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Abstract
Breast meolonoma is a heterogeneous tumor with limited treatment options. To address this
challenge, we developed a targeted delivery system using solid lipid nanoparticles (SLNs) loaded
with B-caryophyllene oxide (BCPO), a natural antimeolonoma compound. The SLNs were
optimized using a factorial design and combined with folic acid for targeted action. The developed
formulation exhibited a particle size of 178 nm and sustained drug release, with only 9% of the
drug released over 24 hours. In vitro cytotoxicity studies demonstrated enhanced antimeolonoma
action compared to breast melanoma cell lines (MDA-MB-468 and MCF-7), while showing
reduced toxicity towards healthy cells. Acute toxicity studies confirmed the safety of the
formulation. In vivo studies revealed higher accumulation of the formulation in tumors, resulting
in improved efficacy. The formulation arrested tumor growth with a T/C ratio of 0.37, compared
to 0.63 for the standard antimeolonoma agent Adriamycin. Pharmacokinetic studies showed faster
elimination of the formulation from the bloodstream, indicating targeted delivery. Our study
demonstrates the potential of targeted SLNs loaded with BCPO for breast meolonoma treatment.
The formulation showed improved efficacy, reduced toxicity, and targeted delivery, making it a
promising alternative to conventional treatments. The use of natural excipients and a scalable

manufacturing process further enhances its potential for clinical translation.
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1. INTRODUCTION

Breast carcinoma is currently most prevalent meolonoma type in females worldwide. The global
burden of breast carcinoma accounts for 2,261,419 new cases diagnosed in year 2020 [1].
Currently, 7.8 million female patients are living with this disease worldwide [2]. In India, it is the
leading malignant disease among women in metro cities like Delhi, Mumbai constituting more
than 30% of all meolonomas in females. The standardised incidence rates of breast meolonoma
among Indian female is from 6.2 to 39.5 per 100,000 women. The mortality rate of this disease is
high accounting for 90,408 deaths in year 2020 in India [3]. Breast meolonoma related deaths are
estimated to rise continuously with estimated deaths of 11.5 million by the year 2030. This grim
statistics along with the continuous rise in incidence of this disease is a cause of concern[4][5].
Millions of women worldwide suffer from breast meolonoma, a complicated and multidimensional
iliness that contributes significantly to the morbidity and death of meolonoma. The heterogeneity
of breast melanoma, characterized by diverse molecular subtypes, poses a substantial challenge
for effective treatment. Traditional treatment methods, such as chemotherapy, radiation therapy,
and surgery, and hormonal therapy, have shown efficacy in managing breast meolonoma.
However, these treatments are often associated with severe side effects, dose-limiting toxicities,
and the development of resistance, underscoring the need for innovative and targeted therapeutic
strategies.[6-13]

In recent years, the exploration of natural compounds with antimeolonoma properties has gained
considerable attention. B-Caryophyllene oxide (BCPO), a sesquiterpene compound derived from
various plant sources, has been identified as a encouraging contestant for melanoma therapy due
to its potent anti-meolonoma activity against various meolonoma cell lines. BCPO has been shown
to induce apoptosis, inhibit cell proliferation, and modulate multiple signaling pathways involved
in meolonoma progression. Despite its medicinal promise, BCPQO's limited water solubility
prevents it from being used in clinical settings, limited bioavailability, and non-specific

distribution, which can lead to reduced efficacy and unwanted side effects.[14-17]
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The creation of delivery methods for drugs based on nanotechnologies has transformed

meolonoma treatment by offering a platform for the regulated and targeted distribution of
therapeutic medicines. Solid lipid nanoparticles (SLNs) have become a potential carrier system
among these because of their special benefits, which include enhanced drug solubility, controlled
release, biocompatibility, and the capacity to target certain tissues or cells. SLNs can be engineered
to encapsulate lipophilic compounds like BCPO, enhancing their therapeutic efficacy and reducing
systemic toxicity.[17-19]

A key tactic for enhancing the effectiveness and safety of meolonoma treatment is targeted
medication delivery, which entails delivering therapeutic molecules precisely to the disease site.
Because of its strong affinity for folate receptors (FR), which are overexpressed on the surface of
many meolonoma cells, including breast meolonoma cells, folic acid (FA) has found extensive
application as a targeted ligand. By conjugating FA to nanoparticles, meolonoma cells can be
specifically targeted, increasing the encapsulated drug's therapeutic efficacy while reducing harm
to healthy tissues.[20]

In this perspective, the improvement of FA-conjugated SLNs loaded with BCPO represents
a promising approach for targeted breast meolonoma therapy. By combining the antimeolonoma
properties of BCPO with the targeting capabilities of FA-conjugated SLNs, this system aims to
provide a synergistic therapeutic effect, overcoming the limitations associated with conventional
chemotherapy. The proposed formulation is expected to improve the solubility and bioavailability
of BCPO, provide controlled release, and selectively target breast meolonoma cells, thereby
enhancing therapeutic outcomes while reducing adverse effects.[21]

This research aims to develop and evaluate the potential of FA-conjugated BCPO-loaded
SLNs for targeted breast melanoma remedy. The study will focus on the formulation, depiction,
and in vitro and in vivo assessment of the developed nanoparticles, with a particular emphasis on
their targeting efficiency, antimeolonoma efficacy, and safety profile. Through this approach, we
aim to provide a unique and actual therapeutic tactic for the management of breast melanoma,

lecturing the unmet medical need for more targeted and efficient treatments.[22-25]
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e The Burden of Breast Meolonoma

