respectively. In the case of BSA-A3059, the
changes in the temperature for 0.3 W cm 2, 0.6 W cm ™2, and
1 W cm™? were found to be 21.6 °C, 33.6 °C and 56.5 °C,
respectively. For the BSA-A3294-ICG complex, the increase in
temperature (AT) for 0.3 W cm >, 0.6 W cm 2, and 1 W cm >
was found to be 20.3 °C, 34.3 °C and 54.1 °C, respectively. The
time-dependent variation of AT for all these BSA-ICG complexes
under NIR exposure is presented in Fig. 5A-C. When compared
with free ICG, we did not notice any significant enhancement
in the photothermal properties of the BSA-ICG complexes. This
suggests that for the particular NIR exposure (at 808 nm), all the
BSA-ICG complexes exhibit similar photothermal effects at par
with free ICG. When checked for the photothermal stability for

View Article Online
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5 cycles (detail protocol mentioned in Section 2.2.4), we found that
all the BSA-ICG complexes are equally photostable (Fig. 5D). The
photostability of free ICG and photo images of the irradiated
samples with all three BSA-ICG complexes and ICG are given in
Fig. S5 (ESIY).

The photodynamic properties, i.e., the capacity to generate
ROS by different BSA-ICG complexes under NIR exposure, were
further checked using DCFH-DA. The DCF fluorescence was
found to be approximately 10-fold higher for free ICG when
compared to the dark. The DCF fluorescence originating
from the BSA-A3059-ICG, BSA-A3294-ICG, and BSA-A7030-
ICG under photoirradiation conditions was 25 folds, 20 folds,
and 17.5 folds higher respectively when compared to that of the
dark condition (Fig. 5E). This could be attributed to the
enhanced photostabilities of the BSA-ICG complexes when
compared to free ICG.

3.6. In vitro cytotoxicity assay

ICG and BSA are both known for their high biocompatibility and
are widely used in medical and biochemical applications.*®*”
However, the toxicity of the BSA-ICG complex was not evaluated
in detail. Here the cytotoxicity of the complex BSA-ICG was
determined by measuring the cell viability and morphology of
NIH3T3 cells to understand the effect of different BSAs in the
BSA-ICG complex (Fig. 6). MTT assay revealed that the BSA-
A7030-ICG and BSA-A3059-ICG complexes are more cytocompa-
tible than the control (TCP). Among the three BSA-ICG com-
plexes, BSA-A7030 showed the highest cytocompatibility (1.14-
fold) followed by the BSA-A3059-ICG complex (Fig. 5A). When
checked for the cytoskeletal organization of the adhered NIH 3T3
cells post-treatment with the BSA-ICG complexes, we did not

35 60 90
(A) =—ICG 0.33 W/icm? (B) ——ICG 0.66 W/cm? (C) 801 -—ICG 1 Wicm?
30{—— BSA-A7030-ICG 504 —— BSA-A7030-ICG —— BSA-A7030-ICG
5 —— BSA-A3059-ICG . BSA-A3059-ICG 701—— BSA-A3059-ICG
_ —v—B_SI_\-A3294-ICG 40 1—— BSA-A3294-ICG 60{—— BSA-A3294-ICG
©20{——MilliQ O {——MmiliQ O 50— MilliQ
< < 30 13
515 E = 404
10 201 30
5 10 201
I A 10
0 50 100 150 200 250 300 0 50 100 150 200 250 300 00 50 100 150 200 250 300
Time (s) Time (s) Time (s)
D) ”° — E
( ) 0.33 Wicm? BSA-A7030-ICG ( ) _ 25/ park
651 —e— BSA-A3059-ICG 2" |INR
560, —+— BSA-A3294-ICG 2
o L 20+
£ 551 =
>~15.
T 504 5
[} e
£ 451 810
- 40 &
[T
O 51
35 Q

0 500 1000 1500 2000 2500 3000
Time (s)

BSA-A7030 BSA-A3059 BSA-A3294
-IcG -1ICG -IcG

PBS IcG

Fig. 5 (A)—(C) Photothermal temperature rise of ICG, BSA-A7030-ICG, BSA-A3059-ICG, and BSA-A3294-ICG with 0.33, 0.66 and 1 W cm™2,
respectively, when irradiated for 5 min; (D) photostability of BSA-ICG for five ON-OFF cycles; and (E) acellular ROS generation All measurements

were recorded in deionized water.
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(A) The cellular viabilities of NIH3T3 fibroblasts after exposure to BSA-A7030-ICG, BSA-A3059-ICG, BSA-A3294-ICG, and ICG measured by MTT

assay. TCP was used as a control. The experiment was performed in triplicate and the data are presented as mean + S.D. (*p < 0.05). Study of cytoskeletal
organization of NIH 3T3 cells after treatment with (B) TCP, (C) BSA-A7030-ICG, (D) BSA-A3059-ICG, and (E) BSA-A3294—-ICG (red colour — F-actin

(TRITC phalloidin), blue colour — nucleus (Hoechst)).
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Fig. 7 Flow cytometry-based in vitro study of the uptake of ICG by A549 cells after treatment with the free ICG and BSA-ICG complex.
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Fig. 8 A549 cells after treatment with BSA—CG complex for four hours. (A) and (F) TCP, (B) and (G) BSA-A7030-ICG, (C) and (H) BSA-A3059-ICG,
(D) and (1) BSA-A3294-ICG, (E) and (J) ICG. (A)—(E) Fluorescent micrographs of cells after 808 nm NIR laser irradiation of 5 min at 0.33 W cm™2, and
(F)=(J) fluorescent micrographs of cells without NIR irradiation/dark conditions. Cells were stained with TRITC phalloidin (red) and Hoechst (blue).

observe any abnormalities in the F-actin distribution. All the
cells were found to have characteristic morphology implying
favorable adhesion.

