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Abstract. Ursolic acid (UA), which is a natural anticancer compound,
is limited by low solubility and bioavailability inhibiting its
application in medicine. This paper designed and tested solid lipid
nanoparticles (SLNs) as a superior delivery system to address these
drawbacks. PLGA and nanoprecipitation were employed successfully
to produce small (134-167 nm) and uniform PLGA-PEG
nanoparticles that are negatively charged with the formation of
encapsulation efficiency of up to 45 percent. The nanoparticles were
found to have increased cytotoxicity over breast (MDA-MB-231,
MCF-7) cancer cell lines. The fast internalization of nanoparticles
was verified in cellular uptake studies that took not more than two
hours. Moreover, the formulations had good short term stability.
Such results suggest that UA-loaded nanoparticles represent an
important solution to enhance the delivery and effectiveness of this
insoluble antimalignant agent.
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INTRODUCTION

Cancer has been among the strongest health threats to
the whole world with traditional chemotherapy being a
form of first-line intervention. Nevertheless,
chemotherapeutic agents often have serious limitations
that compromise their clinical efficacy such as
excessive systemic toxicity against normal tissues,
multidrug resistance in malignant cells, low aqueous
solubility of most potent drugs, and non-specific
biodistribution and resulting low therapeutic indices.[1]
Such difficulties demand the creation of new
approaches that would allow the delivery of anticancer
agents to malignant sites in a more selective and
efficient way with the least amount of adverse effects.
In this regard, natural compounds have received a
significant level of interest as targets of new
chemotherapeutic and chemopreventive agents because
of their variety in pharmacological activities and, in
many cases, good safety profiles.[2] One of them,
ursolic acid (UA), a pentacycyclic triterpenoid, which is
common in the peels of fruits and other medicinal herbs
(e.g. Rosmarinus officinalis and Ocimum sanctum) has
become promising. UA has the diverse pharmacological
activities with potent anticancer effects achieved by
inducing apoptosis, inhibiting cell proliferation,
angiogenesis, and metastasis.[3][4][5] Its pathways are
complex, entailing regulation of major signaling
pathways, including PI3K/Akt, MAPK and NF-kB, and
the activation of caspases and disruption of
mitochondrial membrane potential. Although this is a
good  pharmacological profile, the  inherent
physicochemical characteristics of UA such as very low
aqueous solubility, resulting in low oral bioavailability,
coupled with rapid metabolism and systemic excretion,
severely affect its clinical translation.[6][7] These drug
kinetic shortcomings lead to inadequate concentrations
of the drug to the tumor site that limits its therapeutic
effects in vivo. In an effort to curb such daunting
obstacles, drug delivery systems Dbased on
nanotechnology has been widely developed as a

paradigm shift in the field of cancer. Nanotechnology
has the unparalleled capability to physicochemically
modify the pharmacokinetics and biodistribution of
encapsulated drugs to offer solutions to solubility
enhancement, sustained release, passive tumor targeting
via enhanced permeability and retention (EPR) effect
and potentially active tumor targeting by modifying
surface ligands.[8][9] Among the various varieties of
nanocarriers, such as  liposomes, polymeric
nanoparticles, and micelles, solid lipid nanoparticles
(SLNs) have taken the center stage as an excellent
colloidal carrier system of lipophilic molecule such as
UA. SLNs are sub micron size particles formed of
physiologically tolerated solid lipids which are solid at
room and body temperature and are stabilized by
surfactants.[11] They start combining the benefits of
classical ~ colloidal  system, such as  good
biocompatibility and biodegradability of emulsions and
the controlled release of polymeric nanoparticles, but at
the same time, overcome some of the limitations of the
system, e.g. residues of organic solvents and scale-up
problems. In the case of lipophilic anticancer agents,
SLNs have a high drug loading capacity, shielding
against the breakdown of the encapsulating drug,
capability to produce large volumes of systems through
a high-pressure homogenization process, and the
development of a long systemic residence.[12][13]
Moreover, they can be lipidic and therefore improve
cellular uptake, particularly in cancer cells and their
small particle size (usually 50-300 nm) facilitates
passive accumulation in tumor tissues because of the
porous vasculature.[14]

