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Revised: 2025/11/18 challenge in triple-negative breast cancer (TNBC). Here, we developed a dual-target
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HSA-based nanobioconjugate combining human serum albumin (HSA)-encapsulated

lapatinib, an EGFR1/2 inhibitor, with the VEGFR1/2-blocking peptide VGB3 to achieve
coordinated HER and VEGFR inhibition. Molecular docking predicted stable
hydrogen-bonding and hydrophobic interactions between Lapatinib (free and
HSA-bound) and EGFR1/2, and between VGB3 and VEGFR1/2. HSA encapsulation
enabled pH-responsive, sustained drug release with faster kinetics under mildly acidic
tumor conditions. Thermal denaturation assays confirmed an increase in the
conformational stability of HSA after binding, indicating structural integrity and
biocompatibility. Invitro studies revealed that HSA-Lapatinib exhibited a ~55%
reduction in ICs o (from =71 uMto~32 pM) compared with free Lapatinib. The
combination of 17 pM HSA-Lapatinib and 0.18 uM VGB3 reduced cell viability to 25 %
(CI1=0.29), confirming a strong synergistic effect. Flow cytometric analysis
demonstrated a significant increase in apoptosis—from 40.8 % (HSA-Lapatinib) to
46.8 % (combination) (P < 0.05). RT-PCR further showed a fourfold upregulation of
VEGFR2 (P < 0.0001), supporting that HSA-Lapatinib triggers compensatory VEGFR2
activation which is neutralized by VGB3. Collectively, these findings substantiate a
mechanistic and quantitative synergy between HSA-mediated HER inhibition and
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Introduction

Triple-negative breast cancer (TNBC) is one of the
most lethal subtypes of breast cancer (1), characterized
by the absence of estrogen receptor (ER), progesterone
receptor (PR), and HER2 expression. This aggressive
phenotype is associated with rapid tumor progression
and high mortality rates among women worldwide. In
2020, TNBC ranked among the leading causes of
breast cancer—related deaths globally.

Over the past decades, targeted therapies have
emerged as a promising approach for TNBC, using
agents that selectively bind to tumor-specific proteins
or receptors to limit off-target toxicity (2). Among
hydrophobic chemotherapeutic agents, doxorubicin
and lapatinib have shown clinical efficacy but cause
serious adverse effects, including cardiotoxicity,
hepatic injury, and gastrointestinal complications (3,
4). To address these issues, advanced drug-delivery
platforms have been developed, with albumin-based
nanocarriers representing a particularly attractive
option (5-9). Human serum albumin (HSA) offers
multiple advantages as a carrier: exceptional
biocompatibility, high loading  capacity for
hydrophobic ~ drugs, and intrinsic  solubility
enhancement  (10).  Therapeutic  delivery s
strengthened by albumin’s dual-targeting capabilities:
passive tumor accumulation via the enhanced
permeability and retention (EPR) effect, and active
uptake through SPARC and GP60 receptor pathways
(11-13). SPARC, overexpressed in many malignancies
including TNBC, binds albumin with high affinity to
promote tumor-selective deposition. GP60 (albondin)
facilitates transendothelial transport of albumin into
tumor tissue. Acting together, SPARC functions as a
tumor “homing beacon,” while GP60 serves as a
“molecular gateway,” enabling efficient drug
accumulation at the tumor site.

Combination therapy is another strategy to reduce
toxicity and improve efficacy. In TNBC, co-
administration of anti-angiogenic agents with targeted
therapeutics has shown superior pharmacological
outcomes and mitigation of  drug-resistance
mechanisms (14-19). Bevacizumab, a VEGF-blocking
antibody, and sorafenib, a multi-target kinase inhibitor,
are widely used anti-angiogenic drugs but are linked
with significant side effects, such as hypertension and
organ toxicity (20, 21). The VGB3 peptide is a
promising anti-angiogenic agent that specifically