3.7. Study of in vitro cellular uptake of BSA-ICG complexes by
A549 cells

We were interested in understanding the influence of the type
of BSA in the uptake of the BSA-ICG complex by the cells. To
decipher this, we first treated the A549 cells with BSA-ICG
complexes, and subsequently evaluated through flow cytometry
to check the expression of ICG signals in the cell population.
Earlier, it was reported by Wu, Menq-Rong et al. that ICG
signals can be detected in flow cytometry by exciting ICG at

BSA-A7030-I1CG

(A)

BSA-A3059-I1CG
. 258 "_

BSA- A3294 ICG

the APC-Cy7 channel (785 nm) filter and detecting the signal
using the following filter.>> We observed that cells were able to
take the BSA-ICG complexes and there was no distinct differ-
ence in the cellular signals for all the BSA-ICG complexes
(Fig. 7). However, the peak cellular signals were slightly weak
in comparison to free ICG. This could be because of the larger
size of BSA-ICG complexes with respect to free ICG.

3.8. Study of the impact of NIR irradiation on the A549 cells
treated with BSA-ICG complexes

ICG is a common reagent in NIR-induced phototherapy. It has
already been reported that cells treated with ICG die under
NIR exposure to photothermal and photodynamic effects. The

CONTROL

Fig. 9 Study of the in vitro therapeutic effect of the complexes in a 3D osteosarcoma spheroid model. (A) Fluorescence microscopic images of 4-day
spheroids after Pl staining; and (B) microscopic images of day 7 spheroids after 4 h of treatment under light and dark conditions: (i) BSA-A7030-ICG,

(i) BSA-A3059-ICG, (iii) BSA-A3294-ICG, (iv) ICG, and (v) control.
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NIR-mediated phototherapy using ICG leads to cell death by
both apoptotic and necrotic pathways with prominent disrup-
tion in the cytoskeleton®®®” Here, we observed that there is a
massive disruption of actin cytoskeleton post-NIR exposure for the
cells treated with the BSA-ICG complex, which was not visible in
the case of only NIR under the experimental conditions (Fig. 8).
Furthermore, this effect was more visible in the BSA-A7030-ICG
complex. This is to mention that without NIR irradiation (dark),
no such cytoskeletal disruption was observed.

3.9. Study of the NIR-mediated phototherapeutic effect of the
BSA-ICG formulation in a 3D bone tumor spheroid model

Because of the lack of similarities with native tissue organization,
2D in vitro models have limited acceptability in cancer research.
A better option in this regard is the spheroid model.”® So, far in
the literature, many reports have tested the NIR formulation in
the 3D spheroid model to gain insight into spheroids’ death
caused by nanoparticle photothermal disruption properties.>**°
Here, to compare the effect of the type of BSA on the photother-
apeutic effect of BSA-ICG complexes, we perform the experiment
in a MG-63 spheroid model. A qualitative analysis revealed that
treatment of spheroids with all three BSA-ICG complexes followed
by NIR irradiation resulted in the uptake of PI, which implies cell
death (Fig. 9A). However, without NIR exposure such an effect was
not observed (data not shown). When the BSA-ICG treated and
NIR irradiated cell spheroids are plated, we did not observe any
cell migration from the spheroid to plate-surface (Fig. 9B, lower
panel). However, in the case of the control, i.e. spheroids without
(BSA-ICG treatment but with NIR exposure) and spheroids treated
with BSA-ICG but without NIR exposure, a clear sign of cellular
movement from spheroid to plate was observed (Fig. 9B, upper
panel). When checked, quantitatively through flow cytometry
(Fig. S6, ESIt), we found that BSA-A7030-ICG and BSA-A3294-
ICG lead to 13% higher killing of cells in spheroids with respect to
free ICG, whereas the same for BSA-A3059-ICG was almost similar
to free ICG. This set of experiments clearly suggested that all three
BSA-ICG complexes are capable of exerting cellular damage by
NIR-induced phototherapeutic effect in the MG-63 spheroid
model however their phototherapeutic effect varies with the type
of BSA.

4. Conclusion

ICG is a well-explored molecule for NIR-responsive diagnostics
and phototherapy. Since the photostability of ICG is relatively
poor, it has often been complexed with serum albumin, which
was found to be an effective strategy to overcome the aforesaid
limitation of ICG. In this study, we showed that different
variants of commercially available BSA can alter not only
the excitation-emission properties of ICG but its photothermal
and photodynamic properties as well. Our study showed that
by choosing the appropriate variant of BSA, it is possible to
increase the intensity and widen the wavelength range of the
excitation-emission hot spot. This is important from the per-
spective of using different NIR wavelengths for phototherapy or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diagnostics. Our study also showed that the selection of appro-
priate variants can significantly enhance the NIR-induced ROS
generation (photodynamic effect) by ICG, which can make ICG
more versatile and efficient. This was further proved in vitro
against cancer cells. This understanding is important for
developing BSA-ICG-based phototherapeutic formulations. So
far, we have tested the different variants of the heat shock
fraction of BSA. This is the first report that provides insight
about the effect of the type of BSA on the photophysical
properties of ICG. We also highlighted that the use of a specific
type of BSA (BSA-A7030, which is fatty acid, globulin and
protease free) can effectively widen the excitation-emission
window and therefore enhance its prospects in phototherapeu-
tic applications. It is quite possible that other types of BSA
variants can provide even more encouraging results.
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