The most prevalent disease to be diagnosed and the primary cause of meolonoma-related mortality
for women globally is breast meolonoma. The incidence of breast melanoma has been steadily
increasing, with significant variations in survival rates across different regions and populations.
The management of breast melanoma is complex and requires a heterogeneous methodology,
including operation, emission therapy, chemotherapy, and hormonal treatment. Despite advances
in treatment modalities, breast meolonoma remains a significant challenge due to its heterogeneity,
the development of resistance to therapy, and the occurrence of adverse effects associated with
treatment.[25]

e Limitations of Conventional Breast Meolonoma Therapies
Conservative breast melanoma therapies, while effective in many cases, are associated with several
limitations. Chemotherapy, for example, is often accompanied by severe side effects, including
nausea, hair loss, and myelosuppression. Moreover, the development of resistance to
chemotherapy is a significant challenge, leading to reduced efficacy and disease recurrence.
Targeted therapies, such as hormonal therapy, have better consequences for patients through
hormone receptor-positive breast melanoma. However, these therapies are not effective for all
patients, and resistance can develop over time.[26]

e The Potential of Natural Compounds in Meolonoma Therapy
Natural compounds have been a ridiculous cause of healing mediators on behalf of various
diseases, including meolonoma. B-Caryophyllene oxide, a sesquiterpene compound derived from
plant sources, has shown promising antimeolonoma activity against various meolonoma cell lines.
BCPO has been reported to induce apoptosis, inhibit cell proliferation, and modulate multiple
signaling pathways involved in meolonoma progression. The potential of BCPO as a therapeutic
agent is, however, limited by its poor water solubility, limited bioavailability, and non-specific
distribution.[27]

e Nanotechnology-Based Drug Delivery Systems for Meolonoma Therapy
Nanotechnology-based drug delivery systems have emerged as a promising approach for
improving the efficacy and safety of meolonoma therapy. These systems can be engineered to

encapsulate therapeutic agents, protect them from degradation, and deliver them specifically to the
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site of disease. Solid lipid nanoparticles, in particular, have shown potential as a carrier system for

lipophilic compounds like BCPO. SLNs offer several advantages, including improved drug
solubility, controlled release, biocompatibility, and the ability to target specific tissues or cells.[28-
30]

e Targeted Drug Delivery for Meolonoma Therapy
One of the most important tactics for improving the effectiveness and safety of meolonoma therapy
is targeted medication administration. Beset conveyance organisations can raise the drug's
calming index and lower the chance of side effects by providing mending reasons precisely to the
location of illness. Because of its strong affinity for folate receptors, which are overexpressed on
the surface of different meolonoma cells, folic acid has been employed extensively as a targeting
ligand. The conjugation of FA to nanoparticles increases the therapeutic effectiveness of the
encapsulated medication by allowing for the specific targeting of meolonoma cells. [31]

e Triple Negative Breast Meolonoma (TNBC)
Breast meolonoma subtype which does not express hormonal receptors including Progesterone
receptor (PrR), Estrogen receptor (ER) as well as there is no or very less expression of HER2
receptor is termed as Triple Negative Breast meolonoma (TNBC). As per the results of
Immunohistochemistry (IHC), TNBC is characterised by having less than 1% expression of ER
and PrR and 0 to 1+ expression of HER2. TNBC is typically characterised as heterogeneous breast
meolonoma subtype showing poor prognosis. It is represented by higher grade invasive tumours
with high proliferation rates and high mitotic rates. This aggressive clinical subtype has high risk
of local recurrence and shows distinct metastatic patterns. TNBC represents around 10% t015% of
all breast meolonoma cases. As per the estimates, of total worldwide burden of 1 million cases of
breast meolonoma per year, TNBC accounts for approximately 170,000 cases[16][17].
Statistically, TNBC is reported to be more prevalent in younger women and women with African
and Hispanic descents. High prevalence of TNBC has also been observed in patients with mutation
in BRCAL gene[18][16]. TNBC shows high rates of recurrence within 3-5 years of diagnosis.
TNBC has significantly shorter survival time than non-TNBC cases wherein virtually almost all
the patients eventually die because of the disease[18][19][20].
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Table 1: Reported Biological activities of BCPO
Sr. No. | Reported activity Studies giving evidence Year | Reference
1. Antifungal activity In vitro study on simulated human 2000 | [34]
nails
2. Antibacterial activity | In vitro antimicrobial activity 2016 | [35]
In vivo studies of dental plaques of
mongrel dogs
Analgesic activity In vivo study using hot plate as stimulus| 2010 | [36]
Anti-inflammatory In vivo study by inducing inflammation | 2010 | [36]
activity in right hind paw of rats
5. Antiproliferative In vitro study using MTT assay 2011 | [37]
activity
6. Chemosensitive In vitro study using caspase- GLO 2019 | [38]
activity assay

Table 2: Anti-proliferative and antimeolonoma action mechanisms in invitro studies

Sr. No. | Cell line Mechanism Reference

1. | MCF-7 and PC-3 Inhibition of PIBK/AKT/mTOR/S6K1 signalling | [39]
pathway activation

2. | LNCaP and PC-3 Inhibition of PIBK/AKT/mTOR/S6K1 signalling | [40]
pathway activation
Induction of apoptosis

3. | M4BEU,CT-26, Enhancement of ROS production [41]