inhibits VEGFR1 and VEGFR2, preventing tumor
neovascularization (22-26). By cutting off the tumor’s
blood supply, VGB3 can complement existing drugs,
potentially matching or exceeding the efficacy of
bevacizumab or sorafenib while avoiding severe
toxicity (25, 27-29). Unlike previously reported
albumin-bound systems (e.g., Abraxane or HSA-
Doxorubicin) that rely solely on passive accumulation,
the present construct employs a dual-target strategy, in
which HSA functions both as a solubilizing carrier for
Lapatinib and as a targeting scaffold for
co-presentation of the anti-angiogenic peptide VGB3.
This design enables simultaneous HER and VEGFR
blockade within a single nanobioconjugate, providing
synergistic pathway inhibition rather than simple
co-administration of separate agents. To our
knowledge, this is the first HSA-based conjugate
combining Lapatinib with a peptide VEGFR inhibitor,
effectively linking improved drug delivery with
suppression of compensatory signaling.

Here, we investigate this dual-target HSA-
Lapatinib/VGB3 system as a means to enhance
efficacy and reduce toxicity in TNBC. The approach is
intended to overcome a key resistance mechanism—
Lapatinib-induced VEGFR2 upregulation—through
concurrent inhibition of this escape pathway. We
hypothesize that such coordinated co-blockade will
potentiate Lapatinib’s antitumor effect and establish a
rational framework for integrated drug-delivery and
resistance-modulation strategies in TNBC.

Methods

Material

TheMDA-MB-231 cell line was purchased from
Iran Pasteur Institute. . The procurement of the
AnnexinV/Pl apoptosis detection kit was purchased
from BD Biosciences. The HSA (recombinant) was
purchased from Sigma-Aldrich. Lapatinib ditosylate
monohydrate was obtained from Sigma-Aldrich. The
culture media and penicillin-streptomycin  were
purchased from Gibco Life Technologies. This study
was approved by the ethics committee with the code
IR.TUMS.TIPS.1399.104.

Peptide Synthesis

The VGBS3 peptide (sequence: ECRPPDDGLC) was
synthesized using the standard Fmoc solid-phase
method. Purity was confirmed by high-performance
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liquid chromatography (HPLC), and molecular weight
was verified by electrospray ionization mass
spectrometry (ESI-MS).

Molecular Interaction Studies

Crystal structures of target receptors were
retrieved from the RCSB PDB database: VEGFR1
(2XAC, 2.71 A), VEGFR2 (3V2A, 3.20 A), HER1
(1M17, 2.60 A), HER2 (3PPO, 2.25 A), and HSA
(1E7G, 250 A). Before docking, non-essential
components (e.g., water molecules) were removed
using Discovery Studio 2016. The VGBS3 structure was
modeled in Modeller 9.15.

Docking simulations for free and HSA-bound
Lapatinib with HER1/HER2, and VGB3 with
VEGFR1/VEGFR2, were performed. Binding energies
and interaction types (hydrogen bonds, hydrophobic
contacts) were analyzed using Discovery Studio and
LigPlot+.

Preparation of HSA-Lapatinib Complex

Lapatinib was dissolved in dimethyl sulfoxide
(DMSO) and gently mixed with HSA at a 1:1 molar
ratio, stirring for 2 h at 4 °C. The DMSO content in all
solutions was maintained below 1% (v/v). The mixture
was dialyzed (12 kDa cut-off) against PBS (pH 7.4) to
remove unbound drug and residual solvent.

Drug Loading Assessment

UV-Vis spectroscopy at 368 nm was used to determine
Lapatinib concentration before and after dialysis. A
calibration curve was applied to calculate loading
efficiency.

PH-dependent Drug Release

Fluorescence spectroscopy (A em = 428 nm)
monitored Lapatinib release from the HSA complex at
tumor-relevant pH values (5.8, 6.3, 6.8, 7.4) over 0-
72h. A fixed concentration of 28 uM was used,
ensuring no fluorescence quenching below this level.

