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Background: Breast cancer remains a leading cause of cancer-related mortality in women globally. The main purpose of the research to
develop, optimise and characterise a trastuzumab (TZ)-functionalized nanolipid carrier (NCs) encapsulating capecitabine, as a targeted
strategy to breast cancer cells, to enhance therapeutic efficacy and reduce the severe side effects associated with conventional chemotherapy.
Methods: Capecitabine encapsulated NCs (CBNCs) were prepared by thin-film hydration technique, optimized by Box-Behnken
design. The optimized formulation CBNCs were subsequently conjugated with TZ by using EDC-NHS chemistry. The prepared
formulations of NCs were evaluated by FTIR, DSC, XRD, FESEM, TEM, AFM, drug loading, entrapment efficiency, average particle
size, PDI, zeta potential, in vitro drug release. The successful surface conjugation of TZ was tested by BCA assay and SDS-PAGE
analysis. In vitro targeting efficiency and cytotoxicity initially tested in MCF-7 cells (HER2-low expressing) and subsequently
validated in SKBR3 cells (HER2-overexpressing) to confirm receptor-mediated uptake and specificity.

Results: Optimized CBNCs were found spherical, nanosized (194.6 nm), with a zeta potential —25.55 mV for CBNCs, which
increased to —57.76 mV upon TZ conjugation. The formulation showed 8.5% drug loading capacity and 84.26% drug release over
72 h. FTIR and DSC showed compatibility of drug and lipid components with no major shifting in characteristic peaks. TEM and
AFM confirmed formation of stable, spherical discrete nanostructures. TZ conjugation showed minor alternation in average size/
surface charge/morphology/texture. Successful TZ conjugation onto CBNCs was confirmed by BCA assay and SDS-PAGE.
Fluorescence microscopy confirmed successful cellular internalization. MTT assay on SKBR3 cells demonstrated significantly higher
cytotoxicity for TZ-CBNCs compared to CBNCs and free drug, thereby validating the HER2-specific targeting effect beyond
preliminary results obtained in MCF-7 cells.

Conclusion: In view of the desired physicochemical properties, controlled drug release, and in vitro anticancer effectiveness, further
in vivo investigations should be prioritized to validate its clinical application in HER2-positive breast cancer treatment. Nonetheless,
the use of HER2-low MCF-7 cells in early assays highlights the importance of complementary validation in HER2-overexpressing
models, as addressed by SKBR3 testing in this study.
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Introduction
Breast cancer is a prevalent and life-threatening disease in women, responsible for a substantial proportion of cancer
deaths.'” Especially, human epidermal growth factor receptor 2 (HER2)-positive breast cancers represent roughly
15-20% of all diagnosed cancer cases across the globe.* > The HER2 receptor has been identified as one of the crucial
receptors in the growth and proliferation of neoplastic cells, and its elevated expression is often linked to malignant
progression of breast cancer.®’ Present treatment modalities including combination of radiation, surgery, chemotherapy,
antibiotic therapy have often found insufficient to resist metastasis. Further, patients having breast cancer frequently
develop tolerance towards chemotherapy.® The unbearable adverse effects of conventional chemo drugs too pose another
challenge to complete the scheduled regimen. In this context, breast cancer cell-specific targeted delivery of anticancer
drugs is considered alternative, hopeful approach to improve treatment outcome; side by side to check indiscriminate
drug accumulation at non-cancerous/healthy tissue. Such active targeting approach mediated by antibodies, aptamers,
peptides, etc. selectively target the cancer cells, resulting in more effective tumor growth inhibition.”'°

Trastuzumab (TZ) is an established antibody, that primarily works by blocking the growth of cancerous cells that
overexpress HER2, making it a significant modality towards treatment of breast cancer.'""'? Drug carriers functionalized
with TZ thus can be specifically directed towards cancer cells, subsiding off-target drug loss and bizarre adverse effects.
Capecitabine (CB) is an oral chemotherapeutic medication that disrupts DNA synthesis, resulting in cellular apoptosis.
Nonetheless, the major drawback of capecitabine-based therapy lies in its high dose, poor bioavailability and off-target
effects; resulting in sub-standard treatment effects. Combination of CB with TZ has demonstrated a favourable
synergistic strategy resulting in enhanced therapeutic outcomes in breast cancer.'® Furthermore, evidence suggests that
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incorporating CB to standard chemotherapy regimens ameliorated overall survival in patients with advanced breast
cancer.'* Ongoing research is exploring the potential of CB in combination with other targeted therapies too to achieve
desired treatment outcomes and to improve quality of life in patients post treatment.'

Nanodrug carriers like nanoliposomes, polymeric nanoparticles, polymeric micelles, solid-lipid nanoparticles, dendri-
mers, niosomes, metallic nanocarriers etc., have opened promising avenues to modulate therapeutic effects of conventional
chemotherapy.'® Furthermore, these nanodrug carriers can be modified with receptor-specific ligands (viz. antibodies,
peptides, aptamers, etc.) on their surface to improve targeting and bioavailability.'”2' Among various nanodrug carriers,
lipid nanocarrier-based formulations, viz., nanoliposomes, solid-lipid nanocarriers, etc., are the scalable formulation
technology. Ligand-modified nanoliposomes can target specific tumour cells, release drugs slowly over time, reduce drug-
related toxicity, and improve the stability of the loaded medication(s).?>** Owing to their architectural uniqueness, cell-
mimicking features, non-immunogenic nature, ability to encapsulate both hydrophilic and lipophilic entities, facile method
of production, easy surface manipulation, sustained drug release property, lipid nanocarriers have now being widely
investigated across formulation development fraternity to target breast cancer.**

In this context, the work aims to fabricate optimized TZ-functionalized nanolipid carriers loaded with capecitabine
(TZ-CBNCs) as a targeting nanomodality against HER2-positive breast cancer. Experimental CBNCs were designed
utilizing the Box-Behnken design technique to choose the optimized formulation/process parameters for scalable
production of CBNCs. The optimized CBNCs were characterized by surface morphology, texture, average size, surface
charge, and loading efficiency, followed by conjugation with TZ and further characterization. In vitro anticancer
effectiveness of CBNCs/TZ-CBNCs was carried out by MTT and fluorescence microscopy against selected breast cancer
cell lines.

Though recent studies have documented the potentiality of CB-loaded nanocarriers against breast cancers; however, the
present study holds its own uniqueness and is not a mere repetition of any such similar reports. Singh et al (2020) designed
tumor-homing peptide-conjugated liposomes for the targeted delivery of CB for breast carcinoma.”> Mondal et al (2019)
developed CD-340 antibody-conjugated PLGA nanoparticles loaded with doxorubicin, which demonstrated enhanced tumor
targeting, apoptosis induction, and reduced cardiotoxicity in breast cancer models.” In another recent study by Kumar et al,
trastuzumab-conjugated cationic liposomes co-delivering paclitaxel and ABCBI1-siRNA were designed, which exhibited
enhanced cellular uptake, superior tumor distribution, and improved therapeutic efficacy in HER2-positive breast cancer
models.?® However, design, fabrication and evaluation of TZ-functionalized optimized nanolipid carriers for targeted delivery
CB was not reported elsewhere. Further, the work involves testing of anticancer effectiveness of the TZ-CBNCs in MCF-7 and
SKBR3 to rationalize the HER2 targeting efficiency. Overall, the work highlights a targeted approach to enhance selective
cytotoxicity and cellular uptake of CB through TZ-mediated targeting in HER2-positive breast cancer cells in vitro.

Materials and Methods

Materials

An additional sample of CB was bought from Cipla Ltd. (India), Mumbai, Maharashtra. Soya a-lecithin (SLT) was
acquired from Nandini Lifesciences Pvt. Ltd., which is situated in Mumbai, India. E Merck Ltd. in Mumbai, India,
provided cholesterol (CHT). Qualigens Fine Chemicals in Mumbai, India, supplied Butylated hydroxytoluene (BHT). TZ
(marketed as Eleftha by Intas Pharmaceuticals) was obtained from the SUM Hospital pharmacy in Odisha, India. Avanti
Polar Lipids, Inc. in Alabaster, AL, USA provided DSPE-PEG (2000)-COOH. The US-based Sigma Aldrich was the
vendor for EDC and NHS. Sigma-Aldrich Co. (Bangalore, India) sold fluorescein isothiocyanate (FITC). All the extra

chemicals in use were of analytical grade.