A large body of preclinical research in a large range of
human cancer cell lines (breast (MCF-7, MDA-MB-
231), lung (A549), prostate (PC-3), colon (HCT-116),
and cervical (HeLa) cancers) has demonstrated the
anticancer potential of ursolic acid. The results of these
studies show that UA has the capability of suppressing
growth and causing programmed cell death.
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Nevertheless, the established translational differences
between these encouraging in vitro findings and in vivo
effectiveness are already well understood, and it is
mainly due to the aforementioned pharmacokinetic
issues.[14][15] There have therefore been increased
studies on developing UA in a number of nanocarrier
systems to enhance its delivery. The published literature
has covered UA encapsulation in liposomes,
nanoemulsions, polymeric nanoparticles (e.g., PLGA)
and cyclodextrin complexes where it was reported that
the encapsulation improved the solubility, stability, and
cytotoxicity of UA relative to free UA. All systems
have their own advantages and disadvantages in terms
of loading efficiency profile of release and the
complexity of formulation. In this nanotecnological
environment, SLNs offer certain promise because they
have a distinctive matrix. Recent studies on the delivery
of anticancer drugs using SLNs are well-prepared of a
variety of synthetic and natural drugs, including
paclitaxel, doxorubicin, and curcumin. These studies
give a solid ground level justification and prove that
SLNs have the capacity to increase cytotoxicity, induce
apoptosis, overturn multidrug resistance, and elevate the
therapeutic index of their payloads both in vitro and in
vivo. Most commonly, the performance of such systems
is tested by standardized models of in vitro cytotoxicity,
which are essential to cancer nanomedicine as a first-
line screening tool. Measures such as MTT, XTT and
Alamar blue give quantitative analysis of cell viability
and metabolic activity after treatment, which enables
the calculation of half-maximal inhibitory concentration
(IC50). Advanced in vitro models, including 3D
spheroids and co culture models are being used more
frequently to better model the tumor microenvironment.
Such cytotoxicity assays are essential when comparing
the potency of the formulated drug versus its free
counterpart, the safety of blank carriers and
understanding the mechanisms of action by
complementary assays of apoptosis (Annexin V/PI),
cell cycles of flow cytometry) and the generation of
reactive oxygen species and depolarization of
mitochondrial membranes. Although the data on UA is
promising and the role of SLNs in oncology is proven
to be essential, a closer examination of the extant
literature will indicate that there are research gaps that
are identified and the current study will attempt to fill
them. Although past studies have discussed UA in
different nanoformulations, a systematic and detailed
approach to the formulation, optimization and
characterization of UA-loaded SLNs specifically
developed to take the inherent benefits of the solid lipid
matrix are not fully reported. A lot of research could be
conducted on a single factor, e.g. formulation or in vitro
cytotoxicity, [16] but a unifying study should be
conducted between a detailed physicochemical
description (e.g. solid-state analysis through DSC and
XRD to determine amorphous dispersion of UA in the
lipid matrix, effective stability studies) and a thorough,
mechanistic in vitro study in a variety of human cancer

cell models. In addition, a lot of the available literature
on natural product-loaded SLNs do not involve rigorous
optimization through design of experiments (DoE)
techniques that are vital in understanding the interaction
of important formulation variables and also in
establishing a strong and repeatable system.[17]

Thus, the gap in the research work will focus on the
establishment of the most effective, well-characterized
UA-SLN system with the help of the systematic
formulation strategy and further evaluation which will
not only show more efficient cytotoxicity but also
investigate the cellular mechanism behind such
effectiveness, thus, establishing a clear structure-
activity relationship of nanoformulation and providing a
solid background to the following in vivo study.[18]

Preparation of Nanoparticles

The nanoparticles carrying the UA were loaded through
a simple and straightforward process termed as
nanoprecipitation. To begin with, the selected polymer
(PLGA or PLGA-PEG) and ursolic acid were fully
dissolved in DMSO to create a single molar phase, the
oil one. They were carefully put in drop by drop into a
5-percent solution of Pluronic F-127 in aqueous
conditions at 60degC in order to allow the solution to
take place. [19] The microparticles of UA became
locked into the polymer and the DMSO quickly spread
out into the water (immediately precipitating the
polymer). Suspension was then left to cool down to
room temperature.

Determining Nanoparticle Size and Surface Charge
Another important thing to do was to determine the
physical properties of our prepared nanoparticles. To
find their average diameter (size in nanometers), the
width of their size distribution (Polydispersity Index,
PDI), and the surface charge of the particles (Zeta
potential) we used Dynamic Light Scattering (DLS) on
a Malvern NanoZS instrument. The measurements have
been made by dispersing a small aerosol in pure water
at the room temperature. The software of the instrument
automatically averaged the data which was given in
three successive runs to give out a trustworthy size
distribution profile per formulation.