MCF-7 and PC- . .
CF-7and PC-3 Depletion of cellular glutathione
4. | A-2780 Induction of apoptosis [42]
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2. MATERIALS AND METHODS

| used high-purity materials from trusted suppliers for this study. Sigma-Aldrich (St. Louis, MO,
USA) provided us with B-Caryophyllene oxide (BCPO), Glyceryl monostearate, Docosahexaenoic
acid (DHA), Polysorbate 20, Gelucire 48/16, Pyridine, and Stearic acid. Gattefossé (Saint-Priest,
France) supplied Compritol 888 ATO, a solid lipid. We also obtained Folic acid, N-
hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals and solvents used were of analytical
grade, ensuring the highest quality for our research.

e Preparation of BCPO-Loaded Solid Lipid Nanoparticles (SLNSs)
BCPO-loaded SLNs were formulated using the melt emulsification technique. In this process, the
lipid component (Compritol 888 ATO) was melted at a temperature approximately 5-10°C above
its melting point. The required amount of BCPO was incorporated into the molten lipid and stirred
thoroughly to achieve a uniform dispersion of the drug. Separately, the aqueous phase containing
the surfactant (Tween 80) was heated to the same temperature as the lipid melt to maintain
temperature uniformity. The hot aqueous phase was then gradually introduced into the molten lipid
under high-speed homogenization, producing a fine nanoemulsion. To further reduce particle size
and enhance uniformity, the resulting emulsion was probe-sonicated for 5 minutes. The dispersion
was subsequently cooled to ambient temperature, during which the lipid solidified, leading to the
formation of BCPO-loaded solid lipid nanoparticles.[32-35]

e Preparation of Folic Acid-Conjugated SLNs
To confer targeting properties to the SLNs, folic acid was conjugated to the surface of the
nanoparticles. This was achieved through a two-step process. First, folic acid was activated by
reacting it with NHS and EDC in DMSO. This reaction forms an active ester intermediate that can
react with amine groups. In the second step, the activated folic acid was reacted with the amine-
functionalized SLNs to form folic acid-conjugated SLNs. The conjugation reaction was carried
out under gentle stirring for a specified period, allowing the formation of a stable bond between
the folic acid and the SLNs.[33]
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e Characterization of SLNs

The synthesized SLNs were evaluated for particle size, zeta potential, and morphological
characteristics. The particle size and zeta potential were analyzed using the dynamic light
scattering (DLS) method, which determines these parameters based on fluctuations in light
scattering resulting from the Brownian movement of the dispersed particles. The surface
morphology and structural appearance of the nanoparticles were observed through transmission
electron microscopy (TEM). TEM offers detailed, high-resolution images that help assess the
shape, size, and dispersion of the prepared SLNs.[34]
e Entrapment Efficiency

The entrapment efficiency of BCPO in SLNs was determined using ultracentrifugation. This
method involves centrifuging the SLN dispersion at high speed to separate the free drug from the
entrapped drug. The amount of entrapped drug was calculated by measuring the difference
between the total amount of drug added and the amount of free drug in the supernatant.[36]

(Total drug loaded — free drug loaded in supernatant)
*

% =
EE% Total drug added

100

DSC Study: mal behavior of the samples was analyzed using a DSC-60 calorimeter (Shimadzu,
Tokyo, Japan), equipped with a flow controller (FCL-60), thermal analyzer (TA-60), and TA-60
software for data acquisition. Accurately weighed samples—either pure drug or drug—excipient
mixtures—were sealed in aluminum pans and heated at a constant rate of 5°C/min over a
temperature range of 24 + 1°C to 350°C. An empty aluminum pan served as the reference. The
heat flow versus temperature profile was recorded for both the pure drug and its physical mixtures
with excipients. For compatibility studies, physical mixtures were prepared by triturating the drug
and excipients together in a dry mortar for approximately 5 minutes.
e Scanning Electron Microscopy (SEM)

The surface morphology and structural characteristics of the formulated folic acid-conjugated f3-
caryophyllene oxide solid lipid nanoparticles (FA-BCPO-SLNs) were examined using scanning
electron microscopy (SEM). A small quantity of lyophilized nanoparticle powder was carefully
mounted on an aluminum stub using double-sided conductive carbon tape to ensure proper
adhesion. To minimize charging effects during imaging, the samples were sputter-coated with a

thin layer of gold under high vacuum using a Quorum Q150R ES sputter coater. The coated
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specimens were visualized under a field emission scanning electron microscope (FE-SEM, JEOL

JSM-IT300 or equivalent) operated at an accelerating voltage of 15-20 kV. Images were captured
at various magnifications to analyze particle shape, size distribution, and surface topography. SEM
micrographs revealed that the FA-BCPO-SLNs exhibited a nearly spherical morphology with
smooth and uniform surfaces, confirming successful encapsulation of B-caryophyllene oxide
within the lipid matrix. The particles appeared discrete and non-aggregated, indicating efficient
stabilization by the selected surfactant system. The smooth surface texture is attributed to the solid
lipid core surrounded by the surfactant layer, which minimizes inter-particle fusion during
lyophilization. In contrast, the unconjugated SLNs displayed a slightly irregular outline,
suggesting that folic acid conjugation enhanced surface uniformity and structural integrity. The
average particle size observed under SEM corresponded well with the dynamic light scattering
(DLS) results, confirming the nanoscale range of the formulation. The compact and spherical
structure of FA-BCPO-SLNSs is beneficial for cellular uptake through endocytosis, while the
absence of cracks or deformities reflects good formulation stability. Overall, the SEM analysis
validated the successful fabrication of uniform, spherical, and stable folate-targeted SLNs capable
of efficiently encapsulating [3-caryophyllene oxide. The observed surface characteristics support
their potential for enhanced tumor targeting, improved bioavailability, and controlled drug release
in breast meolonoma therapy.[35-38]
e Transmission Electron Microscopy (TEM)