Cell Culture

The National Centre for Cell Science in Pune, India, is where the MCF-7 cells (weakly express HER2) and SKBR-3 cells
(overexpress HER2) were purchased. Dulbecco’s Modified Eagle Medium (for MCF-7 cells) and McCoy’s 5A media (for
SKBR-3 cells) supported the cell line’s growth. Cells were cultivated in an appropriate growth medium at 37 °C in
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a humidified incubator containing 5% CO, (CB160, Binder, Tuttlingen, Germany). The medium was enriched with 10%
fetal bovine serum (FBS; Sigma-Aldrich Co), along with 100 U/mL penicillin and 100 U/mL streptomycin.

Methodology

Design of Experiment

Several parameters were checked before beginning the optimization process for the production of CBNCs. These factors
included the ratio of the drug to lipids, the sonication duration, the hydration time, and the concentration of soy lecithin and
cholesterol. Among that, three independent parameters were chosen for the Box-Behnken design (Design Expert® software
version 13), and their impact on the formulation characteristics of CBNCs was then examined. A three-level, three-factor
experimental framework with 15 trials was utilized to optimize the formulation variables in the nanoformulations.*’-**

The amount of cholesterol (designated as X1), the centrifugation speed (designated as X2), and the sonication time
(designated as X3) were the independent variables used for this research. Particle size (Y1), entrapment efficiency (Y2),
and drug loading (Y3) were the dependent variables that were assessed in this study, as shown in Table 1. In this study,
HOOC-DSPE-PEG-2000 and TZ were not incorporated into the design matrix, as a stepwise optimization strategy was
adopted. Initially, the core formulation parameters (cholesterol concentration, centrifugation speed, and sonication time)
were systematically optimized to ensure favorable physicochemical characteristics and drug-loading efficiency.
Subsequent surface modification with HOOC-DSPE-PEG-2000 and TZ was performed only on the optimized base
formulation to achieve targeted delivery, thereby minimizing potential confounding effects during the primary formula-
tion optimization stage.

The ranges and levels of the selected variables were established based on preliminary optimization trials, insights
from published literature, and practical considerations related to formulation feasibility. Specifically, cholesterol con-
centration was varied within a window that maintained an appropriate balance between membrane rigidity and entrap-
ment efficiency. The centrifugation speed was adjusted to enable efficient vesicle integrity, and the sonication duration
was selected to achieve effective size reduction without inducing structural disruption. Collectively, these ranges define

a rational and experimentally relevant domain suitable for robust modeling using the Box—Behnken approach.?”®

Development of Capecitabine-Loaded Nanolipid Carrier (CBNCs)

CBNCs were developed using the conventional lipid layer hydration technique, following optimized parameters. CB, SL,
HOOC-DSPE-PEG-2000, BHT, and CHT were measured and added in a 250 mL round-bottom flask before being rapidly
agitated to dissolve in chloroform. A concentration level of 1% (w/v) BHT, which inhibits lipid oxidation, was also
present in this mixture. A Rotavap suoerfit, PBU-6, Mumbai, India, a vacuum evaporator with a circulating water bath,
was used to hold the sample. At 40 °C and 100 rpm, it was spinning. After the solvent evaporated, the inside surfaces of
the round-bottom flask developed a thin film of lipid coating. For the whole night, the flask was held in a desiccator under

Table | Variable Levels Employed in Box-Behnken Experimental Design

Independent Variables (X) Coded Value

Low (—1) | Medium (0) | High (+1)
Cholesterol (XI) (mg) 20 60 100
Centrifugation Speed (X2) (rpm) 10000 14,000 18000
Sonication time (X3) (min) 10 20 30
Responses (Y) Constraint
Particle size (Y1) (nm) Minimize
Entrapment efficiency (Y2) (%) Maximize
Drug Loading (Y3) (%) Maximize
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vacuum to make sure that the organic solvent was gone. After that, the lipid film was extensively mixed with water by
wetting it using phosphate-buffered solution at pH 7.4 employing a rotary vacuum evaporator and a water bath running at
120 rpm and 65 °C. The dispersion was sonicated for one hour with a bath sonicator (UCB 40, Citizen Industries,
Ahmedabad, India), converting multilamellar vesicles (MLVs) into nano-sized unilamellar vesicles (ULVs). The sample
was left at ambient temperature for approximately two hours after sonication to encourage vesicle formation before being
stored overnight at 4 °C. Then, one hour of centrifugation was done at 15000 rpm. In order to prepare dry powered
formulation, the product was gathered, pre-cooled for the night at =20 °C, and then lyophilized for 12 hours in
a laboratory lyophilizer (Innova Biomeditech Co., Ltd., Mumbai, India).”

Trastuzumab Conjugation to the CBNCs Surface via EDC-NHS Chemistry

Conjugation of TZ over the surface of optimized CBNCs was carried out through a conventional EDC-NHS mechanism
as reported elsewhere.’® The CBNCs that were loaded with TZ were reconstituted in 1 mL of MES buffer at pH-5.5. To
activate surface carboxyl (-COOH) groups of CBNCs, they were incubated with 200 pL of EDC (4 mg/mL) and 200 pL
(6 mg/mL) for 30 minutes at 2542 °C on a shaker. Following activation, the CBNCs were cleaned twice with MES buffer
(pH 5.5) by centrifugation (15,000 rpm, 15 min, 4 °C) and then suspended again in 1 mL of the same buffer. TZ
monoclonal antibody (2.5 mg/mL) was then conjugated to the EDC-NHS-activated CBNCs, followed by 4 hours of
incubation at 25+2 °C under continuous shaking to facilitate covalent amide bond formation. For additional examination,
the conjugated CBNCs were centrifuged for 45 minutes at 17,500 rpm, then twice washed with PBS (pH 7.4), dispersed
again in PBS (pH 7.4), and kept at 2—8 °C until further use. The QPRO-Bicinchoninic Acid (BCA) based protein assay
kit (Cyanagen Srl, Italy) was used to determine the trastuzumab conjugation efficiency of the CBNCs, and the calculation
was performed using the following formula.*®

% TZ conjugation = (Amount of TZ added to the CBNC — Amount of TZ in CBNC supernatant) x 100

Assessment of Antibody Surface Conjugation on Nanolipid Carrier Using SDS-PAGE

Electrophoresis

SDS-PAGE was employed to evaluate antibody conjugation on the surface of CBNCs.? Briefly, samples of CBNCs and
TZ-CBNCs were resuspended in PBS (20 puL from a 10 mg/mL stock solution). In parallel, free TZ (1 puL) was prepared
separately. Each sample was mixed with 5 pL of 2X Laemmli loading buffer and subsequently loaded onto 10% SDS-
PAGE gels, accompanied by molecular weight markers. Electrophoresis was performed initially at 80 V for protein
stacking, followed by 100 V for protein separation. After electrophoresis, proteins were transferred onto polyvinylidene
difluoride membranes at 15 V for 1 h. Membranes were blocked with 5% bovine serum albumin in Tris-buffered saline
and incubated overnight at 4°C with HER2-specific secondary antibodies (dilution 1:5000; Cell Signaling Technology or
Abcam). Following four consecutive washing cycles (0.1% Tween-20 in buffered saline, 10 min each), protein bands
were detected using an enhanced chemiluminescence detection method.

