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The development of safe and effective anticancer drugs remains a significant challenge for the scientific
community. A broad range of chemotherapeutic agents has been extensively evaluated for their efficacy
across various patient populations. Among them, epirubicin has exhibited strong anti-cancer potential
across different tumor models. In this study, epirubicin-loaded bovine serum albumin nanoparticles
(EPI@BSA) were prepared using the desolvation method to explore their potential in lung cancer therapy.
Physicochemical characterization confirmed that the nanoparticles were spherical and highly monodis-
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persed. Cytotoxicity testing on the A549 cell line revealed enhanced cell death with the nanoparticle for-
mulation compared to that with the free drug. Furthermore, semi-quantitative RT-PCR analysis indicated
that the nanoparticles effectively induced apoptosis. These findings support the potential of a protein-

rsc.li/RSCPharma based biodegradable carrier system to enhance the therapeutic efficacy of epirubicin in cancer treatment.

protein-based nanocarriers have drawn a lot of attention in the

1. Introduction
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Cancer is a disease that accounts for one in every six fatalities
worldwide. According to estimates from 2022, there were an
estimated 20 million new cancer cases and 9.7 million
deaths.' Cancer is a dreadful disease condition that develops
over time with a generalized loss of growth control of cells.>™
Cancer can be treated via surgery, radiation therapy, and
chemotherapy, either separately or in combination.*” The
cutting-edge strategy combines therapeutic and diagnostic
capabilities on a single nanoscale platform, enabling more
efficient and personalized cancer treatment.® It helps in early
detection and diagnosis,” targeted drug delivery,'>'" enhanced
therapeutic efficacy,">** combinatorial therapy,
ing drug resistance'”"® and reducing the systemic toxicity of
the free drug®® in the cancer treatment.

Owing to their unique properties, such as biocompatibility,
improved pharmacokinetics, enhanced targeting capacity and
versatility, protein-based nanoparticles, particularly serum
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field of cancer therapy.”® Albumin,>" apoferritin,”> and
lipoprotein®*?* are the most common serum proteins to be
used for drug delivery. Recent research has shown that the
paclitaxel-bound albumin nanoparticles (Abraxane™) were
found to be effective for the management of breast cancer and
lung cancer, and the precise biological design and potential
clinical applications of serum protein-based nanoparticles
have sparked interest in these materials.”> Since then, ten
other albumin-based medications or imaging agents are
undergoing clinical trials for a range of diseases, including
diabetes, hepatitis C, rheumatoid arthritis, and cancer. Seven
of these medications have already hit the market.>*?® As a
result, there has been an increase in interest in using serum
albumin as a cargo for drug delivery systems.>® Albumin-based
nanoparticles are effective agents for drug delivery because of
the Enhanced Permeability and Retention (EPR) effect®® and
intrinsic targeting properties of albumin via gp60- and SPARC-
mediated receptor endocytosis.”® Furthermore, surface modifi-
cation albumin was carried out as the molecules possess a lot
of carboxylic and amino groups. Bovine serum albumin (BSA),
human serum albumin (HSA), rat serum albumin, ovalbumin,
and other albumin sources have been widely utilized to date,
serving as potential carriers for the delivery of diverse com-
pounds, including drugs, genes, peptides, and antibiotics.””
Additionally, BSA nanoparticles have been studied for the
potential release of stimuli-responsive delivery systems.
Albumin based nanocarriers have often been used to increase
the solubility and bioavailability of hydrophobic drugs.
Anticancer drugs like niclosamide have a limited range of
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clinical uses due to their severe hydrophobicity and sub-
sequently low systemic absorption. These hydrophobic drugs
can be made water soluble using nanoparticle-based drug
delivery strategies, avoiding the limitation of poor solubility.*!
Previous studies have demonstrated that BSA-folate conjugate-
stabilized silver nanoparticles (Ag NPs) can serve as a platform
for developing folate receptor-targeted nanoparticles for
cancer therapy. The surface coating via albumin improved the
Ag NP stability and promoted folate conjugation by cross-
linking chemistry. The produced nanoparticles exhibit excel-
lent binding, particularly when applied to FR* (MCF-7), than
FR™ cells (A549), which results in increased cellular
internalization.*”