Thermal Stability Analysis

Thermal unfolding of HSA and HSA-Lapatinib
(0.003 mM) was monitored by fluorescence. Unfolding
temperature (Ty), denaturation temperature (Tg), and
melting temperature (Tm) were recorded to compare
thermal stability.

Size Distribution and Zeta potential

The hydrodynamic size distribution and zeta potential
of HSA-Lapatinib nanoparticles were measured using
a Dynamic Light Scattering (DLS) analysis. Samples
were diluted in deionized water before measurement to
minimize  multiple  scattering  effects.  Each
measurement was performed at 25 °C and repeated
three times.

In Vitro Cytotoxicity (MTT Assay)

MDA-MB-231 cells (10* /well) were seeded in 96-
well plates for 48 h, then treated for 48 h with free
lapatinib, VGB3 peptide, HSA-lapatinib, or
HSA-Lapatinib + VGB3 at varying concentrations.
Untreated and vehicle (DMSO) groups served as
controls. MTT reagent (20 uL, 5 mg/mL) was added
for 4h before solubilizing formazan with DMSO.
Absorbance was read at 570 nm.

Quantitative Assessment of Drug Synergy (Chou-—
Talalay Model)

The interaction between HSA-Lapatinib and
VGB3 peptide was quantitatively assessed using the
median-effect  principle established by Chou
and Talalay. Briefly, MDA-MB-231 breast cancer cells
were treated with increasing concentrations of free
Lapatinib, HSA-Lapatinib, and VGB3, either
individually or in combination, followed by 48h
incubation and viability measurement using the MTT
assay. The half-maximal inhibitory concentrations
(ICs o ) were determined from nonlinear regression of
dose-response curves fitted to a sigmoidal
(four-parameter logistic) model. The ICs , values
obtained were 43.76 uM for free Lapatinib, 19.52 uM
for the HSA-Lapatinib complex, and 32 uM for the
VGB3 peptide. For the combination study, sub-ICs ¢
concentrations of HSA-Lapatinib (17 uM) and
VGB3 (0.18 uM) were co-administered to the cells,
resulting in 25 % viability (75 % inhibition). The
Combination Index (CI) was then calculated following
the Chou-Talalay equation:

_ D), (D
(Dx)a  (Dyle

Where Da and Dg are the doses of HSA-Lapatinib
and VGBg; in combination producing the given effect,
and DxA and D«B are the corresponding doses of each
agent alone achieving the same inhibition level. Doses
DxA and D«B were extrapolated from the individual

Cl,
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dose-response equations. A CI<1 indicates synergy,
CI=1 additive effect, and CI> 1 antagonism. Under
the present conditions, the calculated CI=0.29,
confirming a strong synergistic interaction between
HSA-Lapatinib and VGB3. All synergy calculations
were performed according to the median-effect
analysis implemented in CompuSyn (ComboSyn Inc,
USA).

Apoptosis Assay (Annexin V/PI)

Cells were seeded in 6-well plates, treated as
above, harvested, and stained with Annexin V-FITC
and propidium iodide in the dark (15 min). Flow
cytometry (BD FACSCalibur™) and FlowJo v10.8.1
quantified apoptotic cells.

RNA Extraction and cDNA Synthesis

RNA was extracted using TRIzol or the RNeasy
Mini Kit per the manufacturer’s protocol. RNA quality
was checked by NanoDrop. cDNA synthesis was
performed with 1 ug RNA using the High-Capacity
cDNA Reverse Transcription Kit under the following
cycle: 25 °C (10 min), 37 °C (120 min), 85 °C (5 min).
cDNA was stored at —20 °C.