Characterization of Experimental Formulations

Fourier Transform Infrared (FTIR)

FTIR spectroscopy analyzes the interaction among the drug and the excipients in the preparation.” Examining pure CB,
the excipients utilized, the physical mixing of CB with the excipients, and formulations both with and without the
medication were all part of this endeavour. FTIR analysis of TZ and the TZ-conjugated formulation was also performed
to verify the incorporation of TZ onto the NCs’ surface. All samples were combined with IR-grade potassium bromide
(KBr, spectroscopy grade) in a 1:100 proportion, and the pellet was created by compressing them in a hydraulic press
under a pressure of ~10 tons for 2—3 minutes. The pellets were analysed using an FTIR analyser (IRAffinity-1, Shimadzu
Corporation, Kyoto, Japan). Spectra were recorded in the range of 4000-400 cm™' with a resolution of 4 cm™' and 32
scans per sample. Background correction was performed using a pure KBr pellet. The obtained spectra were compared to
identify characteristic peaks of CB, excipients, and TZ, and to evaluate any possible shifts, disappearance, or appearance
of new peaks that could indicate drug—excipient interactions or successful antibody conjugation on the surface of NCs.
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Differential Scanning Calorimetry (DSC)

Measured amount of pure CB, the excipients, the drug/excipient physical mixture, the formulation, and the blank for
DSC analysis was investigated using the differential scanning calorimeter (DSC 204 F1, Netzch, New Castle, Delaware,
USA). Over a temperature range of 30 °C to 280 °C, all procedures were conducted in a dynamic nitrogen atmosphere
(50 mL/min) with a heating rate of 10 °C per minute. Approximately 3—5 mg of each sample was accurately weighed and
sealed in standard aluminum pans with pierced lids. An empty sealed pan was used as a reference. The instrument was
calibrated using indium and zinc standards before analysis. Thermograms were recorded and analyzed to identify
characteristic endothermic or exothermic transitions. Any shifts or disappearance of peaks were used to evaluate drug—
excipient interactions and the incorporation of CB within the formulation.*'

X-Ray Diffraction (XRD) Analysis

In order to demonstrate the crystallinity or amorphous nature of the laden CB in the formulation, an X-ray diffractometer
(Ultima IV, Bruker Corporation, Karlsruhe, Germany) was implemented. We studied the XRD patterns of pure CB, and
CBNCs. An anode was operated at a voltage of 40 kV and a current of 15 mA were used by the detector that gathered the

scattered radiation data. At a scanning pace of 1° min '

, measurements were taken with a scanning angle ranging from 5°
to 70°. Samples (approximately 100 mg) were finely ground, uniformly spread on a glass sample holder, and pressed to
obtain a flat surface before measurement. The instrument was calibrated using a standard silicon sample before analysis.
Data were collected in continuous scan mode using Cu-Ka radiation (A = 1.5406 A), and the obtained diffractograms
were analyzed to identify characteristic peaks, changes in intensity, or the disappearance of sharp peaks, indicating
conversion from a crystalline to an amorphous state.’*~*

Percentage of Drug Loading and Entrapment Efficiency

A measured quantity (5 mg) of CBNCs was dissolved in the required amount of ethanol, vortexed, and then centrifuged
at 13,500 rpm for 10 minutes. The absorbance of was quantified at 303 nm via a UV/VIS spectrophotometer (UV 3000+,
Labindia Instruments Pvt. Ltd., Thane, Maharashtra, India). The concentration of CB was calculated from a previously
established calibration curve (2-20 pg/mL, R* > 0.99). All measurements were performed in triplicate to ensure
reproducibility. The proportion of drug loading and drug loading efficiency were determined via the subsequent

formula.>*

CB loading (%) = (amount of CB in CBNCs/amount of CBNCs obtained) x 100

CB loading efficiency (%) = (practical CB loading/theoretical CB loading) x 100

Particle Size and Zeta Potential

The lyophilized CBNCs/TZ- CBNCs were reconstituted in 2 mL of Milli-Q water, subjected to sonication for
15-20 minutes, and vortexed for several minutes to disaggregate any clumps in the suspension before analysis. Using
the Zetasizer Nano ZS 90 (Malvern Instruments, Malvern, UK) with Data Transfer Assistance (DTA) software (Malvern
zetasizer Limited, Malvern, UK), samples were analyzed for mean particle size, polydispersity indices (PDI), and zeta
potential. Measurements were performed at 25 + 1 °C in disposable polystyrene cuvettes for particle size/PDI and in
folded capillary cells for zeta potential. Each sample was measured in triplicate, and the mean + standard deviation was
reported. Instrument calibration was performed using polystyrene latex bead standards prior to analysis. The hydro-
dynamic diameter was determined by dynamic light scattering (DLS) at a fixed scattering angle of 90°.27~*

Field Emission Scanning Electron Microscopy (FESEM)

The surface morphology of the fabricated CBNCs/TZ-CBNCs was analysed by using an electron microscope (Sigma
500, Zeiss, Germany). Freeze-dried formulations were placed onto carbon tape affixed to a sample stub. A platinum layer
was sputter-coated onto the sample for 5 minutes at an accelerating voltage of 10 kV. Imaging was carried out under
liquid nitrogen conditions using FESEM. Prior to imaging, the samples were dried under vacuum to remove residual
moisture. The sputter-coating thickness was maintained at approximately 10 nm to avoid charging artefacts. Images were
captured at multiple magnifications (ranging from 20,000 to 100,000x) to assess particle size, morphology, and surface
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characteristics. Representative micrographs were selected for analysis and comparison between non-conjugated and
conjugated formulations.*

Energy Dispersive X-Ray (EDX) Analysis

EDX, integrated with the scanning electron microscope (Sigma 500, Zeiss, Germany), was utilized to analyze the composition
of the CBNCs/TZ-CBNCs. The lyophilized samples were mounted on carbon tape and sputter-coated with a thin platinum
layer to enhance conductivity. Spectra were acquired at an accelerating voltage of 15-20 kV under high vacuum conditions.
Elemental mapping was performed in addition to point and area scans to confirm the uniform distribution of key elements (C,
0O, P, N, and others related to lipids, drug, and antibody conjugation). The relative weight % and atomic % of each element
were calculated using the instrument’s built-in analysis software.

High Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM was carried out using the CBNCs/TZ-CBNCs to examine the core morphology and distribution profile of the
drug. Lyophilized CBNCs/TZ-CBNCs were re-dispersed in Milli-Q water and delicately spread onto a carbon-layered
copper grid (300 mesh; Ted Pella Inc., CA, USA), which was subsequently air-dried for 10 hours and imaged using an
HR-TEM apparatus (JEM 2100; Thermo Fisher Scientific, Waltham, MA, USA). Samples were stained with 1% (w/v)
phosphotungstic acid (PTA, pH 7.0) to enhance contrast, and excess solution was wicked off using filter paper before
drying. The instrument was operated at an accelerating voltage of 200 kV. Images were acquired at multiple magnifica-
tions to evaluate particle size, shape, and dispersion; representative micrographs were then selected for analysis.”’

Atomic Force Microscopy (AFM)

AFM (JPK NanoWizard 4, Bruker, Berlin, Germany) analysis was used to study the particle size, surface, and three-
dimensional morphology of CBNCs/TZ-CBNCs under typical conditions. The Peak Force QNM (Quantitative Nano
Mechanical mapping) mode used a silicon nitride probe with a resonance frequency of 150-350 kHz and a force constant
of 0.4 N/m. Lyophilized CBNCs/TZ-CBNCs were reconstituted in Milli-Q water. Following sonication (5 min) and
vortexing (5 min), a droplet of the sample was delicately dropped on a precleaned glass slide, which was then subjected
to vacuum drying. The designed glass slide was analyzed for AFM imaging. Images were acquired in tapping mode
under ambient conditions, with scan sizes ranging from 1 pm % 1 pm to 5 pm X 5 pm at a resolution of 512x512 pixels.
Height, phase, and three-dimensional topography images were recorded, and surface roughness parameters (Ra and Rq)
were calculated using the instrument’s built-in software. Multiple regions of each sample were scanned to ensure
reproducibility, and representative images were selected for presentation.’

In vitro Drug Release Study

The dialysis bag in phosphate-buffer saline (PBS, pH 7.4) was taken to evaluate the in vitro drug release profile of
CBNCs/TZ-CBNCs. A 5 mg sample of freeze-dried preparation was dissolved in 1 mL of PBS (pH 7.4) and transferred
into a dialysis bag (Rexon Dialysis Membrane-60, Bangalore, India). Cotton thread tightly bound the two corners of the
dialysis bag. As a drug release medium, the full assembly was placed in a 100 mL beaker with 50 mL of PBS (pH 7.4).
A magnetic bead was used to stir the device, which was set up on a magnetic stirrer and kept at room temperature at
300 rpm. The molecular weight cut-off (MWCO) of the dialysis membrane was 12—14 kDa, which allowed the free drug
to diffuse while retaining nanoparticles. The entire setup was maintained at 37 £ 0.5 °C to mimic physiological
conditions. A 1 mL sample was drawn from the drug release medium at designated time points and substituted with
an equivalent volume of fresh media. PBS (pH 7.4) was employed as the baseline reference, and the samples were tested
at 303 nm through a spectrophotometer. In order to determine the concentration, the calibration curve was used. All

experiments were carried out in triplicate, and cumulative drug release (%) was plotted as a function of time.*

Drug Release Kinetics Study

The experimental NCs’ drug release mechanism was investigated by applying different kinetic models to data from
in vitro drug release studies. These models included zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixson-
Crowell, which measured percentage drug remaining against time, cumulative drug release against the square root of
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time, and logarithmic cumulative drug release versus logarithmic time, respectively. The calculated R2 values served as
a basis for assessing the linearity of the graphs. The model with the highest R? value was considered the best fit to
describe the release kinetics. The release exponent (n) obtained from the Korsmeyer—Peppas model was used to identify
the drug release mechanism (Fickian diffusion, anomalous transport, or case-II transport). All analyses were performed
using Microsoft Excel and GraphPad Prism software, and results are expressed as mean + SD from triplicate
experiments.’