Unquestionably, the most effective cancer medicines are
anthracyclines, which have a variety of antitumor effects.
Members of this pharmacological class are extremely effective
against lymphoma, multiple myeloma, and leukaemia, as well
as epithelial tumors. Many anticancer antibiotics, including
doxorubicin, belong to the anthracycline group. Epirubicin
represents a recently developed derivative of doxorubicin. The
main difference between epirubicin and doxorubicin is in the
steric position of the 4-OH group.>® Although epirubicin
shows activity in all cell cycle phases, it is particularly active in
the synthesis and G2 phases. Epirubicin stabilizes the topoi-
somerase II-DNA complex following intercalation between
DNA base pairs, causing irreversible DNA strand breaks. Acute
dose-limiting hematological damage and cumulative dose-
related cardiac toxicity are the main side effects of
epirubicin®*° The adverse effects of epirubicin are caused not
only because of the properties of the drug but also by the non-
specific targeting method of drug administration, which
during chemotherapy damages both healthy non-cancerous
tissues and cancer cells.

A number of research studies have already explored the use
of albumin-based drug delivery systems to enhance the thera-
peutic efficacy of anticancer drugs while reducing its side
effects and increasing its specificity and enabling slow and
sustained release of the drug in the target tumor tissue.?'*¢73%
Previous research has described the production of bovine
serum albumin nanoparticles with folate surface modification
(FA-BSANPs) with the drug (FA-EPI-BSA-NPs) by the desolvation
method for a specific-targeting drug delivery system in cancer
treatment.>® The study had evaluated the effectiveness of the
polymeric nanoparticle on the human hepatocarcinoma cell
line SMMC-7221."° In a similar approach, Yang et al. modified
BSA to construct a nanosystem capable of regulated drug deliv-
ery and release. Doxorubicin (DOX) was added to BSA nano-
particles using the desolvation approach, and then the DOX-
loaded system (DOXs-BSA NPs) was crosslinked utilizing clea-
vable bonds leading to pH-sensitive DOXs-BSA NPs. Compared
to the free DOX control, the toxic effects of DOXs-BSA NPs on
tumor cells were significantly greater.”*!

In the current study, to expand the scope of the use of epir-
ubicin in cancer therapy, it was encapsulated into bovine
serum albumin nanoparticles (EPI@BSA). The current drug
delivery system is advantageous as it has the capability to mini-
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mize the drawbacks of conventional chemotherapy and
enhances tissue-specific drug delivery, potentially enhancing
the efficacy of the drug. Additionally, it is being critically ana-
lyzed for its potential molecular level activity. The effectiveness
of this approach will be further studied in the future to assess
its real-world applications.

2. Methodology

2.1. Materials

Epirubicin hydrochloride was purchased from Sigma-Aldrich.
Acridine orange, BSA and ethidium bromide were purchased
from HiMedia, India. LysoTracker™ Green DND-26 and
Hoechst 33342 dyes, Dulbecco’s modified Eagle’s medium
(DMEM), and penicillin-streptomycin were procured from
Thermo Fisher Scientific, USA. Fetal bovine serum (FBS) was
procured from Thermo Fisher Scientific, USA. All other mole-
cular biology grade chemicals were purchased from Merck.

2.2. Preparation of EPI@BSA

Desolvation and crosslinking methods were used in the syn-
thesis of EPI@BSA. Briefly, BSA solution (50 mg mL™") was
incubated with epirubicin hydrochloride (200 pg mL™") with
continuous stirring at room temperature for 15 minutes.
Absolute ethanol was added to the mixture dropwise at a
steady rate of 1 mL min~" for 45 minutes until the mixture
turned turbid. After stirring for 10 minutes, 30 pL of 8% glu-
taraldehyde was gradually added to the mixture followed by
overnight stirring. The colloidal mixture was then centrifuged
at a speed of 12 000g for 30 minutes, and the resulting pellet
was washed three times with absolute ethanol to remove any
unbound reagents. The final pellet was stored at 4 °C until
use.