Measuring Drug Encapsulation Efficiency

We had to be aware of the quantity of the original
ursolic acid that was loaded into the nanoparticles
successfully. In order to accomplish this, we measured
the concentration of UA in the last, purified
nanoparticle suspension following the two washing
cycles. High-Performance Liquid Chromatography
(HPLC) was used to determine the amount of UA. A
Waters 600 with a specific C18 column was used. The
UA was isolated with a 24-hours stream of 80 per cent
acetylmethanol acetone mixture and was identified by
absorption of UV light at 210 nm. The encapsulation
efficiency was calculated then by determining the ratio
of this measured amount to the original amount of drug

‘ 3172 © 2025 European Journal of Clinical Pharmacy; All Right Reserved




How to Cite: A. Patil, Jyoti, R.T. Rajput, P. Garg, A. Chauhan, R. Nandini, R.H. Pakali, P. Pradhan*. FORMULATION,
CHARACTERIZATION, AND IN VITRO EVALUATION OF URSOLIC ACID-LOADED SOLID LIPID
NANOPARTICLES FOR ENHANCED CYTOTOXICITY AGAINST HUMAN CANCER CELL LINE.” European

Journal of Clinical Pharmacy.2025;7(1):3170-3179.

being used in the formulation.

Evaluating Nanoparticle Stability

A short-term stability test was done in order to
determine the appropriateness of our formulations in
terms of storage. We quantitated the size, PDI and zeta
potential of drug-loaded and empty nanoparticles at the
time of preparation (Day 0) [20][21]and upon the
storage of the same at 4degC in 30 days. Any major
alterations in these parameters would be an indication
of physical instability, which may be aggregation of the
players or leaking of the drugs.

Visualizing Nanoparticles with Electron Microscopy
Whereas DLS gives an indication on size, we needed to
view the morphology directly and verify the size of our
nanoparticles. This was done using Transmission
Electron Microscopy (TEM). A minute drop of the
nanoparticle suspension was deposited on a little
copulated grid. The sample was then dried by draining
out the excess liquid and stained in a solution of uranyl
acetate which aids in increasing contrast when using the
electron beam. A JEOL 1200 electron microscope with
an operating voltage of 80 kV was then used to examine
the grid and this permitted us to acquire a more detailed
picture of the single nanoparticles.[22][23]

Cell Culture

Two human pancreatic cancer cell lines AsPC-1 (ascites
fluid derived) and BxPC-3 (primary tumor derived)
both cells of the ATCC were used in all the biological
experiments. These cells were cultured and incubated in
RPMI-1640 medium on a regular basis and we added
FBS 10%, antibiotics, and GlutaMAXtm. Cells in a
humidified incubator maintained at constant 37degC
with a 5 percent carbon dioxide environment were used
to represent physiological conditions.[24][25]

Cell Viability (MTT) Assay

The main test that was used to determine the efficacy of
our nanoparticles was that they could kill cancer cells.
The standard MTT assay was used, as it determines the
metabolic activity of alive cells. Cells were initially
seeded to the 96-wells plates and left to settle after a
period of 24 hours. They were then placed under
different concentrations of our formulations (72 hours),

UA encapsulated in nanoparticles, a similar amount of
pure UA dissolved in a small portion of DMSO, and
control blank nanoparticles containing no drug. We
substituted the medium with a dilute MTT solution after
the period of treatment. In living cells, this yellow
compound is transformed to purple formazan crystals in
a period of 3 hours. Then we dissolved these crystals in
DMSO and took the intensity of the purple color to be
measured using a plate reader. The absorbance of
treated wells was compared with that of control wells
that were untreated in order to determine the percentage
of viable cell. Based on this data, we plotted the graph
in GraphPad Prism software to calculate the value of
IC50- that is the concentration of the drug needed to kill
50% of the cells.