Stability Studies

The physical stability of the optimized CBNCs was estimated by monitoring the physical appearance, alterations in
particle size, zeta potential, and entrapment efficiency over time following ICH guidelines. The formulation (SmL) was
stored under refrigerated (4°C + 2°C, ~30-45% RH), ambient temperature (25°C + 2°C, 60% RH), and physiological
temperature (37°C + 2°C, 75% RH) conditions. Samples were collected at scheduled periods of 1, 2, and 3 months.
Particle size and zeta potential were determined using DLS, while entrapment efficiency was analyzed as previously
described. Additionally, TEM was performed post-storage to evaluate vesicle morphology and confirm the absence of
aggregation or fusion. All experiments were carried out in triplicate, and results were expressed as mean + SD.?

In vitro Anticancer Effectiveness Analysis

Cytotoxicity Analysis by MTT Assay

Cytotoxicity of CB, CBNCs, and TZ-CBNCs was evaluated on the MCF-7 and SKBR-3 cell lines using MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide). Briefly, MCF-7 cells and SKBR-3 cells (5,000 per well) were
distributed into a 96-well microplate. Next, the CB/CBNCs/TZ-CBNCs with different concentrations (0-50 pg/mL) were
applied to the selected wells. Following 24 h incubation at 37 °C in a CO, incubator (ESCO, US), 100 pL of MTT (5 mg/
mL in PBS; Thermo Fisher Scientific, Waltham, MA, USA) was introduced into every well, and the plates were exposed
to 37 °C during incubation for another 4 hours. The addition of dimethyl sulfoxide (100 pL per well) dissolved the
intracellular formazan crystals. A microplate reader (SpectraMax, Molecular Devices, USA) was used to measure the
color intensity at 540 nm. The half-maximal inhibitory concentration (ICs) values were determined using dose—response
curves with non-linear regression analysis in GraphPad Prism software. All experiments were performed in triplicate, and
the data are presented as the mean = SD. The antiproliferative effect of CB/CBNCs/TZ-CBNCs was determined as
a percentage of cell growth inhibition, considering concentration and in comparison with the corresponding controls. Cell
viability (%) was calculated using the following formula:

Cell Viability (%) = Absorbance of treated cells/ Absorbance of control cells x 100

Internalization Efficiency Analysis

To assess the internalization efficiency of CBNCs/TZ-CBNCs in the tested MCF-7 and SKBR-3 cells, FITC-labelled
formulations were added to 12-well plates seeded with ~1x10° cells per well and incubated overnight to allow adherence.
The cells were then treated with the formulations at a concentration of 100 ng/mL and incubated for 1 h at 37 °C in
a humidified 5% CO, incubator. After incubation, the cells were rinsed three times with PBS (pH 7.4) to remove unbound
formulations, fixed with 4% paraformaldehyde for 10 min, and counterstained with DAPI (1 pg/mL) to visualize nuclei.
Cellular uptake was observed using a fluorescent microscope (Leica Microsystems, Wetzlar, Germany) equipped with a blue
filter. Images were acquired using MIA software, and fluorescence intensity was semi-quantitatively analyzed with ImageJ
software to compare the degree of internalization between CBNCs and TZ-CBNCs.**

Statistical Analysis

To maintain accuracy and reproducibility, all experiments were conducted as three independent repeats where applicable,
and the findings were presented as standard deviation (SD) + mean. Utilizing Origin Pro 8 and GraphPad Prism (version
10.0) software, one-way ANOVA was employed to calculate the statistical data, followed by a Tukey post hoc test. For
the experiments, P values <0.05 at a 95% confidence level were regarded as statistically significant.
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Results

A total of 15 runs with three centre points were created using the Box-Behnken design to optimize CBNCs while
monitoring three independent and three dependent parameters as shown in Table 2. All generated CBNCs were
characterized through investigations of the percentage of drug entrapment, average particle size, and percentage of
drug loading. Contour plots were generated to investigate the influence of selected independent variables on the
dependent variables.

Impact of Independent Variables on CBNCs Particle Size

It is known that the concentration of cholesterol, the speed of centrifugation, and the time of sonication are not very
important in controlling the size of the particles or the release profile of the drug from the matrix. As detailed in Table 2,
the particle sizes of CBNC formulations ranged from 192.9 nm to 197.32 nm due to various combinations of variables.
This variation in size was analysed using the derived quadratic model equation.*®

Particle Size (nm) (Y1) = 195.04 — 0.2500X1 — 0.3750X2 — 0.5000.X3
—0.2500X1X2 — 0.2500X 1X3 + 0.2500X2X3 + 0.2300X 1% — 0.2700X22 — 0.0200X 32

The polynomial equation indicated that a positive value denoted a synergistic effect, while a negative value indicated
an antagonistic effect. The model was validated as significant (F-value = 0.1488; P < 0.05), confirming its relevance in
guiding the experimental design.

The polynomial equation revealed that an increase in cholesterol concentration (X1) resulted in a decrease in CBNCs
particle size. An elevation in the concentration of X1 resulted in a decrease in the particle size of CBNCs due to membrane

Table 2 Experimental Design Using Box-Behnken and Corresponding Observed Responses

Formulation Cholesterol Centrifugation Sonication Particle Size Entrapment Drug
Code (X1) Speed (X2) Time (X3) (nm) Efficiency% Loading%
CBNCI 20 14,000 30 195.19 79 8.2
CBNC2 100 18,000 20 195.5 78.6 8
CBNC3 60 14,000 20 195.4 78.23 85
CBNC4 60 10,000 30 196.23 79.02 8.6
CBNC5 100 10,000 20 194.9 78.99 8.7
CBNC6 60 10,000 10 197.32 78.56 8.4
CBNC7 60 14,000 20 196.15 79.32 83
CBNC8 60 14,000 20 194.3 79.66 8.4
CBNC9 60 14,000 20 192.9 79.54 8.45
CBNCI0 60 18,000 10 193.5 78.22 8.65
CBNCI | 20 10,000 20 194.24 79.65 8.7
CBNCI2 20 14,000 10 196.64 80.22 8.2
CBNCI3 60 18,000 30 193.58 81.22 8.4
CBNCI4 100 14,000 10 196.8 82.13 8.7
CBNCI5 20 18,000 20 196.5 83.01 8.6
CBNCIl6 100 14,000 30 194.4 81.87 822
CBNCI17 60 14,000 20 197.2 81.64 831
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stabilization, but excessive cholesterol gave rise to a slight rising in particle size. Increasing the centrifugation speed also
reduced particle size by getting rid of larger vesicles. However, the sonication time had the most significant effect, as longer
exposure made the vesicles smaller. Interaction effects indicated that elevated levels of X1 and X3 further diminished size,
although high levels of X2 and X3 might marginally enhance size due to vesicle restructuring.*® These results underscored
the need to optimize parameters for the production of monodisperse, stable CBNCs, as illustrated in Figure 1A-C

Impact of Independent Variables on CBNCs % Entrapment Efficiency

In the formulated CBNCs, drug entrapment range was observed to range between 78.22% and 83.01%. The model
presented the below polynomial equation to characterize the influence of the independent variables on the percentage
entrapment efficiency:

EE% (Y2) = 79.68 — 0.0362X1 + 0.6038X2 + 0.2475X3 — 0.9375X 1.X2 + 0.2400X 1
+0.6350X2X3 + 0.9672X1% — 0.5828X2% — 0.1598X3>

The proportion of drug entrapment is positively impacted when a positive value comes before a factor, and negatively
impacted when a negative value comes before a factor. Statistical significance was found for this model (F-value = 0.5100;

3D Surface 3D Surface

1
Particle Size (nm)

18000

B: Centrifugation Speed (rpm) 12000 “©  A: Cholesterol (mg) C: Sonication Time (min) B: Centrifugation Speed (rpm)

3D Surface

Particle Size (nm)

C: Sonication Time (min)

Figure | (A) A response surface plot displaying how the amount of cholesterol and the speed of the centrifugation affect the particle size when the sonication time stays the
same. (B) A response surface plot that shows how the speed of the centrifugation and the time of the sonication affect the particle size when the cholesterol concentration
stays the same. (C) A response surface plot presenting how the amount of cholesterol and the time of sonication change the particle size when the centrifugation speed
remains constant.
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P < 0.05). The examination of the polynomial equation revealed that when factor X1 (cholesterol concentration) values
decreased, the percentage of drug entrapment rose.>” Additionally, factor X2 (centrifugation speed) exhibited a positive effect
on the entrapment efficiency. However, factor X3 had major impact on the drug entrapment efficiency, as depicted in
Figure 2A—C.