2.3. Characterization of EPI@BSA

The encapsulation of the nanoparticles was determined using
UV-Vis spectroscopy. The samples were taken in quartz cuv-
ettes and the absorbance was read at the wavelength range
200-800 nm. The molecular vibrations of BSA and EPI@BSA
were recorded on an Agilent ATR-FTIR spectrometer, USA. The
excitation wavelength was set at 480 nm, corresponding to the
absorption maximum of epirubicin, and emission spectra were
recorded from 500 to 700 nm. All spectra were corrected by
subtracting the background signal from equivalent concen-
trations of BSA nanoparticles without EPI. Measurements were
performed in triplicate to ensure reproducibility. To measure
the hydrodynamic size and surface charge of the synthesized
nanoparticles, the particles in aqueous medium were analyzed
using Dynamic Light Scattering (DLS) (Malvern, UK). The
surface morphology analysis was performed using FE-SEM
(Carl Zeiss Gemini, Germany) and AFM (NT-MDT-INTEGRA,
USA). The images were processed using the software programs
such as Image] and Gwyddion.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Efficiency analysis of drug encapsulation

Various concentrations of epirubicin were prepared in water as
follows: 10, 5, 2.5, 1.25, 0.625, 0.3125 and 0.15625 pM. The
maximum absorbance at 480 nm was measured using a nano-
spectrophotometer (DeNovix DS-11, USA) to plot the cali-
bration curve. The absorbance of EPI@BSA was measured at
480 nm using a spectrophotometer keeping BSA NP as a blank.
The amount of entrapped drug in the synthesized EPI@BSA
was calculated according to the equation given below.

amount of drug encapsulated
total amount of drug added

x 100%

Encapsulation efficiency =

(1)

2.5. Drug release profiling of epirubicin from EPI@BSA

The in vitro release of EPI from EPI@BSA nanoparticles was
evaluated under three different pH conditions using the dialy-
sis method with 1 mL of the nanoparticle suspension.’’*>
Three dialysis tubes were kept under three different pH con-
ditions. The dialysis was carried out against 30 mL each of
buffer at pH 5.5, 6.5 and 7.4 under shaking at 50 rpm and
37 °C. After a predefined time, 1 mL of buffer solution in each
tube was collected followed by the addition of an equal
amount of fresh buffer. Using a Biotek Cytation™ 3 plate
reader (Biotek Epoch, USA), the concentration of released epir-
ubicin in buffer solution at different pH values was examined.
Finally, based on the encapsulation efficiency of EPI@BSA, the
cumulative drug release percentage at different time points
was computed. All the experiments were performed in tripli-
cate. The following equation was used to estimate the percen-
tage of drug release:
concentration of drug at time ¢

D 1 = 1 2
rug release [71] concentration of trapped drug X100 (2)

2.6. Evaluation of the antineoplastic activity of EPI@BSA NPs

2.6.1. Cell viability assay. The A549 lung adenocarcinoma
cell line was obtained from the National Centre for Cell
Science (NCCS), Pune, India. The cytotoxic potential of
EPI@BSA nanoparticles was evaluated in A549 cells using the
MTT assay, as described previously.*® Briefly, 1 x 10* cells per
well were seeded into a 96-well tissue culture plate. Various
concentrations of EPI@BSA and free EPI (10, 20, 30, and
40 pM) were prepared in DMEM. After cell attachment, the cul-
tures were treated with the respective formulations and incu-
bated at 37 °C in a 5% CO, incubator for 48 h. Following incu-
bation, the medium was removed, cells were rinsed with PBS,
and 100 pL of MTT solution (1 mg mL™") was added to each
well. After 4 h incubation, the formazan crystals were dissolved
in lysis buffer, and the absorbance was measured at 570 nm
using a microplate reader (Biotek Epoch). All experiments were
performed in triplicate. The cell viability was calculated
according to the formula:***

© 2026 The Author(s). Published by the Royal Society of Chemistry
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s absorbanceeated @570 nm — absorbancey,,
Cellviability% = < treated ™ blank) 100

absorbance control @570 nm — absorbancepjank
3)

2.6.2. Live-dead staining and Lysotracker imaging. Cells
treated with EPI@BSA were subjected to acridine orange/ethi-
dium bromide (AO/EB) dual staining to differentiate live and
dead populations. Briefly, cells were seeded in a 96-well tissue
culture plate and incubated overnight, followed by treatment
with 10 pM EPI@BSA, BSA NPs, or free EPIL. After the incu-
bation period, the culture medium was removed, and 10 pL of
an AO/EB (1:1) dye mixture was added to each well. The cells
were then visualized using an EVOS M5000 imaging system
(Thermo Fisher Scientific, USA), and images were captured
under red and green filters.

Lysotracker and Hoechst 33342 dyes were combined to
stain the EPI@BSA treated cells in order to assess the nano-
particles’ ability to be taken up by the cells. The cells were
seeded in a 96-well plate for one day, followed by the treatment
with 10 pM each of EPI@BSA and free EPI. The medium was
discarded followed by washing with PBS and the cells were
stained using 100 pL of Lysotracker/Hoechst 33342 mix in each
well. The excess dye was removed after incubation and then
visualized under a fluorescence microscope (EVOS M5000
Thermo Fisher Scientific, USA).