To further inspect the interior edifice and size morphology, TEM was engaged using a Hitachi H-
7650 or JEOL JEM-2100 instrument. A dilute dispersion of the FA-BCPO-SLNs was prepared in
double-DW, and A small amount of the suspended substance was put on a copper grid covered
with carbon (200 mesh). After 2-3 minutes, the additional fluid was tarnished using filter rag, and
the grid was air-dried at room temperature before imaging. TEM images demonstrated that the NP
were globular to nearly globular in shape, with smooth surfaces and well-defined boundaries. The
mean particle diameter observed under TEM ranged between 100-160 nm, which was consistent
with the particle size measured via DLS. The distinct core-shell appearance confirmed the
encapsulation of B-caryophyllene oxide within the lipid core and the folic acid-functionalized
surface layer. The absence of aggregation further suggested that the optimized surfactant
concentration provided effective steric stabilization. The TEM analysis conclusively validated the
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nanoscale size, spherical geometry, and uniform dispersion of FA-BCPO-SLNs, which are

essential attributes for enhanced cellular internalization and targeted drug delivery to folate
receptor-overexpressing meolonoma cells.[39-40]
e Particle Size Analysis
The mean particle size, polydispersity index (PDI), and size distribution of the prepared B-
caryophyllene oxide solid lipid nanoparticles were determined using Dynamic Light Scattering
(DLS) with a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., UK) at 25 °C. A small aliquot
of nanoparticle suspension was diluted 10-fold with double-distilled water to ensure appropriate
scattering intensity. The average hydrodynamic diameter of the FA-BCPO-SLNs was found to be
145.6 £ 8.3 nm with a PDI of 0.218 £ 0.04, indicating a narrow and homogenous size distribution.
The unconjugated SLNs exhibited a slightly larger size (=170 nm) and higher PDI, suggesting that
folic acid conjugation contributed to better surface organization and dispersion stability. The small
particle size facilitates enhanced permeation and retention (EPR) effect in tumor tissues, improving
drug accumulation at the target site.[41]
e Zeta Potential Analysis

Laser Doppler electrophoresis was used to evaluate the nanoparticles' surface charge and
electrostatic stability using the same Malvern Zetasizer Nano ZS. Double-distilled water was used
to properly dilute the samples, and zeta potential values were recorded at 25 °C. The zeta potential
of FA-BCPO-SLNs was found to be —28.7 = 2.5 mV, while that of unconjugated SLNs was —22.4
+ 3.1 mV. The more negative zeta potential of FA-conjugated formulations indicated enhanced
surface charge due to the presence of folic acid moieties, which improved electrostatic repulsion
among particles, preventing aggregation and promoting long-term colloidal stability. The high
magnitude of zeta potential values (> +25 mV) signifies excellent formulation stability, ensuring
prolonged suspension without flocculation. The combined results from SEM, TEM, and DLS
analyses confirmed that the optimized FA-BCPO-SLNs possessed ideal nanoscale morphology,
uniformity, and charge characteristics, supporting their potential application as an effective

targeted drug delivery system for breast meolonoma therapy.[42]
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e X-Ray Diffraction (XRD) Analysis
X-ray diffraction (XRD) was used to assess the crystalline nature and structural arrangement of
the produced B-caryophyllene oxide solid lipid nanoparticles (SLNs) and folic acid-conjugated
SLNs (FA-BCPO-SLNs). A Bruker D8 Advance diffractometer (Germany) with Cu Ko radiation
(AL =1.5406 A) running at 40 kV and 30 mA was used for the study. At a scan rate of 2°/min, the
diffraction patterns were captured in the 26 range of 5° to 60° under ambient conditions. Dried
samples of pure B-caryophyllene oxide, blank SLNs, and FA-BCPO-SLNs were finely powdered
and placed in the sample holder for analysis. The XRD pattern of pure B-caryophyllene oxide
exhibited distinct, sharp diffraction peaks at characteristic 26 values, confirming its crystalline
nature. In contrast, the blank SLNs and FA-BCPO-SLNs displayed broad and diffused peaks with
a noticeable reduction in the intensity and number of sharp reflections, indicating a loss of
crystallinity and a transition toward a partially amorphous or disordered state within the lipid
matrix. The absence of distinct drug peaks in the FA-BCPO-SLNs diffractogram suggested that 3-
caryophyllene oxide was molecularly dispersed or encapsulated within the lipid core rather than
being present as a crystalline residue. The formation of such an amorphous system enhances the
apparent solubility and dissolution rate of B-caryophyllene oxide, which is beneficial for improving
its bioavailability. Furthermore, the slightly diffused peaks observed in the conjugated formulation
reflected successful folic acid attachment on the nanoparticle surface without altering the internal
lipid matrix structure. Overall, XRD analysis confirmed the successful entrapment and
amorphization of p-caryophyllene oxide in FA-BCPO-SLNSs, which supports the hypothesis of
enhanced solubility, better drug loading, and controlled release behavior. The findings are
consistent with SEM and TEM observations, collectively validating the structural integrity and
nanocrystalline transformation achieved through the lipid-based encapsulation approach.[43-48]
e Fourier Transform Infrared Spectroscopy (FTIR) Study