Impact of Independent Variables on CBNCs % Drug Loading
The variations in % drug loading are described by the quadratic equation below:
DL%(Y3) = 8.39 — 0.0100X1 — 0.0937X2 — 0.0662X3 — 0.1500X 1.X2 — 0.1200X 1.X'3
—0.1125X2X3 — 0.0373X 12 + 0.1452X2% — 0.0247X3*

The model demonstrated statistically significant (F-value = 1.03; P< 0.05). Concentration of cholesterol exhibited
antagonistic effect on drug loading while centrifugation time and sonication time had no notable impact, as shown in
Figure 3A-C.

Optimization
The optimized CBNCs was chosen by putting constraints on the dependent variables, as illustrated in Table 1. The point
prediction from Design Expert software version 13 was employed to predict the optimized CBNCs, focusing on
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Figure 2 (A) A response surface plot illustrating the correlation between the cholesterol concentration and centrifugation speed on the entrapment efficiency, keeping at
sonication time constant. (B) A response surface plot depicting how the speed of the centrifugation and the time of the sonication affect the efficiency of entrapment when
the concentration of cholesterol stays the same. (C) A response surface plot presenting how the amount of cholesterol and the sonication time affect the efficiency of
entrapment when the centrifugation speed remains constant.
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Figure 3 (A) A response surface plot showing how the amount of cholesterol and the speed of the centrifugation affect the drug loading when the sonication time stays the
same. (B) A response surface plot that shows how the speed of the centrifugation and the time of the sonication affect the drug loading when the cholesterol concentration
stays the same. (C) A response surface plot demonstrating the interaction between the cholesterol concentration and sonication time affecting the drug loading at a constant
cholesterol concentration.

achieving a desirability factor approaching 1. This study predicted that the best process parameters would be cholesterol
concentration (X1) at 60 mg, centrifugation speed (X2) at 14,000 rpm, and sonication duration (X3) at 20 minutes. It was
also predicted that the response values as particle size (Y1): 195.04 nm, entrapment efficiency (Y2): 79.67% and drug
loading (Y3) 8.39%.

The selected optimized parameters were taken to produce CBNCs, which showed comparative linearity in between
predicted and actual values. The experimental values for the selected parameters were: particle size (Y1) as 194.6 nm,
entrapment efficiency (Y2) as 79.8%, and drug loading (Y3) as 8.5%. Overall, the experimental values of the optimized

formulation were very adjacent to the predicted values, and thus rationalized the use of the RSM model.***’

TZ Conjugation Efficiency on CBNCs

The conjugation efficiency of TZ onto CBNCs was determined using a BCA protein assay by measuring the unbound
antibody in the supernatant after the conjugation reaction. The calculated conjugation efficiency was approximately
67.3 £ 1.5%, indicating successful surface functionalization of TZ over CBNCs.
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SDS-PAGE Electrophoresis
In the gel electrophoresis (Figure 4), the band for the TZ and the TZ-CBNCs was observed in the same line, indicating
that the antibody successfully conjugated to the CBNCs surface while retaining its characteristic migration pattern.

Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR study of CB revealed different functional groups in its various excipients, their physical mixtures, and both
non-conjugated and antibody-conjugated formulations. Data depicted the successful conjugation of TZ over CBNCs.
Pure capecitabine had characteristic peaks on a stretching vibration of C=0 observed near 1700 cm ™' and N-H bending at
approximately 1600 cm ™', which are its main functional groups. The excipients, such as SL, CHT, and BHT, showed
important bands in the phosphate groups (10001200 cm ') and the C-H stretching area (2800-3000 cm ). The FTIR
spectrum of the physical mixture, which had CB and other ingredients, showed peaks that were typical of each of the
parts. There were no new, significant peaks, suggesting the absence of undesirable chemical interactions. The CBNCs
showed a slight shift and lessening of the intensity of CB’s main peaks, which means that the drug was effectively
encapsulated by the lipid matrix and potential interactions between CB and lipid constituents. The TZ- CBNCs had
further adjustments in the spectrum, especially bands near 1650 cm ' and 1550 cm ™', corresponding to amide I and I,
respectively, which confirms the successful conjugation of TZ via hydrogen bonding or electrostatic interactions.
Moreover, the (-OH) stretching area (~3200-3400 cm ') exhibited broadening, suggesting hydrogen bonding interactions
between TZ and lipid constituents, which may contribute to the stability of the conjugated formulation. The absence of
new peaks in both formulations indicated the absence of any undesirable chemical interactions, whereas the observed
spectrum shifts indicated a steady incorporation of CB and TZ in the liposomal matrix. FTIR spectra of pure drug,
specific constituents, physical mixture, Blank NCs, CBNCs and TZ-CBNCs as shown in Figure 5.

INIOI-Z.L
INIO
71

Figure 4 SDS-PAGE gel electrophoresis of trastuzumab (TZ), capecitabine-loaded nanolipid carriers (CBNCs), and trastuzumab-conjugated capecitabine-loaded nanolipid
carriers (TZ-CBNCs).
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Figure 5 FTIR spectra of pure drug, specific constituents, physical mixture, blank nanolipid carriers (NCs), capecitabine-loaded nanolipid carriers (CBNCs), and
trastuzumab-conjugated capecitabine-loaded nanolipid carriers (TZ-CBNCs).

Differential Scanning Calorimetry (DSC)

Different thermal changes were seen in the DSC study of CB, excipients, the physical mixture, blank CBNCs (without
drug), and CBNCs. The DSC thermogram of CB displayed a sharp endothermic peak at 160°C, suggesting its crystalline
characteristics. SL and CHT exhibited distinct thermal transitions at approximately 240.39°C and 148.23°C, respectively,
which correspond to their melting temperature. The physical mixture exhibited thermal events with peaks at around
158°C, 238°C, and 147°C, indicating no substantial chemical reactions. CBNCs exhibited a melting point of 152.3°C as
shown in Figure 6, confirming the molecular dispersion of the drug within the lipid bilayer. The broad and attenuated
nature of this transition, along with the absence of a sharp CB peak, indicates reduced crystallinity of CB. The absence of
a distinct melting peak for CB in the optimized CBNCs indicated its conversion from a crystalline to an amorphous form,
suggesting improvements in the drug’s solubility, faster dissolution, and enhanced bioavailability..
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Figure 6 DSC of pure drug, individual components, physical mixture, blank nanolipid carriers (NCs), and capecitabine-loaded nanolipid carriers (CBNCs).
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X-Ray Diffraction (XRD)

The XRD analysis of CB and optimized CBNCs revealed a significant reduction in crystallinity upon encapsulation. The
pure CB displayed sharp, intense characteristic peaks at 20 values of 9.6°, 13.4°, 16.9°, 18.4° 22.5°, and 27.6°
confirming its high crystalline nature as shown in Figure 7. In contrast, the formulated CBNCs exhibited a broad and
diffused pattern, with a disappearance in the intensity of these characteristic peaks. This change demonstrated the
successful addition of CB to the lipid bilayer, transforming it into an amorphous state. The amorphization of CB is
expected to improve its solubility and dissolution profile, potentially enhancing drug release and bioavailability from the

nanocarrier system.

Average Particle Size and Zeta Potential

The CBNCs had an average particle size of 194.6 nm and a PDI of 0.2501, which means they were stable and could be
used for passive tumor targeting. Optimized CBNCs had a zeta potential of —25.55 mV, as shown in Figure 8A, which
means they were stable in a colloidal form because the particles would repel each other electrostatically. After
conjugation with TZ, the particle size increased to 262 nm, followed by a rise in PDI to 0.6832, indicating an effective
TZ conjugation and a little reduction in size uniformity due to steric effects. The zeta potential markedly increased to
—57.76 mV (Figure 8B), indicating enhanced surface charge and improved electrostatic stabilization. The increase in zeta
potential also implies a higher repulsion between particles, which is likely to prevent aggregation and improve stability
during storage and in biological fluids. Furthermore, the larger particle size and increased surface charge after TZ
conjugation may influence cellular uptake and receptor-mediated targeting efficiency.