2.6.3. Qualitative and quantitative cellular uptake studies.
A549 cells (2 x 10° cells per well) were grown in a 6-well tissue
culture plate and incubated at 37 °C in an incubator with 5%
CO,. The cells were then treated with free EPI and EPI@BSA
(10 uM) and kept for incubation at 37 °C in the incubator with
5% CO, for 24 h.*® The cells were then observed under an
EVOS M5000 imaging system after PBS wash.

Furthermore, the amount of drug taken up per mg of cell
protein was also determined quantitatively using a Bradford
assay kit (Thermo Fisher Scientific, USA) which was used to
plot a standard BSA calibration curve. A549 cells were seeded
in a 6-well tissue culture plate, treated with free EPI and
EPI@BSA (10 uM) and kept for 24 h incubation. The cells were
lysed after incubation, and the supernatant was collected after
centrifugation. The photoluminescence (PL) intensity of the
cell extract was determined using a spectro-fluorophotometer.
The protein extract was then subjected to the Bradford assay to
determine the total protein concentration in the sample. The
amount of drug taken up per mg of cell was calculated using
the following formula:

drug concentration in the sample
protein concentration in the sample

Amount of drug per mg of cell =

x dilution factor
(4)

The dilution factor refers to the dilution of the protein
extract that was used in the Bradford assay.

2.6.4. RT-PCR-mediated semi-quantitative gene expression
analysis. A549 cells were seeded in a T25 flask and incubated
for one day, and treated with 10 uM EPI@BSA, BSA NP, and
free EPI for gene expression analysis. Thereafter, a GeneAll®

RSC Pharm., 2026, 3,209-219 | 21
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RiboEX"" RNA isolation kit was utilized to isolate the total
RNA. PCR amplification was performed in a Biometra
TAdvanced thermal cycler. The PCR was performed, and apop-
totic gene expression was examined by qRT-PCR analysis
(StepOne™, Applied Biosystems). qRT-PCR was carried out
under the following conditions: an initial denaturation at
95 °C for 2 minutes, followed by 40 cycles of denaturation at
95 °C for 15 seconds and annealing at 60 °C for 1 minute.
Finally, PCR products were resolved on a 2% agarose gel, and
band intensities were quantified using a Gel Doc system (Bio-
Rad, USA).

2.6.5. Electro-microscopic study of cell morphology. Cells
at a density of 5 x 10° were seeded over cover slips placed in a
6-well tissue culture plate and then administered with 10 pM
EPI@BSA, BSA NP, and free EPI for 24 h. After incubation, the
medium was discarded, and PBS was used to wash the cells.
Following the fixation of the cells with 2% paraformaldehyde
solution, the samples were dehydrated in graded ethanol solu-
tions before being air dried. Finally, the gold coating of
attached cells was carried out for visualization under an
FE-SEM (Carl-Zeiss-Gemini), Germany.