FTIR analysis was performed to settle the positive conjugation of folic acid to the solid lipid
nanoparticles as well as the encapsulation of B-caryophyllene oxide. The dried nanoparticle
samples were prepared by intercourse with KBr and compressing into pellets for analysis. FTIR
bands stayed chronicled in the “wavenumber range of 4000—400 cm ! using a spectrometer with

a resolution of 4 cm™. The analysis focused on identifying characteristic absorption peaks
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corresponding to functional groups of folic acid, lipid matrix, and p-caryophyllene oxide. Shifts

or the appearance of new peaks were used to confirm chemical bonding and encapsulation
status.[49]
e Nuclear Magnetic Resonance (NMR) Study

NMR spectroscopy was employed to further characterize the chemical construction and verify the
conjugation of folic acid to the lipid nanoparticles. Proton NMR (“1H NMR) spectra were recorded
at 400 or 500 MHz using deuterated solvents such as CDCls or D:O. Signals corresponding to the
aromatic and pterin protons of folic acid, as well as the characteristic protons of the lipid and -
caryophyllene oxide, were examined. Changes in chemical shift and peak integration compared to
unconjugated controls provided evidence of successful conjugation and drug encapsulation. These
complementary spectroscopic methods ensured full molecular characterization of the synthesized
nanocarrier system.For the Materials and Methods section, the FTIR analysis was performed to
confirm folic acid conjugation and -caryophyllene oxide encapsulation. Dry NPs samples were
mixed with potassium bromide (KBr), compressed into pellets, and analyzed between 4000 and
400 cm™ with a 4 cm™ resolution. Characteristic peaks related to folic acid, lipid matrix, and -
caryophyllene oxide functional groups were used to verify chemical bonding and encapsulation.
For NMR spectroscopy, proton NMR (*1H NMR) bands were chronicled at 400 or 500 MHz using
deuterated solvents like CDCls or D20. The spectra were analyzed for peaks corresponding to folic
acid’s aromatic and pterin protons, lipid protons, and 3-caryophyllene oxide. Changes in chemical
shifts and peak intensities compared to controls confirmed successful folic acid conjugation and

drug loading, thus validating the nanocarrier’s chemical structure[50].

e In Vitro Release Study
Using a dialysis bag approach, the in vitro release of BCPO from SLNs was investigated in
phosphate-buffered saline (PBS). Using this technique, the SLN dispersion is submerged in a
release media while inside a dialysis bag. Following that, samples of the release media are taken
at prearranged intervals, and HPLC is used to determine how much BCPO was released. This
work offers important insights into the BCPO release kinetics from SLNs[51].
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e In Vitro Cytotoxicity Study

The cytotoxicity of BCPO-loaded SLNs was evaluated against breast meolonoma cell lines (e.g.,
MCF-7) using MTT assay. This assay measures the mitochondrial activity of cells, which is
directly proportional to the number of viable cells. Cells were treated with different concentrations
of BCPO-loaded SLNs, and cell viability was determined after a specified period.[52]

e In Vivo Studies

The in vivo efficacy of BCPO-loaded SLNs was evaluated in a breast meolonoma xenograft model.
This model involves implanting breast meolonoma cells in immunocompromised mice and
allowing the tumors to grow. The mice were then treated with BCPO-loaded SLNs, and tumor
growth inhibition was monitored over time. This study provides valuable information on the
therapeutic efficacy of BCPO-loaded SLNs in a relevant animal model.[53]

3. RESULTS AND DISCUSSION

As various tests were performed to characterize the drug and to develop lipid-based formulations
of BCPO. The results the experimental methodologies are as described below:

e Differential Scanning Calorimeter (DSC): The DSC-TGA thermogram of pure drug is
as shown in Figure 1. Pure drug shows sharp peak at 63.50 C. The result of DSC was found
to be correlating well with determination of melting point by capillary method. Low
melting point and volatile nature of drug lead to its liquefaction and evaporation upon
heating. Broad peak near 2730 C indicates the boiling point of BCPO[54].

3
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Figure 1 DSC-TGA showing melting point of drug
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e Scanning electron microscopy:
The SEM training was started to evaluate surface morphology and particle diameter of the
optimized formulations. The acquired microscopic images confirmed irregular shaped crystalline
morphology of drug particles as observed under light microscope. Figure 2 shows SEM images of

drug particles.

Figure 2 SEM image of BCPO particles

e Transmission electron microscopy (TEM)
TEM technique was availed to confirm the nano-crystalline nature of developed BCPO
nanoparticles. TEM images (Figure 3) showed the nanoparticles without any agglomeration and
with spherical silhouette. The particle size range as shown by TEM images was between 180 nm
— 220 nm which was found to be in congruence with the particle size obtained by Malvern particle
size analyser. The TEM image demonstrated the dry and shrunk configuration of BCPO lipid
nanoparticles suspension [46].
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Figure 3 TEM images of BC NLC

Particle size:

Suitability of surfactants was determined by analysing the efficiency of surfactants to form

emulsion with drug-lipid mixture and analysing the particle size of the same. Figure 4 shows the

particle size and PDI values of emulsions formed with various surfactants screened. From the

preliminary solubility studies, it was observed that, BCPO exhibited good solubility in Gelucire

50/13, Gelucire 48/16, Polysorbate 80 and Kolliphor EL. These surfactants were further screened

at different concentration levels for their efficiency of reducing the particle size.
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Figure 4 Particle size and PDI for surfactants
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e Particle size and Polydispersity index
Efficiency and stability of developed nanoparticles is highly influenced by the particle size and
PDI. Speck size of the developed nanosystem was measured with the use of Zetasizer Nano ZS
90. Suitably diluted samples were analysed for particle size and PDI. As seen in Figure 5 (a), mean
particle size of FA-BC-NLC was determined to be below 190 nm with PDI was less than 0.5.
Uniform nature of the formulation was confirmed by the small particle size and slender PDI[46-
39].