Field Emission Scanning Electron Microscopy (FESEM)

FESEM images of CBNCs and TZ-CBNCs were analyzed and illustrated in Figure 9A and B. Unconjugated formulation
(ie, optimized CBNCs) was uniformly round and had an average particle size of 16-23 nm. On the other hand, the TZ-
CBNCs had a slightly larger size, averaging around 24—55 nm. The surface exhibited a lower smoothness, with a rough
texture relative to the non-conjugated formulation. The structural heterogeneity across the formulations depicted
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Figure 7 XRD of pure dug and capecitabine-loaded nanolipid carriers (CBNCs).

International Journal of Nanomedicine 2025:20 hetps: 12089



Das et al

Z-Average: 194.6nm Z-Average: 262nm
PI: 0.2501 A PI: 0.6832 B

20 4

no
o
]

1549

—_
(9}
1

10 4

Intensity (Percent)
S
1
Intensity (Percent)

(2]
L

0 T T 1 T |

0.1 1 10 100 1e+03 1e+04 0 - T T T T 1
0.1 1 10 100 1e+03 1e+04

Size (d.nm)

Size (d.nm)

Figure 8 Particle size of experimental nanolipid carriers (NCs). (A) Capecitabine-loaded nanolipid carriers (CBNCs) and (B) trastuzumab-conjugated capecitabine-loaded
nanolipid carriers (TZ-CBNCs).
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Figure 9 FESEM and EDX images of experimental nanolipid carriers (NCs). (A) Capecitabine-loaded nanolipid carriers (CBNCs) and (B) trastuzumab-conjugated
capecitabine-loaded nanolipid carriers (TZ-CBNCs).
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conjugation of TZ. Further, no lumps or large agglomerates were observed throughout the sample maintained colloidal
stability post-conjugation.

Energy Dispersive X-Ray (EDX) Analysis

Elemental composition of both CBNCs and TZ-CBNCs was accessed using EDX analysis. The primary elements
detected in CBNCs included carbon (C), oxygen (O), nitrogen (N), and phosphorus (P). This evidence indicates the
presence of core excipients and drug components. In contrast, the TZ-CBNCs demonstrated an additional presence of
sulfur (S) along with a significant increase in nitrogen content, confirming the successful conjugation of the targeting
moiety. Since sulfur was not a component in the CBNCs, it was likely that the functionalization process successfully
added TZ over CBNCs. Also, the small differences in the amounts of oxygen and phosphorus in the two samples showed
that the conjugate and the excipient matrix might interact with each other. These results overall confirmed the successful
conjugation process while preserving the structural integrity of the formulations. The energy-dispersive X-ray analysis of
the prepared formulations CBNCs and TZ-CBNCs is shown in Table 3.

High Resolution Transmission Electron Microscopy (HR-TEM)

The morphological study exhibited a smooth surface with no aggregation. The HR-TEM images exhibited a globular
morphology exhibiting a clear core-shell appearance. Altering TZ on the CBNCs surface might lead to a minor
enhancement in the structure, as shown by the HR-TEM images. However, the formulations showed intact vesicles
and a unilamellar nature. No distortion in the outer lipid bilayer or internal morphology was observed, suggesting
successful formulation. The HR-TEM images of CBNCs and TZ-CBNCs are shown in Figure 10A and C.

Atomic Force Microscopy (AFM)

AFM analysis showed a difference in surface texture among CBNCs and TZ-CBNCs. The image depicted a smooth,
uniform topography of CBNCs with an average surface height of approximately 15.5 nm (Figure 11A). However, TZ-
CBNC:s (Figure 11B) depicted nano-sized clusters that were 37.7 nm in height and had an amplitude value of 19.5 mV.
These observations indicated an increase in surface heterogeneity upon TZ conjugation. Furthermore, tiny particles were
shown to group to form clusters, which further supported the surface alteration. The surface of the TZ-CBNCs was
relatively rougher than that of their non-conjugated counterparts, which might be due to TZ conjugation.

In vitro Drug Release and Analysis of Release
The in vitro cumulative drug release graph illustrated the release profiles of CB, CBNCs and TZ-CBNCs over 72 h. CB
at its free form released at the fastest rate (97.45%) within 8 h, indicating burst release tendency. Contrary to that, CBNCs
exhibited a biphasic-release pattern, with an initial burst release of ~40% within 8 h followed by a prolonged and
controlled release phase, reaching ~92.25% at 72 h. This controlled release pattern reflects efficient encapsulation and
diffusion-mediated release from the nanocarrier matrix. TZ-CBNCs demonstrated the slowest drug release among the
tested formulations, achieving approximately 84.26% after completion of 72 h as shown in Figure 12. This trend overall
suggested that TZ conjugation further restricts drug diffusion across the lipid bilayer and enhances sustained release
properties.

Various mathematical models—Zero Order, First Order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell, etc., were
used to predict the mechanism of CB release from CBNCs/TZ-CBNCs. From the coefficient of regression (R?) values,
the best-fit model was predicted (Table 4). The CB had the highest R? value for the Zero-Order model (0.995), followed

Table 3 Energy Dispersive X-Ray (EDX) Analysis

Formulations CK NK OK FK PK SK

Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic% Weight% Atomic%

CNL 18.7 235 1.8 1.9 783 739 - - 1.3 0.6 - -

TZ-CNL 19.7 248 22 24 743 70.1 27 2.1 0.9 0.5 0.2 0.1

International Journal of Nanomedicine 2025:20 hetps: 12091



Das et al

Figure 10 TEM images of optimized nanolipid carriers. (A) Capecitabine-loaded nanolipid carriers (CBNCs) (freshly prepared), (B) capecitabine-loaded nanolipid carriers
(after 3 months under recommended storage conditions), and (C) trastuzumab-conjugated capecitabine-loaded nanolipid carriers (TZ-CBNCs).

by Korsmeyer-Peppas (0.986) and Higuchi (0.989). The First Order and Hixson-Crowell models, on the other hand, had
significantly lower fits with R? values of 0.905 and 0.610, respectively. While Hixson-Crowell again exhibited a poor
match (0.458), the CBNCs similarly followed First Order kinetics most strongly (0.981), with excellent correlation in
Korsmeyer-Peppas (0.969) and Higuchi (0.962) models. Likewise, the TZ-CBNCs showed a predominant first-order
release profile (0.953), along with good fits to Higuchi (0.950) and Korsmeyer-Peppas (0.937) models, but somewhat
lower correlation with zero-order and Hixson-Crowell models (Figure 13).

Stability Study

The physical appearance of CBNCs at one, two, and three-month intervals, at 4°C + 2°C, 24°C + 2°C, 60% RH, and
37°C + 2°C, 75% RH was assessed. Except at 37°C, the optimized 0CBNCs kept at 4°C and 24°C were shown to be
stable monitoring particle size, zeta potential, and entrapment efficiency over three months under various storage
conditions 4°C, 25°C, and 37°C, allowed one to assess the stability of CBNCs. At 4°C, negligible changes were seen,
with particle size rising from 194.6 nm to 205 nm and zeta potential marginally dropping from 79.8% to 78.57%.
Ranging from —25.55 mV to —24.78 mV, zeta potential values stayed fairly constant, suggesting high colloidal stability.
Over three months at 24°C, particle size rose to 207.4 nm, entrapment efficiency fell to 76.23%, and zeta potential fell
marginally to —23.67 mV. At 37°C, where particle size rose to 217.8 nm, entrapment efficiency fell significantly to
73.72%, and zeta potential dropped to —22.90 mV (Table 5); the most notable alterations took place, indicating reduced
electrostatic repulsion and a tendency toward particle aggregation and lower stability under higher temperature
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Figure |1 AFM images of experimental nanolipid carriers (NCs). (A) Capecitabine-loaded nanolipid carriers (CBNCs), and (B) trastuzumab-conjugated capecitabine-loaded
nanolipid carriers (TZ-CBNCs).
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Figure 12 In vitro drug release profile of free capecitabine (CB), capecitabine-loaded nanolipid carriers (CBNCs), and trastuzumab conjugate trastuzumab-loaded nanolipid
carriers (TZ-CBNCs). Data represented as mean * SD (n=3).
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Table 4 In vitro Drug Release Kinetics (R2, K and n Values) and Mechanism of Drug Release

Formulation | Zero Order | First Order Higuchi Hixon Korsmeyer n Release Release

Code Crowell Peppas Mechanism Kinetics
R? K R? K R? K R? K R? K

CB 0.995 | 9.336 | 0.905 | —0.413 | 0.989 | 35.841 | 0.610 | 0.427 | 0.986 | 0.529 | 0.529 | Non-Fickian Zero order

CBNC 0.846 | 1.073 | 0.981 | —0.033 | 0.962 | 10.791 | 0.458 | 0.037 | 0.969 | 0.466 | 0.466 | Non-Fickian First order

TZ-CBNC 0.823 | 1.033 | 0.953 | —0.025 | 0.95 10.468 | 0.492 | 0.038 | 0.937 | 0.588 | 0.588 | Non-Fickian First order

circumstances. HR-TEM analysis further corroborated these findings, showing that CBNCs kept at 37 °C exhibited
partial vesicle deformation, irregular morphology, and early signs of aggregation (Figure 10B).