3. Results and discussion

3.1. Synthesis and characterization of EPI@BSA

BSA nanoparticles are promising drug delivery vehicles due to
their low toxicity, appreciable swelling behaviour, high drug-
loading capacity, scalability, and minimal immunogenicity.
These nanoparticles can evade systemic clearance and main-
tain an optimal protein conformation with bioactive amino
acids that facilitate adsorption of charged drug molecules.
Epirubicin, a positively charged fluorescent drug, can interact
with hydrophobic tryptophan residues within the BSA core,
resulting in stable nanoparticle formation. The EPI@BSA
nanoparticles were prepared using the desolvation method, in
which absolute ethanol was employed to remove water from
the polymer solution, and glutaraldehyde served as a cross-
linking agent*”~*° (SI Fig. S1). The process produces homo-
geneous, uniform particles with minimal aggregation, exhibit-
ing stability in both water and cell culture media.
Glutaraldehyde was used as a crosslinking agent to stabilize
EPI@BSA nanoparticles by linking the amino groups of BSA,
facilitating nanoparticle formation.>”*® The produced NPs
were examined using UV-visible spectroscopy, and as can be
seen, a spectrum scan from 190 to 700 nm was used to identify
the absorption maxima in Fig. 1(A). The absorption spectrum
of BSA protein displayed two peaks at 235 nm and 275 nm.
Free epirubicin exhibited peaks at 234 nm and 489 nm,
whereas epirubicin-loaded BSA nanoparticles (EPI@BSA) in
aqueous medium showed a single peak at 231 nm. The UV-Vis
absorption spectrum of EPI@BSA shows a noticeable decrease
in intensity compared to that of free EPI. While this change
could suggest an interaction between BSA and EPI, we
acknowledge that the magnitude of the absorption change
may also be influenced by optical effects, and absorption spec-
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troscopy alone lacks sufficient sensitivity to definitively
confirm complex formation. To provide stronger evidence for
the interaction, we complemented these measurements with
fluorescence spectroscopy, which shows a slight blue shift in
emission upon binding, consistent with partial quenching of
the fluorophore. These combined observations support the for-
mation of a BSA-EPI complex while avoiding overinterpretation
based solely on absorbance data. Fluorescence spectroscopy
was performed to confirm the fluorescence properties of EPI,
BSA NPs and EPI@BSA. Epirubicin is a fluorescent molecule
and gives a red colour fluorescence upon excitation at a wave-
length of 480 nm. The emission wavelengths were found to be
602 nm, 481 nm, and 549 nm for EPI, BSA NPs and EPI@BSA
NPs, respectively. The results show a decrease in epirubicin’s
fluorescence emission from 602 nm to 549 nm upon encapsu-
lation within the nanoparticles, therefore suggesting success-
ful encapsulation of epirubicin within the BSA nanoparticles.
A low intensity fluorescence was also observed in BSA nano-
particles, indicating aromatic amino acids in BSA protein
(Fig. 1B).

FE-SEM was employed to examine the surface morphology
of the synthesized EPI@BSA. As shown in Fig. 1C and D, the
drug-loaded BSA nanoparticles exhibited a spherical shape
with a uniform size of 125.893 + 16.863 nm. The synthesized
BSA NPs showed a similar spherical surface morphology to
that of EPI@BSA as shown in SI Fig. S2A & B. Transmission
electron microscopy was also performed to study the shape,
size and aggregation of the synthesized nanoparticles. Fig. 1E
shows TEM photomicrographs of EPI@BSA NPs. The photo-
micrographs in the figure clearly show the spherical shape of
the nanoparticles.

The hydrodynamic size distribution of the synthesized NPs
was obtained by using Dynamic Light Scattering (DLS). The
prepared EPI@BSA NPs’ particle size distribution is shown in
SI Fig. S2C. The mean hydrodynamic size for EPI@BSA was
found to be around 256.6 nm with a poly-dispersity index
(PDI) of 0.211. The nanocarrier size plays a critical role in
determining the efficiency of drug delivery. The EPR effect
allows NPs up to 400 nm to preferentially reach the tumor
microenvironment.’® The average surface roughness of the
synthesized EPI@BSA NPs is shown in the SI Fig. S2D. The
images were handled using Gwyddion software and the mean
roughness of EPI@BSA NPs was found to be 26.58 nm. Thus,
the average roughness decreased on drug encapsulation. The
considerably higher zeta potential of the synthesized NPs sig-
nifies the stability of the NPs.>> The zeta potential of the par-
ticles was found to be ~—40 mV which indicates its stability in
an aqueous environment (SI Fig. S3A and B).

XRD analysis was performed to check the occurrence state
of EPI encapsulated within the BSA nanoparticles. Comparing
with the standard curve for crystalline EPI from the literature it
was confirmed that EPI@BSA does not have any crystalline EPI
inside BSA NPs and all the drug is in an amorphous form.*?
The results show that the EPI is entirely encapsulated inside
the BSA nanocarrier, thus making it an excellent vehicle for
drug delivery (SI Fig. S4A).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of EPI@BSA NPs: (A) UV-Vis spectroscopic analysis. (B) Fluorescence spectrum, (C) SEM (D) Histogram depicting size distri-

bution. (E) TEM analysis.

Only BSA displayed the characteristic FTIR peaks at
3302.42 cm™' (N-H stretching, amide A), 2924.09 cm™" (ali-
phatic C-H stretching), 1669.84 cm™" (amide I, C=0 stretch-
ing), and 1567.34 cm™" (amide II).>"**°A typical decrease in
the stretching frequency was observed for EPI@BSA NPs in SI
Fig. S4B. The BSA amide I peak shifted from 1669.84 to

1638.16 cm™', the amide II peak from 1567.34 to
1535.66 cm™', and the -OH peak from 3302.42 to
3289.37 cm™'. These shifts likely result from cross-linking

between residual amide groups and the amino acids in BSA
with epirubicin.