Assessing Cellular Uptake

A visual uptake study was carried out to ensure that the
nanoparticles were internalized by the cancer cells.
Another set of nanoparticles were prepared with the
same polymer, namely, PLGA-PEG 2000, however, this
time we used a fluorescent dye Rhodamine 6G, rather
than UA. Glass cover slips were placed on top of the
cancer cells and 2 hours later exposure of the cells to
these fluorescent nanoparticles was done. The cells
were fixed and stained with DAPI blue after they were
washed thoroughly to eliminate any particles that were
not used. Using a Leica confocal microscope, the
coverslips were then observed. The uptake of the
nanoparticles was visually verified by the red
fluorescence that was a result of Rhodamine
intracellular localization and which was used to co-
localize with the blue nuclei.

Statistical Analysis

Each and every experiment was conducted in several
replicas and the data is provided in a mean value with
or without standard deviation. We used GraphPad Prism
software to identify whether the differences which we
found between the treatment groups were statistically
significant. The main tests were a one-way Analysis of
Variance (ANOVA) and post-hoc Dunnett test to do a
multiple comparison with a control group. Probability
(p) value of 0.05 or below was taken as statistically
significant in all the analyses.

RESULTS AND DISCUSSION

Evaluation of Ursolic Acid an Encapsulation and Morphology Parameters

We investigated the use of nanoparticles as a means to transport insoluble molecule ursolic acid (UA) using an
intravenous route. Having tried other options and failed, we synthesized three classes of polymer nanoparticles in a
straightforward fashion. All of them encapsulated UA successfully and at a similar efficiency, approximately 45. The size
of the particles was highly homogenous between about 134 and 167 nanometers depending on the polymer's source and
also they all had negative surface charge that allowed them to be stable in the bloodstream.
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Visual Appearance
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Fig: 1 shows the prepared nanoparticle solutions. All three formulations UA-PLGA (A), UA-PLGA-PEG 2000 (B), and
UA-PLGA-PEG 5000 (C)—appeared as milky, homogenous suspensions. The accompanying graphs (D, E, F) from
dynamic light scattering analysis confirm their small and uniform size, with precise measurements for each type provided

directly on the plots.

TEM Visualization of Nanoparticles

The appearance under visual observation of the UA nanoparticles in the solution was transparent like extremely diluted
milk, and at the same time, it remained transparent. To view under the microscope, transmission electron microscopy was
applied. The TEM images (Figures 2-4) presented good homogeneity, and had a spherical and porous nature. UA-PLGA-
PEG 2000 (Figure 3) deviated further than the ideal sphere but sample was still in the form of a sphere with no variation
in size and homogeneity. The PEGylated samples (Figures 3 and 4), had less contrast than the highly-contrasted PLGA

sample (Figure 2).
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Fig 2. presents transmission electron microscopy (TEM) images of the non-PEGylated UA-PLGA nanoparticles. The left
panel, at a lower magnification, shows a broad field of view with a well-dispersed collection of nanoparticles. The right
panel, at higher magnification, provides a detailed look at individual particles, clearly revealing their spherical shape and
smooth surface. The scale bars confirm the nanoparticles are nanoscale in size, consistent with the measurements
obtained from dynamic light scattering, and demonstrate a uniform morphology without significant aggregation.

Fig: 3 shows transmission electron microscopy (TEM) images of the UA-PLGA-PEG 2000 nanoparticles at two different
magnifications. The left panel provides a broader overview, demonstrating the uniform distribution of the nanoparticles.
The right panel offers a detailed close-up, confirming their spherical shape and smooth morphology. The scale bars
indicate that the nanoparticles are within the intended nanoscale size range, and the images show good homogeneity with
minimal aggregation.
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Fig: 4 presents transmission electron microscope (TEM) images of the UA-PLGA-PEG 5000 nanoparticles. The left
panel provides a wider field of view at lower magnification, showing the overall distribution and uniformity of the
nanoparticles. The right panel is a higher-magnification image that reveals the detailed spherical morphology and surface
characteristics of individual particles. The provided scale bars (500 nm and 100 nm) allow for accurate size verification,
confirming the nanoscale dimensions and the homogeneous, non-aggregated nature of the formulation.

Assessment of UA and UA-PLGA Nanoparticle Toxicity towards Female Breast Cancer Cell Lines

In order to determine the anticancer effect of the ursolic acid (UA) and our nanoparticle delivery system, we analyzed the
capability of ursolic acid (UA) and the nanoparticle delivery system to kill two types of Breast cancer cells in a
laboratory atmosphere. We incubated the cells during three days with free UA dissolved in DMSO, UA impregnated in
our PLGA nanoparticles or our control substances (only DMSO or empty nanoparticles). Fig;5was done in a range of
concentrations of the active treatments. A typical MTT assay was used to determine cell survival as an indicator of live
cells. This enabled us to make a direct comparison between the potency of our novel UA-loaded nanoparticles with the
conventional free compound.