MTT Assay

The MTT assay demonstrated a concentration-dependent reduction in cell viability, with trastuzumab-functionalized
nanocarriers exhibiting superior cytotoxic activity compared to unconjugated CBNCs and free CB. The dose—response
curves displayed a characteristic sigmoidal pattern, supporting the concentration-dependent nature of the cytotoxic
response (Figure 14A and B). In MCF-7 cells, the calculated IC50 values were 37.11 + 4.8 pg/mL for free CB, 24.05
+ 3.2 pg/mL for CBNCs, and 13.21 + 2.7 pg/mL for TZ-CBNCs. In contrast, SKBR3 cells, which overexpress HER2
receptors, exhibited lower IC50 values of 26.81 + 4.5 pg/mL for free CB, 13.33 + 3.4 pg/mL for CBNCs, and 8.21 £
1.6 pg/mL for TZ-CBNCs. The consistently reduced IC50 values of TZ-CBNCs across both cell lines, with the most
pronounced effect in SKBR3, highlight the enhanced cytotoxic potential conferred by TZ functionalization. Statistical
evaluation confirmed that the differences between TZ-CBNCs and other treatment groups were significant (p < 0.05,
indicated by). The overall cytotoxicity followed the order CB < CBNCs < TZ-CBNCs, with a more substantial
therapeutic advantage in HER2-overexpressing SKBR3 cells, thereby corroborating the HER2-targeted efficacy of the
developed TZ-CBNCs.

Fluorescent Microscopic Analysis of Cellular Uptake

Fluorescence microscopy was used to evaluate the cellular uptake of FITC-labeled formulations in MCF-7 and SKBR3
cells following a 1-hour exposure to 100 ng/mL of FITC-CBNCs or FITC-TZ-CBNCs (Figure 15A—C). Minimal
fluorescence was observed in the FITC-only group, confirming negligible nonspecific uptake. In contrast, both FITC-
CBNCs and FITC-TZ-CBNCs exhibited appreciable intracellular fluorescence, indicating effective nanocarrier inter-
nalization. Notably, cells treated with FITC-TZ-CBNCs exhibited significantly higher fluorescence intensity compared to
those treated with FITC-CBNCs in both MCF-7 and SKBR3 cells (Figure 15D and E), as confirmed by quantitative
analysis (p < 0.05). This enhancement can be attributed to trastuzumab-mediated recognition and interaction with HER2
receptors, thereby facilitating receptor-mediated endocytosis. The higher fluorescence intensity in SKBR3 cells, which
overexpress HER2, further substantiates the targeting advantage of TZ-functionalization. Collectively, these findings
confirm that TZ-CBNCs achieve superior intracellular accumulation relative to unconjugated CBNCs, validating the
potential of the system to exploit both passive (EPR effect) and active (HER2-targeted) uptake mechanisms for effective
breast cancer therapy.

Discussion

CB is an orally administered prodrug of S5-fluorouracil (5-FU) and is commonly prescribed for treating cancers like
breast, colorectal, and gastric. CB undergoes enzymatic to 5-FU in tumor environments, where it inhibits thymidylate
synthase, interferes DNA synthesis and triggers cell death in rapidly dividing cancerous cells. Its tumor-selective
activation enhances therapeutic efficacy while minimizing systemic toxicity.>® Elevated HER2 expression is associated
with cellular change and metastasis in high-grade breast tumors.’**° The main therapy for HER2-positive breast
malignancy is TZ. Numerous strategies are employed to target HER2-positive breast cancer cells, including as antibody-
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Figure 13 Prediction of drug release kinetics from free capecitabine (CB), optimized capecitabine-loaded nanolipid carriers (CBNC), and trastuzumab conjugated
capecitabine-loaded nanolipid carriers (TZ-CBNC): (A) Zero order, (B) First order, (C) Higuchi, (D) Hixson Crowell, and (E) Korsmeyer Peppas.

dependent cellular cytotoxicity, internalization, regulation of the PIK-AKT signaling cascade, and inhibition of HER2-
HER2 receptor dimerization.*®

Numerous studies have shown that the combination of TZ with CB enhances treatment results in patients with HER2-
positive metastatic breast cancer. The retrospective analysis of TZ used alongside paclitaxel and CB reported an 81.1% overall
response rate, with a median progression-free survival of 14 months, and overall survival reaching 38.4 months.*' There were

not any discernible alterations in overall survival or progression-free survival between the two regimens in randomized Phase
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Table 5 The Particle Size, Zeta Potential, and Entrapment Efficiency of CBNCs Were Investigated Under Various Temperature
Conditions

Temperature 4°C £ 2°C 24°C * 2°C, 60% RH 37°C £ 2°C, 75% RH

Parameter Particle Zeta Entrapment Particle Zeta Entrapment Particle Zeta Entrapment

Size (nm) Potential (mV) Efficiency (%) Size (nm) Potential (mV) Efficiency (%) Size (nm) Potential (mV) Efficiency (%)

Initial 194.6 —25.55 79.8 194.6 —25.55 79.8 194.6 —25.55 79.8

| month 1953 —-25.43 793 197.1 —24.56 77.42 202.0 —24.44 76.23

2 months 196.9 —25.17 78.14 200.7 —24.29 76.75 210.6 —23.45 75.34

3 months 205 —24.78 78.57 207.4 —23.67 76.23 217.8 —22.90 73.72

II trial comparing TZ plus CB to lapatinib plus CB, suggesting that no significant differences in progression-free survival or
overall survival exist between the two regimens, indicating that TZ plus CB is a therapeutic option.*?

While nano-sized CB-loaded formulations are employed to address various forms of malignancies, including breast
melanoma, they are not sufficiently selective and specific, which leads to off-target effects. Currently, nanotechnology is
a fantastic approach for drug transport and is often employed to transport gene treatments and chemotherapeutic drugs to
preferred target locations in many diseases, including cancer. Monoclonal antibodies and other ligands that target certain
cell receptors can help to transport aggressive anticancer medication and gene therapies to specific tumor locations,
cutting costs and limiting excruciating side effects. Using nanocarriers also offers two advantages: a successful distribu-
tion of gene therapies to tumor cells and the safeguarding against degradation in the systemic circulation. In order to treat
HER2-positive breast cancer, people have tried to make multipurpose NCs with CB and TZ.?° The study successfully
developed TZ-CBNCs for the targeted therapy of HER2-positive breast cancer. The optimized formulation, obtained
through the Box-Behnken design, resulted in NCs with an average particle size of 194.6 nm, a high entrapment efficiency
of 79.8%, and a drug loading of 8.5%. These characteristics are necessary for successful drug delivery, ensuring stability,
uniformity, and better retention at the tumor location due to the enhanced permeability and retention (EPR) effect. The
conjugation of TZ increased the particle size to 262 nm. The experimental formulations exhibited a zeta potential of —
57.76 mV, indicating enhanced electrostatic repulsion between vesicles, which helps maintain dispersion stability.
Evidence supports the idea that a zeta potential outside the range of =30 mV to +30 mV is considered important for
achieving stable colloidal suspensions, as it prevents particle aggregation through sufficient repulsive forces.***** It also
indicates successful antibody conjugation and enhanced colloidal stability.