Primer Design and gPCR

Primers for VEGFA and VEGFR2 were designed
in Primer3 and validated by NCBI Primer-BLAST. All
were synthesized by Macrogen (South Korea) with the
following sequences:

VEGFA:
Forward:5'-TTGCCTTGCTGCTCTACCTCCA-3'
Reverse: 5'-GATGGCAGTAGCTGCGCTGATA-3'

VEGFR2:
Forward:5'-CGGACAGTGGTATGGTTCTTGC-3'
Reverse: 5'-GTGGTGTCTGTGTCATCGGAGTG-3'
gPCR was run with SYBR Green master mix on a
QuantStudio system, using B2-microglobulin as the
reference gene. Reactions were performed in triplicate,
and relative expression was calculated using the
2~ AACt method.

Statistical Analysis

Data are expressed as mean=SD from three
independent replicates. One-way ANOVA with
Tukey’s post-hoc test was used in GraphPad Prism 9.
Significance levels: *P <0.05, **Pp <0.01,
***¥P <0.001, ****P < (0.0001; ns = non-significant.
Results

Molecular Interaction Studies

Albumin is a globular transport protein with three
main domains (I, I, Ill), each containing two
subdomains (A and B). The A and IlIIA domains
contain Sudlow sites 1 and 2, respectively, which are
known drug-binding pockets (30, 31). Lapatinib has
three reported binding sites on albumin (9), but strong
interactions predominantly occur at the IB site.
Docking simulations showed Lapatinib binding to the
hydrophobic pocket of HSA in domain 1B, forming
hydrogen bonds with Argll7 and hydrophobic
contacts with Met123, Tyrl6l, Tyrl38, Phel65,
Alal58, and Leul39. The binding free energy at this
site was —9.3 kcal/mol (Figure 1).

Docking also revealed that Lapatinib interacts
with HER1 via hydrogen bonds with Cys721 and
Cys773, and with HER2 via Met801, with binding
energies of —9 kcal/mol and —10 kcal/mol, respectively
(Figure2). The VGB3 peptide bound VEGFR1
through hydrogen bonds with Lys200, His223, and
Lys171, and VEGFR2 through interactions with
Asn274, Lys183, 1le256, Asnl4l, Ser3ll, Asp257,
Lys144, and Thr139 (Figure 3). In our previous study,
fluorescence quenching analysis using the Stern—
Volmer equation demonstrated a static quenching
mechanism between HSA and Lapatinib, with a
binding constant (Ky) of 1.7 x 10° M~ tand a single
binding site (9). Drug loading. UV-Vis absorbance at
368 nm confirmed lapatinib loading onto HSA. Before
dialysis, the HSA-Lapatinib complex had an
absorbance of 1.2; after dialysis, the value decreased to
0.8, corresponding to a 65% loading efficiency
(Table 1).

PH-Dependent Drug Release

Fluorescence spectroscopy (428 nm emission)
demonstrated negligible signal from free Lapatinib,
confirming that fluorescence originated from HSA-
bound drug. At pH 5.8, 6.3, and 6.8, lapatinib release
was higher than at physiological pH 7.4. Release was
monitored over 0-72 h, showing that acidic conditions
favored drug dissociation from HSA, consistent with
tumor microenvironment acidity (Figure 4).

Thermal Stability of HSA and HSA-Lapatinib
Fluorescence-based thermal denaturation analysis

showed the HSA-Lapatinib complex had a melting

temperature (Tm) 5.5 °C higher than free HSA. This
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indicates that drug binding increased structural
stability and induced conformational changes in the
tryptophan microenvironment (Figure 5).

Mean Size, Zeta Potential, and Polydispersity index
(PDI)

According to the DLS, the mean hydrodynamic
diameter of the HSA-Lapatinib complex was
approximately 57 nm, with a zeta potential of -12 mV
and PDI of0.3. These values indicate a moderately
stable colloidal system with uniform size distribution
suitable for biological applications (Figure 6). In our
previous study, TEM and AFM analyses confirmed the
successful formation of HSA-Lapatinib complexes.
TEM images showed an increase in particle size from

Key

The meaning of the items on the plot 1s as follows:

@==4 Lizand bond
@@ Non-ligand bond

@- ~-@ Hydrogen bond and its length

9-10 nm for free HSA to approximately 13 nm for
HSA-Lapatinib, while AFM measurements revealed
diameters of 8-9.5 nmand 10-11 nm for HSA and
HSA-Lapatinib, respectively (9). These results
verified that Lapatinib was effectively incorporated
into the HSA structure without inducing aggregation or
structural deformation. The size difference between
DLS and microscopic (TEM/AFM) measurements is
natural, as DLS reflects the hydrodynamic diameter in
solution including the hydration shell and surface-
bound molecules, while microscopy shows the dry core
size; nevertheless, both results are consistent and
mutually confirm the successful formation and stability
of HSA-Lapatinib nanoparticles.
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Figure 1. Docking of Lapatinib to HSA. Three-dimensional (left) and two-dimensional (right) representations
show Lapatinib binding within the fatty acid pocket of HSA domain IB. Hydrogen bonds (Argl117) and
hydrophobic contacts (Met123, Tyr161, Tyr138, Phel65, Alal58, Leul39) are highlighted.
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Figure 2. Three-Dimensional and Two-Dimensional Representations of Lapatinib Interactions with HER1 and
HER?2 Receptors. (A) and (C): Three-dimensional illustrations depict the interaction of Lapatinib with the
active sites of the HER1 and HER? receptors, respectively. (B) and (D): Two-dimensional diagrams, generated
by Ligplot, show the hydrophobic and hydrogen bonding interactions between Lapatinib and the HER1 and
HER?2 receptors, respectively.
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Figure 3. Three-dimensional and two-dimensional representations of the interaction between the VGB3
peptide and the VEGFR1 and VEGFR?2 receptors. Panels A and C show the three-dimensional binding poses
of the VGB3 peptide within the active sites of VEGFR1 and VEGFR2, respectively. Panels B and D present
the two-dimensional interaction diagrams generated by LigPlot, illustrating the hydrophobic contacts and

hydrogen bonds between the VGB3 peptide and VEGFR1 and VEGFR?2, respectively.
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Table 1. UV-Vis Absorption Spectra of HSA-Lapatinib Complex before and After Dialysis for Determination

of Lapatinib Concentration.

Sample Absorbance at 368 nm
Lapatinib 1.1
HSA 0.0
HSA-Lapatinib Complex (before dialysis) 1.2
HSA-Lapatinib Complex (after dialysis) 0.8

The UV-Vis absorption spectra of the HSA-Lapatinib (HSA-LAP) complex were recorded before and after dialysis to assess the
concentration of Lapatinib. After dialysis, only the HSA-LAP complex remained, and the concentration of Lapatinib was
determined using a standard calibration curve at 368 nm.

* *
@ * * * * *
< 100+ pH 7.4
< * s e = = p: gg
72} .
T 80- I = pH58
E
£ 60+ -
¥
g
< 404
=4
=
E 20+
=
e _
5 0 ——

0 6 24 48 72

Time (h)

Figure 4. PH-dependent release of Lapatinib from HSA. Fluorescence emission at 428 nm was measured over
72 h at pH 5.8, 6.3, 6.8, and 7.4. Acidic conditions promote accelerated release. Data are mean + SD (n =3);
one-way ANOVA with Tukey’s post-hoc: *P <0.05, **P <0.01, ***P <0.001, ***P <0.0001; ns, not significant.
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Figure 5. Thermal denaturation of HSA with and without Lapatinib. Lapatinib binding increases HSA’s
melting temperature by 5.5°C, indicating enhanced structural stability and conformational changes.
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Figure 6. Mean hydrodynamic diameter of HSA—Lapatinib measured by DLS (~57 nm).