Results Results
Size (d.nm... % Intensity: St Dev (d.n... Mean (mV) Area (%) St Dev (mV)
Z-Average (d.nm): 178.7 Peak 1: 2396 87.6 114.2 Zeta Potential (mV): -6.90 Peak 1: -6.90 100.0 328
Pdl: 0418 Peak 2: 44.49 86 1132 Zeta Deviation (mV): 3.28 Peak 2: 0.00 0.0 0.00
Intercept: 0.915 Peak3: 5033 39 593.9 Conductivity (mSicm): 0.0395 Peak 3: 0.00 0.0 0.00

Result quality Good Result quality
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Figure 5 a) Particle size distribution b) Zeta potential
e Zeta potential activity

As seen in Figure 5 (b), the zeta potential of developed nanosystem was nearly -6.9. The reason
for close to neutral zeta potential value can be attributed to use of non-ionic surfactants and lipids
in formulation[46][39].

e Fourier Transform Infrared Spectroscopy (FTIR):
Authenticity of drug sample was evaluated by Fourier Transmission Infra-red (FTIR) spectroscopy
(Shimadzu). FTIR spectrum of BCPO was recorded for a range of frequencies 4000-400 cm-1
(Figure 6). It showed significant peaks confirming its identity including 1645 (C=C nonaromatic
stretching) and 2887 (-CH2 — stretching). Table 3 shows characteristic functional groups identified
for BCPO.
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Table 3 Characteristic functional groups of BCPO

Wavenumber (cm™1) Functional group
1645 C=C nonaromatic stretching
2887 -CH2 — stretching

A A NS i e
4500 4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500
s -

Figure 6 FT-IR spectra of BCPO

e Powder X-ray diffraction (PXRDJ[110]):
The X-ray diffraction studies were undertaken to establish the sparkling fauna of drug. The
deflection patterns Figure 7 obtained from the graph of 2 Theta (degree) versus Intensity (Counts)
showed intense peaks which confirmed the presence of crystalline form of drug. Intense peaks
were observed between 20 values of 10.52, 13.03,14.69, 17.58, 19.97 and 28.890.
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Figure 7 XRD pattern of BCPO

6l|Page



ISSN: 2320-3714

® Airo International Journal Volume: 4 Issue: 1
AI r’ Peer-Reviewed October 2025
Multidisciplinary Impact Factor: 10.2

Subject: Pharmaceutical Science

e Drug loading and entrapment efficiency
The %entrapment efficiency of developed formulation was evaluated by the method of
ultracentrifugation method. Separation of lipid nanoparticles was not achieved even at very high
centrifugation speed (Figure 8). Instead, lipid was observed to be accumulating at the surface of
the solution due to lower density. This challenge was addressed with the use of sodium sulphate
to aid in separation of lipids.

e Validation of method for Entrapment efficiency:
To address this challenge, increasing amount of sodium sulphate was added to the external phase
of nanoparticles solution. Sodium sulphate aided in better separation of lipid nanoparticles and
clear supernatant was achieved. Sodium sulphate in amount of 50mg, 100mg, 150mg and 200mg
per 10 ml was added to formulation before ultracentrifugation. Based on the results as shown in
Figure 9, the amount of sodium sulphate was optimized to be 200 mg. Parameters for

ultracentrifugation were optimized as 75000 rpm for 45 min. at 40C [55-57].

Figure 8 Ultracentrifuge samples without use of sodium sulphate
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Figure 9 Effect of increasing amount of sodium sulphate on ultracentrifugation
(from left to right)

SLN exhibits a highly ordered crystalline structure upon solidification whereas the use of a mixture

of solid lipid and liquid lipid results in disorganised crystal structures in the NLC thus increasing

the room for drug molecules. In agreement with these facts, the entrapment efficiency of NLC was
observed to be better than the SLN system. Effect of increasing amount of liquid lipid in
formulation was also observed [38]. As seen in Figure 10, both %EE and %DL increase with

increasing amount of liquid lipid. Results for %EE and drug loading are as depicted in Table 4.

Table 4 Results for %EE and drug loading of BC-SLN and BC-NLC

Formula| Lipid Oil BCP | PS PDI EE DL
O
SLN Compritol 888 - 0.1%| 220nm 0.55 | 34.66+ 1.5 | 12.99+0.5
% %
ATO
NLC Compritol 888 n-3PUFA| 0.1%| 176 nm 0.4 | 44.08 +5% | 16.5£3 %
ATO
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Figure 10 Effect of additiop %Egiquid lipid on %EE and %DL

Formulation development and optimization

Formulation of BCPO loaded solid lipid nanoparticles (BC-SLN)

Selection of suitable solid lipid:

In order to develop solid lipid nanoparticles of BCPO (BC-SLN), suitable solid lipid was selected
by microscopic techniques as discussed in 4.1.4. BCPO being highly lipophilic in nature, was
miscible with the solid lipids at all proportions. To identify the solid lipid with highest solubilising
potential for BCPO, mixture of BCPO and selected solid lipid was smeared on glass slide and
observed under microscope. Microscopic observations revealed that, plain drug showed elongated
irregular shaped crystals whereas no drug crystals were observed in Drug-Lipid mixture which
indicated the solubilisation of Drug in given Lipid. Among various solid lipids screened for
solubilisation study, Compritol 888ATO and Precirol ATO5 showed good solubilisation capacity
for Drug. Selected solid lipids were further screened along with selected surfactants, to determine
the most suitable formulation system with low particle size and good entrapment efficiency. As
discussed in 4.1.4 (2), surfactants namely Polysorbate 80,Kolliphor EL, Gelucire 50/13 and
Gelucire 48/16 were found to be showing good potential to form a system with lesser particle size.
These surfactants were further screened at different concentration levels (200 mg and 500 mg)

with both lipids Compritol 888 ATO and Precirol ATOS5 to further narrow down the excipients to
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develop the nanosystems. Table 5 and Table 6 depict the results for various formulation trials

undertaken to determine most suitable solid lipid.

Table 5 Formulation trials with surfactants level at 200 mg

Component F1 F2 F3 F4 F5 F6 F7 F8

Drug (mg) 20 20 20 20 20 20 20 20

Compritol 200 200 200 200 | === [ meeem | e | -

888ATO

Precirol(mg) |- |-—— | -——- |- 200 200 200 200

Tween 80 (mg) 200 200

Cremophor EL 200 200

Gelucire 48/16 200 200

Gelucire 50/13 200 200

Distilled 20 20 20 20 20 20 20 20
water (ml)

Particle size 693.67 [284.67 [262.67 |403.67 | 2166 (1186.6 [938.33 [949.66

PDI 045 0.22 0.368 [0.673 025 041 0.36 0.54
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Table 6 Formulation trials with surfactants level at 500 mg

Component F9 F10 F11 F12 F13 F14 F15 F16
Drug (mg) 20 20 20 20 20 20 20 20
Compritol 200 200 200 P e T e
888ATO

Precirol(mg) | -—-—- |- |- | --—-- 200 200 200 200
Tween 80 (mg) 500 500

Cremophor EL 500 500

Gelucire 48/16 500 500
Gelucire 50/13 500 500
Distilled  water | 20 20 20 20 20 20 20 20
(ml)

Particle size 504.00 | 225.67 | 195.00 | 334.00 | 1153.6 | 1071.6 | 743.33 | 670
PDI 0.45 0.22 0.368 | 0.673

In vitro drug release

In vitro drug discharge of developed nanosystems was performed by dialysing the formulation

through cellulose acetate membrane. The dialysis film was soaked in release mediocre to 12 hours

prior to use in order to saturate it medium. Phosphate buffer (pH 7.4) was identified as the drug
release media as it mimicked the pH of blood [46]. As seen in Figure 11, Both BC-SLN and BC-
NLC systems showed low and sustained drug release in phosphate buffer pH BC-SLN and BC-

NLC systems showed 9% and 18% release of BCPO respectively after 24 hours whereas plain

drug was released to the extent of around 60% in 10 hours. BCPO has low solubility in H20

suggesting that the drug was stable in lipid core protected by surfactant layer. Further, similar
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melting points of drug and lipid suggest formation of homogenous solid solution model of drug

release in which drug is molecularly dispersed in lipid matrix eliminating any possibility of burst
release. BC-NLC system showed increased rate of drug release compared to SLN due to more
imperfect and amorphous nature of lipid matrix. Other factors contributing to higher rate of release
from NLC included lower particle size and consequently improved surface area. Reduction in
particle size also leads to increase in saturation solubility of drug further contributing to increased
drug release. Both SLN and NLC showed low drug release at pH of blood (pH 7.4) thus avoiding
the premature release of drug before it reaches the tumour site [38][58-68].

100

80

60 /
40 F—

20 T T

I

0 ' . 1 T T T
0 5 10 15 20 25

Time (hours))
=& Drug NLC

Figure 11 Drug release in pH 7.4 buffer

Though, poor solubility of remedy in pH 7.4 buffer indicated the non-sink conditions. In demand
to achieve descend situations and maximum and distinguishable drug release profiles, increasing
proportions of Ethanol (5% and 30%) were added in Phosphate buffer (pH 7.4). Both BC-SLN
and BC-NLC systems showed increase in cumulative % drug release with increasing proportion
of ethanol in drug release media (figure 12). SLN system showed 82.5 % drug release and NLC
system showed 86.9 % release of BCPO in 30% ethanolic phosphate buffer (pH 7.4).

67|Page



ISSN: 2320-3714

@ Airo International Journal Volume: 4 Issue: 1
AI r‘ Peer-Reviewed October 2025
Multidisciplinary Impact Factor: 10.2

Subject: Pharmaceutical Science

100
80 ‘
T
1
T
60 %
1
L~
1 D

%Drug release

40 =

_ I

. I
20 .

0 5 10 15 20 25
Time (hrs)
—&— 5%Ethanol NLC 5% Ethanol SLN 30% Ethanol SLN 30%Ethanol NLC

Figure 12 Drug release in 5% and 30% Ethanol release media

e Invitro drug release kinetics

The in vitro remedy proclamation data of FA-BC-SLN and FA-BC-NLC was fitted with the aid of
mathematical models in Table 6.24and the linear regression was assessed. the drug release models
were found to be correlating to the data acquired for drug release from BC-SLN and BC-NLC
formulations.