3.3. Encapsulation efficiency (EE) and drug release study of
nanoparticles

Different concentrations (10, 5, 2.5, 1.25, 0.625, 0.3125 and
0.15625 pM) of the free drug were prepared and absorbance

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

was measured at 480 nm using UV-visible spectroscopy. The
absorbance of the synthesized EPI@BSA NPs was taken at
480 nm keeping BSA NP as a blank. The drug encapsulation
efficiency of EPI@BSA nanoparticles was calculated to be
87.91% using eqn (1) mentioned above. As shown in SI
Fig. S5, the in vitro release of EPI@BSA was monitored over
72 hours at predetermined time points (0, 0.5, 1, 2, 3, 4, 8,
24, 48, and 72 h) in buffers of pH 5.5, 6.5, and 7.4. The sus-
tained release profile of EPI@BSA highlights its potential as
a drug delivery system in nanomedicine. Enhanced stability
in physiological buffers is attributed to glutaraldehyde-
induced cross-linking of the protein nanoparticles.
Glutaraldehyde is a toxic reagent, and therefore we took
special care to minimize any potential residual presence in
the final EPI@BSA nanoparticles. After crosslinking, the
nanoparticles were subjected to multiple cycles of centrifu-

RSC Pharm., 2026, 3, 209-219 | 213
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gation and washing with ethanol and deionized water to
thoroughly remove unreacted glutaraldehyde. Cell viability
assays performed in our study did not show any cytotoxicity
attributable to glutaraldehyde, supporting that trace levels, if
any, were negligible and had no impact on subsequent bio-
logical experiments (Fig. 2A). The study demonstrated that
the drug delivery system enabled a controlled and sustained
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release of the medication in the medium, supporting its
potential application in lung cancer therapy.

3.4. Invitro cell viability assay

As depicted in Fig. 2A, the MTT cell viability assay was con-
ducted to assess the effect of EPI@BSA on A549 cells at drug-
equivalent concentrations of 10, 20, 30, and 40 uM. EPI@BSA

5k koK
A : * % k :
| sk ok I
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Fig. 2

MERGED

(A) Cell viability analysis of A549 cells. (B) Live—dead staining of A549 cells treated with the free drug and EPI@BSA NPs. Scale bar corres-

ponds to 300 um. Data expressed as mean + S.D. Statistically significant differences at *P < 0.05, **P < 0.01, ***P < 0.001 and ***P < 0.0001.
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nanoparticles reduced A549 cell viability in a concentration-
dependent manner. While sustained drug release is a potential
contributing factor, the data presented here only demonstrate
the observed cytotoxic effect. At the maximum used concen-
tration of 40 pM, the free drug showed a cell viability of
26.93%, whereas the synthesized NPs had a cell viability of
17.69% proving that the EPI@BSA is more effective than the
free drug. In contrast to the free epirubicin, EPI@BSA can
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therefore function as an efficient cargo system with an
increased antitumor property.

3.5. Cell morphological analysis and uptake imaging using
dual staining

To identify qualitatively whether apoptotic cell death occurred,
AO and EB dual staining was carried out in EPI@BSA
treated A549 cells and were observed under the fluorescence
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Fig. 3

(A) Lysotracker/Hoechst 33342 staining to analyse the uptake efficiency of nanoparticles. (B) FE-SEM analysis of cells treated with the free