Cytotoxicity Assessment. Cytotoxicity Assessment
The comparative effects of Lapatinib and HSA-
Lapatinib complexes on the viability of MDA-MB-231
breast cancer cells were systematically evaluated. HSA
alone showed no cytotoxicity. MTT assay results
indicated that Lapatinib exhibited IC5 , values of
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*
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VGB3 Peptide
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a
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Cell Viability (%)
5 8 a
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-

0 0205 1 2z 9
Concentration (uM)

43.76 uM for free Lapatinib and 19.52 uM for the
HSA-Lapatinib complex. The VGB3 peptide modestly
reduced cell viability, showing approximately 80%
withan ICs o value of 32 uM. Combination treatment
with HSA-Lapatinib (17 pM) and VGB3 (0.18 uM)
further reduced cell viability to 25% (Figure 7).
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Figure 7. Cytotoxicity of HSA-Lapatinib and VGB3 peptide in MDA-MB-231 cells. Cell viability after 48 h
treatment with Lapatinib, HSA-Lapatinib, VGB3 peptide, or combination therapy. The combination
markedly reduced viability compared with either treatment alone. Data are mean +SD (n=3); ANOVA with

Tukey post-hoc test.
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Synergistic Cytotoxicity of HSA-Lapatinib and
VGB3 Combination

Treatment of MDA-MB-231 breast cancer cells
with free Lapatinib and its HSA-Lapatinib complex
demonstrated a dose-dependent reduction in cell
viability, with 1Cs , values of 43.76 uM and
19.52 uM, respectively, confirming that albumin
conjugation enhanced cytotoxic potency. The VGB3
peptide alone was relatively weak, producing about
80 % cell viability with an ICs , of 32 uM. Notably,
the combination of HSA-Lapatinib (17 uM, below its
ICs o ) with VGB3 (0.18 uM, far below its active
range) reduced viability to 25 %, equivalent to 75 %
growth inhibition. Quantitative synergy assessment
using the Chou-Talalay method yielded a Combination
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Q2 Qt
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Control VGB3 Peptide
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— Propidium iodide >

60
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Combination Therapy

Annexin V

Index (CI) of 0.29 (< 1), establishing a true synergistic
interaction between the two agents.

This synergy indicates that coupling Lapatinib to
HSA improves intracellular availability, while VGB3
enhances receptor-mediated uptake, resulting in
markedly greater anticancer efficacy at substantially
lower doses than either agent alone.

Apoptosis Analysis

Annexin V/PI flow cytometry showed apoptosis in
40.8% of cells treated with HSA-Lapatinib and 34.5%
with VGB3 alone. Combination treatment increased
apoptosis to 46.8% (P <0.0001), confirming enhanced
pro-apoptotic activity compared with either treatment
alone (Figure 8) (9).

Combination

HSA-Lapatinib Therapy

Y

Figure 8. Apoptosis induction analysis. Apoptosis induction plots using Annexin V/PI staining in MDA-MB-
231 cell line. A) and B) show treatments with VGB3 peptide, HSA-Lapatinib, and combination therapy (VGB3
peptide + HSA-Lapatinib). Statistical analysis was performed using one-way ANOVA, with significance levels
denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and ns indicating non-significance.
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Gene Expression Analysis

gPCR revealed that VGB3 peptide alone did not
significantly alter VEGFR2 or VEGFA expression. In
contrast, combination therapy increased VEGFR2
mRNA levels approximately fourfold compared to
control (P<0.0001) and modestly upregulated

A

THE |
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Level of VEGFR2 Gene Expression
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VGB3 Peptide
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VEGFA (P <0.05) (Figure 8). This pattern suggests
that HSA-Lapatinib induces compensatory VEGFR2
upregulation, which is then targeted by VGBS,
providing mechanistic support for the observed
synergistic cytotoxicity (Figure 9).
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Figure 9. Expression of VEGF (A) and VEGFR2 (B) genes in MDA-MB-231 cell line treated with VGB3
peptide and combination therapy (VGB3 peptide and HSA-Lapatinib). Statistical analysis was performed
using a one-way ANOVA test, and significance levels were set as P* < 0.05, P** < 0.01, P*** < 0.001, P**** <

0.0001, and ns indicates non-significance.
Discussion

This study suggests that loading Lapatinib onto
HSA may provide a potentially effective therapeutic
platform for TNBC, with indications of reduced
toxicity. Lapatinib is a tyrosine kinase inhibitor with
activity against TNBC and HER2-positive cancers, but
its clinical utility is limited by poor aqueous solubility
and off-target effects(32). Using HSA as a carrier
enhances solubility, prolongs plasma half-life, and
supports targeted accumulation in tumors via passive
(EPR effect) and active pathways (SPARC/GP60) [8—
10]. Our docking studies further confirmed strong
interactions between Lapatinib and HSA, particularly
in domain IB, supporting efficient drug loading.