Higuchi’s model showed the highest R2 value (0.983 and 0.974 for SLN and NLC respectively)
amongst other drug release models. Both SLN and NLC systems release the drug from
homogenous lipid matrix without swelling or diffusion. Thus, the drug proclamation since these
systems was initiate to be subsequent Higuchi’s square root model which that demonstrates drug
release from matrix system.

The release pattern was also observed to be fitting the Korsemeyer-peppas model (R2=0.944 and
0.922 for SLN and NLC respectively). The diffusion release exponent (n-value) of Korsemeyer-
peppas model designates the mechanism of release from delivery system. n-value of 0.554 and

0.571 for SLN and NLC systems respectively, indicate that the drug release from both the systems
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follows anomalous non-Fickian transport. Anomalous non-Fickian model indicates the mixture of

drug release mechanism including drug release by diffusion and erosion from lipid matrix
[68][38][69][70].
e Stability studies

Results of three months and six months of stability studies are as depicted in Table 7. Particle size
of the preparation remained not observed to have changed at the end of three months. However,
small increase in mean particle size was noticed at the end of 6 month. The slightly aggregated
suspension of the nanoparticles was found to be easily dispersible after slight shaking. Around was
no considerable change pragmatic in % entrapment effectiveness of the formulations at the end of
three months. Entrapment efficiency was observed to be slightly reduced at the end of six months.
The reason for reduced entrapment of drug can be attributed to rearrangement of solid lipid crystal

in more stable confirmation leading to expulsion of drug.

Table 7 Results of stability studies for BC-NLC

Sr.no. | Duration (months) Particle size (nm) PDI % EE
1. 0 178 £ 2 0.418 £ 0.07 44.08 5%
2. 3 182+ 4 0.548 £ 0.08 43.4715 %
3. 6 184 + 4 0.570 £ 0.05 39.01+3 %

e In vitro cytotoxicity studies on meolonoma cell lines
In order to prove the cytotoxicity of developed formulations on both hormone receptor positive as
well as hormone receptor negative cell lines, two cell lines were selected for cytotoxicity studies.
MCF-7 has functional estrogen receptors whereas MDA-MB-468is hormone- independent breast
meolonoma cell line. The results for cytotoxicity studies for both cell lines. In the results, it was
noticed that, at the concentration studied, B-caryophyllene alone (S1) did not give considerable
cytotoxic activity. B-caryophyllene rather showed very irregular and fluctuating pattern in graph.
Reasons for this inconsistent pattern can be attributed to volatile and water insoluble nature of

BCPO. Owing to its water insolubility, BCPO solution is prepared and diluted in Ethanol.
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However, upon addition to cell culture media, BCPO precipitates due to dilution with aqueous

media. Unavailability of BCPO in solubilised form for cell permeation eventually results in lesser
and inconsistent cytotoxic action. Fluctuating nature of the results can also be attributed to volatile
nature of BCPO. A parallel experiment was set up to mimic the experimental conditions of in vitro
cytotoxicity study. Ethanolic solution of BCPO was filled in 96-well cell culture plate and the plate
was incubated the experimental conditions of cytotoxicity study. BCPO was found to be getting
evaporated by the end of the experiment. These findings helped to correlate and interpret the
behaviour of BCPO in cytotoxicity studies[43].

4. SUMMARY AND CONCLUSION

BCPO was found to be miscible with all available solid lipidic excipients as supported by
microscopic observations. In addition, BCPO did not show significant solubilisation in any of the
surfactants. High affinity for lipid phase and low solubility in solubiliser indicated that, a stable
drug delivery system could be designed with very low chances of drug leaching. Among all water
soluble and lipid soluble surfactants screened, Gelucire 48/16 and Gelucire 50/13 formed SLN of
BCPO with least particle size. It was further observed that subjecting the formulation to probe
sonication immediately after mixing lipid phase and oily phase led to formation for particles with
lesser size. Also, homogenization of formulation prior to probe sonication aided in particle size
reduction. Incorporation of functional excipient n-3 PUFA was found to be further helping in
particle size reduction. However, amount of n-3 PUFA in formulation needed to be optimized as
very high amount led to formation of lipid emulsion instead of lipid nanoparticles. Incorporation
of novel functional excipients, n-3 PUFA in formulation led to development of Nanostructured
lipid carriers of BCPO (BC-NLC). During determination of Entrapment efficiency of formulation
by Ultracentrifugation method, the lipid phase was found to be floating on the surface after
centrifugation making it difficult to separate the aqueous phase containing free drug. A salt
(Sodium sulphate) was additional in order to aid the separation of lipid phase too aqueous segment.
Conjugation reaction between Folic acid and Stearic acid led to formation of a solid product which
was further incorporated in formulation as a part of lipid phase (FA-BC- NLC). Incorporation of
increasing amount of FA-Stearic acid conjugate led to reduction in the particle size. Developed
SLN system showed drug release of around 9 % in 24 hours (pH 7.4). NLC of drug showed the

similar effect of low drug release (around 17%) at pH of blood (pH 7.4). Plain Drug is released to
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the extent of 60 % in 10 hours. These results indicate that both formulations (SLN and NLC) depict

protective effect on drug preventing its premature release during circulation in blood.

In vitro cytotoxicity studies highlighted that, BCPO and n-3 PUFA showed enhanced cytotoxicity
when used in combination thus showing the synergistic effect. Further, in vitro cytotoxicity studies
performed on 3T3L-1 fibroblast cells elucidated that, BCPO and BC- NLC formulation has
negligible toxicity on healthy cells.
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