FTIR results showed no significant chemical interaction was detected between CB and the excipients, nevertheless,
small peak shifts indicated some level of physical interaction. Moreover, a comparison study of the FTIR spectra verified
the effective conjugation of TZ to CB-loaded NCs by means of the detection of distinctive amide bond peaks, thereby
suggesting protein attachment. According to DSC and XRD examination, encapsulation improved the solubility and
stability of CB by converting it into an amorphous state. Again, FESEM pictures revealed an irregular surface for TZ-
CBNCs, whereas they had a smooth surface before. The uneven surface of TZ-CBNCs was further validated by means of
AFM pictures. According to HR-TEM observations, drug particles appear to be uniformly and densely distributed in the
polymer matrix. The surfaces of NCs that were not conjugated were smooth and round, while the surfaces of NCs that
had been conjugated with TZ were slightly rougher because of the antibody conjugation. EDX study reveals that the
presence of nitrogen increased and the additional presence of sulfur in TZ-CBNCs, which confirms the conjugation of TZ
in the antibody-conjugated formulation.

BCA protein assay evidenced successful conjugation of TZ over CBNCs. Qualitative confirmation via SDS-PAGE
further demonstrated that the antibody retained its structural integrity and characteristic migration pattern after conjuga-
tion. These results collectively supported FTIR and EDX data regarding the successful attachment of TZ through EDC-
NHS chemistry to the CBNCs’ surface without compromising its functional properties.

In vitro drug release studies indicated that TZ-CBNCs had the slowest and most controlled release profile, which may
enhance therapeutic outcomes through sustained drug release and improved bioavailability.*> The analysis of release
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Figure 14 In-vitro cytotoxicity data of free capecitabine (CB), capecitabine-loaded nanolipid carriers (CBNCs), and trastuzumab-conjugated capecitabine-loaded nanolipid
carriers (TZ-CBNCs) determined on (A) MCF-7 cells and (B) SKBR3 cells. Data are presented as mean + SD (n = 3). Statistical significance was determined at p < 0.05 (¥),
comparing TZ-CBNCs with other treatment groups.

kinetics reveals that CB followed zero-order and CBNC, and TZ-CBNC followed first-order kinetics, implying
a concentration-dependent release characteristic of NC systems. High R? values in the Korsmeyer-Peppas and Higuchi
models supported that the diffusion was the main release mechanism.*® The slightly decreased R? values in TZ-CBNC
relative to CBNC may result from steric effects associated with trastuzumab conjugation, potentially affecting surface
characteristics and diffusion pathways.*’” The inadequate applicability of the Hixson-Crowell model to all formulations
suggests that erosion or alterations in surface area are negligible. TZ conjugation marginally influences but does not
modify the release mechanism, hence recommending a controlled and prolonged release appropriate for targeted HER2-
positive breast cancer treatment. An “n” value of 0.45 or below indicates Fickian diffusion in the Korsmeyer-Peppas
model. In contrast, a “n” value more than 0.45 but less than one signifies non-Fickian diffusion or anomalous transport.
An “n” number of one signifies case-I transport, but a “n” value over one denotes super case-1I transport as the release
mechanism. In our case, the free drug as well as all the tested formulations (CBNC and TZ-CBNC) n value is ranges
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Figure 15 Cellular uptake analysis of Fluorescein Isothiocyanate (FITC) loaded nanolipid carriers (NCs). (A) Fluorescein Isothiocyanate (FITC) only, (B) Fluorescein
isothiocyanate-labeled capecitabine-loaded nanolipid carriers (FITC-CBNCs) at a concentration of 100 ng/mL for | hour, and (C) Fluorescein isothiocyanate-labeled trastuzumab-
conjugated capecitabine-loaded nanolipid carriers (FITC-TZ-CBNCs) at a concentration of 100 ng/mL for | hour. (D) Fluorescence intensity of FITC-CBNCs and FITC-TZ-CBNCs
on MCF-7 cells and (E) fluorescence intensity of FITC-CBNCs and FITC-TZ-CBNCs on SKBR3 cells. Statistical significance was determined at p < 0.05 (¥), comparing FITC-TZ-
CBNCs with FITC-CBNCs.
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between 0.4461 and 0.588, exhibited all non-Fickian (anomalous) transport, suggesting a combined mechanism of
diffusion and polymer relaxation. This behaviour is attributed to the water solubility of the drug and the dynamic nature
of the NCs.*® The diffusion of a hydrophilic drug through the phospholipid bilayer, along with structural reorganisation,
swelling of the lipid membrane under physiological conditions, likely contributed to the anomalous transport observed.

The stability data showed that the CBNC formulation exhibited the highest level of stability at refrigerated conditions
(4°C), as seen by minimal particle size variation, consistent zeta potential, and maintained entrapment efficiency.
A gradual rise in particle size and a decrease in encapsulation efficiency at increased temperatures indicate the emergence
of physical instability, potentially attributable to vesicle fusion or drug leakage. The lowering pattern in zeta potential,
especially at 37°C, suggests a decrease in electrostatic repulsion, hence heightening the probability of vesicle aggrega-
tion. These findings correspond with the colloidal properties of NCs, wherein reduced temperatures facilitate the
preservation of bilayer integrity and drug retention.* Storage at 4°C is recommended for preserving the physicochemical
stability of CBNCs, hence ensuring its effectiveness in targeted HER2-positive breast cancer treatment.

The encapsulated medication was delivered to the cytosol by endocytosis, which absorbed TZ-CBNCs/CBNCs and
may occur after endosomal escape.’® Usually, a greater intracellular distribution of the NCs indicates the effectiveness of
encapsulated CB. As a result, a smaller dose may be suitable for exerting a more substantial cytotoxic impact than the
free drug. Compared to CBNCs, TZ-CBNCs were more cytotoxic to MCF-7 cells. Further, the cytotoxicity of TZ-
CBNCs was found to be maximised against the SKBR3 cell line. We have used two cell lines, MCF-7 (characterized by
relatively low HER2 expression) and SKBR3 (with higher HER2 expression), to compare the targeting capability of TZ
conjugation. As TZ selectively targets HER2-overexpressing cells, a relatively lower ICso was observed for TZ-CBNCs
on SKBR3 cells than on MCF-7 cells. In view of HER2 overexpression in SKBR3 cells, TZ conjugation might drive
CBNC:s to internalize substantially into the cancer cells. This active targeting might cause prolonged drug release, leading
to persistent toxicity, cell cycle arrest, and apoptosis.

Fluorescence microscopy revealed that TZ-functionalized CBNCs were taken up more efficiently than non-
conjugated CBNCs in both MCF-7 (HER2-low) and SKBR3 (HER2-high) cells, with the uptake being markedly higher
in SKBR3, reflecting the contribution of HER2-mediated internalization. The observed outcomes underscore the potential
of this new formulation to enhance the specificity and efficacy of CB in treating HER2-positive breast cancer while
reducing off-target effects. Future research on in vivo pharmacokinetics, biodistribution, therapeutic efficacy, and safety
will be crucial for translating this targeted drug delivery system into clinical practice. This research provides a strong
basis for future studies into targeted nanocarrier therapies for aggressive subtypes of breast cancer.

Conclusion

This study reported the development of TZ-CBNCs as an active targeting strategy towards HER2-positive breast cancer.
The strategy overall incorporates the targeting capability of TZ with the chemotherapeutic effectiveness of CB, aiming
towards improved drug delivery, surmounting resistance, and improving clinical results. The optimized CBNCs showed
favourable physicochemical properties in terms of nano size, spherical shape, surface texture, negative surface charge,
and satisfied entrapment efficiency (79.8%) with a sustained CB release profile. TZ conjugation did not affect the surface
morphology or size significantly. The optimized CBNCs were stable under recommended storage conditions, highlighting
good formulation characteristics towards scalable production. Successful TZ conjugation was substantiated from SDS-
PAGE study. TZ-CBNCs were more cytotoxic than CBNCs and free CB against MCF-7 and SKBR3 cells. Sufficient
internalization of the tested formulations further supported the in vitro cytotoxic result. The results overall suggested that
the TZ-CBNCs may boost the efficiency of chemotherapy while lowering adverse impacts on non-target tissues, making
it a promising targeted drug delivery system for HER2-positive breast cancer. However, to establish clinical viability of
the experimental TZ-CBNC:s, in vivo studies related to pharmacokinetics, biodistribution, safety, and therapeutic efficacy
are highly warranted.
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