Thermal stability data showed that Lapatinib
binding increased the melting temperature (Tm) of
HSA, indicating conformational stabilization of the
protein—-drug complex.  Spectroscopic  analyses
confirmed both successful drug loading and pH-
responsive release, with acidic conditions —

mimicking tumor microenvironments — accelerating
drug liberation. These findings align with earlier
reports that nanoparticle-based systems can improve
the delivery of hydrophobic agents in TNBC models.
Notably, unlike many nanocarrier fabrication methods
requiring toxic organic solvents, our approach avoids
chloroform  or  dichloromethane,  minimizing
formulation-associated toxicity (33).

Comparative in vitro analyses revealed that the
HSA-Lapatinib complex reduced cell viability more
effectively than free Lapatinib, with a two-fold lower
ICso. The effect was further amplified when combined
with VGB3 peptide, a selective VEGFR1/VEGFR2
inhibitor, producing statistically significant but modest
decreases in viability and increases in apoptosis under
in-vitro conditions.

This combination appears to extend previous
observations, potentially through complementary
VEGFR blockade that may target resistance pathways
(34). Our work extends these findings by integrating
VEGFR blockade to target resistance pathways.
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Gene expression results provide mechanistic
insight: HSA-Lapatinib treatment triggered a
compensatory four-fold increase in VEGFR2
expression — a potential survival mechanism for
TNBC cells. VGB3 effectively neutralized this escape
pathway, likely preventing VEGF-VEGFR2 signaling
from sustaining angiogenesis despite HER pathway
inhibition. This aligns with previous evidence that
VEGF induction can upregulate VEGFR, making
tumors more susceptible to VEGFR-targeting
strategies (25, 27, 28). Our combination also modestly
altered VEGFA expression, which may contribute to
reduced angiogenic drive.

Overall, the data support a dual-targeting model in
which HSA facilitates Lapatinib delivery and
suppresses EGFR signaling, while VGB3 peptide
mitigates the VEGFR2-dependent resistance loop.

The observed enhancements in tumor-targeting
and cytotoxicity are consistent with our previously
demonstrated in-vivo efficacy (9), reinforcing the
translational relevance of this approach. Ongoing
studies focus on comprehensive pharmacokinetic and
mechanistic evaluations to further characterize synergy
and safety profiles in complex biological models.

The present study highlights human serum
albumin as an effective, biocompatible carrier for
Lapatinib, offering enhanced solubility, prolonged
stability, and pH-responsive release that favors tumor-
specific drug delivery. Encapsulation in HSA not only
reduced the ICs , compared with free Lapatinib, but
also improved the therapeutic window by minimizing
formulation-related toxicity.

Importantly, combining HSA-Lapatinib with the
VEGFR1/VEGFR2-targeting peptide VGB3 produced
potent synergistic activity against TNBC cells, driven
by dual pathway inhibition. Mechanistically,
HSA-Lapatinib induced a compensatory upregulation
of VEGFR2, a resistance-linked escape mechanism
that was effectively counteracted by VGB3, resulting
in enhanced apoptosis and reduced cell viability. This
dual-target approach represents a promising strategy
for overcoming adaptive resistance in EGFR-driven,
therapy-refractory cancers.

Future investigations should focus on in vivo
validation, pharmacokinetic characterization, and
broadening application to other solid tumors where
parallel blockade of EGFR and VEGFR pathways may
yield similar therapeutic benefit.
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