drug and EPI@BSA NPs. Scale bar corresponds to 2 um. (C) Quantitative drug uptake study of nanoparticles in A549 cells after 24 h.
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microscope. A549 cells were treated with 10 uM EPI@BSA. The  AO (Fig. 2B).>>*” The AO/EB staining clearly exhibited the mor-
EB stain could not enter the viable cell nucleus and live cells phological changes of EPI@BSA-induced apoptosis that
showed light green fluorescence due to the presence of only occurred in A549 cells.
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Fig. 4 (A) Representative gel electrophoresis images showing the qPCR end products of apoptosis-related genes in A549 cells treated with
EPI@BSA nanoparticles. (B) Quantitative real time PCR for genes involved in the apoptosis of A549 cells treated with EPI@BSA NPs. (C) Mechanistic
model of EPI@BSA NPs in lung cancer tissue.
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In order to examine the lysosomal entry of nanoparticles,
Lysotracker and Hoechst 33342 were used to analyse the
uptake nature of the EPI@BSA treated A549 cells and were
observed under the fluorescence microscope. A549 cells were
treated with 10 pM EPI@BSA. Lysotracker dye stains the lyso-
somes green and Hoechst 33342 stains the nuclei of the cells
blue. EPI@BSA nanoparticles exhibit intrinsic red fluo-
rescence. Co-localization with lysosomes produces yellow-
orange fluorescence, indicating nanoparticle uptake and lyso-
somal fusion for cytosolic drug release (Fig. 3A). As shown in
Fig. 3A, treatment with EPI@BSA nanoparticles resulted in a
modest increase in cellular uptake compared to untreated con-
trols or BSA-only controls (SI Fig. S6). While the enhancement
is limited, it demonstrates that BSA nanoparticles can deliver
EPI into cells, providing a baseline for further optimization.
The surface morphological changes of A549 cells treated with
free EPI and EPI@BSA NP were also observed under the
FE-SEM. The characteristic morphology of untreated A549 cells
that exhibits strong surface adhesion may be seen in Fig. 3B.
However, as compared to the control, the treated cells with
both the drug and EPI@BSA were loosely adherent to the
surface and had a rounded morphology. Apoptotic cell death
occurred in the treated cells as demonstrated by the appear-
ance of membrane blebbing, constriction of cytoplasm, and
the creation of apoptotic bodies.

The intrinsic fluorescence of epirubicin was used to
monitor the cellular uptake of EPI@BSA in A549 cells.”® After
24 h of incubation, there was a significant uptake of EPI@BSA
nanoparticles in A549 cells (Fig. 3C). As is evident from the
plot, in the case of EPI@BSA NP, the amount of drug taken up
per mg of the cell is significantly more compared to that of the
free drug. This may be due to the diffusion of the free drug in
the medium, thus resulting in its dilution.

3.6. Semi-quantitative RT-PCR analysis

The ability of EPI@BSA in the induction of programmed cell
death in A549 cells was evaluated using semi-quantitative
RT-PCR analysis. The findings revealed that EPI@BSA-induced
cell death was mediated by caspase-3 and Bcl-2 genes. The Bcl-
2 (anti-apoptotic) gene expression was found to be down-regu-
lated in the NP-treated cells, whilst the expression of the apop-
totic signalling gene caspase-3 showed an up-regulation
(Fig. 4A). In our study, we found that the caspase-3 gene
expression was higher in EPI@BSA treated cells, suggesting
that this protein plays a role in EPI@BSA-mediated apoptosis.
RT-PCR results show upregulation of caspase-3 by EPI@BSA
and downregulation by free EPI are intriguing (Fig. 4B). One
possible explanation is that the EPI@BSA formulation
enhances intracellular delivery and retention of EPI, leading to
a stronger pro-apoptotic response, while free EPI at the tested
concentration may induce cytotoxic stress through caspase-
independent pathways (e.g., necrosis or autophagy), resulting
in the suppression of caspase-3 transcription. Similar dual
responses depending on the drug formulation and concen-
tration have been reported in the literature for
anthracyclines.’®*®* The gene expression profile results

© 2026 The Author(s). Published by the Royal Society of Chemistry
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strongly indicated that treating A549 cells with EPI@BSA
causes apoptosis and subsequent cell blebbing (Fig. 4).

4. Conclusion

The limitations of the existing chemotherapeutic management
of malignant cancer can be overcome by the development of
protein-based nanoparticles. This study reports the underlying
apoptotic and anti-apoptotic genes that may be involved in the
induction of apoptosis by EPI@BSA NPs that were prepared by
the desolvation method. BSA-NPs demonstrated a much better
slow and sustained release of epirubicin in an aqueous
environment. Studies on the uptake of EPI@BSA NPs in A549
cells revealed significant internalization of these nano-
particles, suggesting that these nanoparticles may have poten-
tial in the delivery of drugs. Furthermore, human serum
albumin (HSA) should take the place of BSA in the future to
prevent any potential immunologic side effects in vivo.
Therefore, our data suggest that the epirubicin inside a bio-
degradable protein-based carrier could maximize its che-
motherapeutic potential and minimize its side effects. Further
experiments are underway to prove the mechanistic aspects of
the efficacy of drug loaded nanoparticles in lung cancer cells.
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