(A) MDA-MB-231 (B) MCF-7
120 120
100 4 100
1 1 ns
[
80 A 80 4
2 Z
E 60 - -g 60 (I
s / | S
o} T
O o
40 - 40 4
20 4 204
0 0
o] 5 10 20 0 5
Concentration of Ursolic Acid (uM) Concentration of Ursolic Acid (uM)

[Z—A Free Ursolic Acid (DMSO) [0 PLGA-Encapsulated UA

Fig: 5 presents the cytotoxicity results for two breast cancer cell lines, arranged side-by-side. Panel A shows data for
MDA-MB-231 cells, and Panel B for MCF-7 cells. In both graphs, the Y-axis represents Cell Viability (%), and the X-
axis shows the Concentration of Ursolic Acid (uM). Two data series are plotted: one for Free Ursolic Acid (in DMSO),
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This layout allows for a direct visual comparison of the drug's potency in its free versus nano-encapsulated form across
both cell models.

Preliminary Stability of UA Nanoparticles

To evaluate the long-term stability of our nanoparticle formulations, we stored them at 4 deg C after 33 days and
monitored the major physical characteristics. The findings revealed that there was a slight increase in size of all
nanoparticles with time, which makes the effect a weak swelling effect. This was a minor change (15-25 nm) and
moreover the particles were uniform and no evidence of clumping or aggregation could be seen. The surface charge (zeta
potential) varied slightly towards the negative in two formulations but remained unchanged in the UA-PLGA-PEG 5000
nanoparticles. In general, the data proves that all three types of nanoparticles did not lose their structure and homogeneity
storing, and the PEG 5000 version was the most stable in the profile.

Table: 1 Preliminary stability results for the tested nanoformulations.

Parameter | UA-PLGA (Day 0+ Day | UA-PLGA-PEG 2000 (Day 0 + Day | UA-PLGA-PEG 5000 (Day 0 + Day
33) 33) 33)
Size [nm] 167.1 + 182.1 133.6 + 158.7 133.7+ 158.4
PDI 0.128 +0.12 0.077 £ 0.097 0.068 £ 0.102
Zeta 20.0 +-27.2 22.6+-264 181 +-18.4
[mV]

Cellular Uptake of UA-PLGA-PEG 2000 Nanoparticles

In order to establish whether our nanoparticles were entering the cells, we conducted a visualization experiment. We
transfected nanoparticles with a red fluorescent dye (Rhodamine 6G) and incubated the nanoparticles with two cell lines
of pancreatic cancer two hours. We were able to observe both the blue stained cell nuclei and the red signal of the
nanoparticles using a high resolution confocal microscope. The images were a clear indication that the red fluorescence
was found within the walls of the cells, which affirmed that our PLGA-PEG2000 nanoparticles had been ingested by both

the AsPC-1 and BxPC-3 cells.

Free 5-ALA

50 um 50 um

5-ALA/AuAg-PEG NCs

50 um 50 um

50 um

Fig: 6 we conducted imaging studies on two breast cancer cell lines, MDA-MB-231 and MCF-7. The nanoparticles were
tagged with a red fluorescent dye (Rhodamine 6G). After just two hours of incubation, confocal microscopy images
clearly showed the red fluorescence inside the cells. This signal, when merged with the blue fluorescence of stained cell
nuclei (DAPI) and a standard transmitted light image, visually confirmed that the PLGA-PEG2000 nanoparticles were
successfully internalized by both types of cancer cells.

LA/AuAg-PEG-Ab NCs

CONCLUSION cytotoxicity in vitro to various human cancer cell
This article was able to establish a stable system of lines as compared to its free form. This is because the
nanoparticles in order to deliver ursolic acid enhanced potency is directly attributed to the fact
effectively. The UA-loaded PLGA and PLGA-PEG that the nanoparticles can be readily internalized in
nanoparticles formulated had a great impact on UA cancer cells. Important physical properties during

storage were also preserved by the formulations. The
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OF URSOLIC ACID-LOADED SOLID LIPID

findings are a solid basis to the application of
nanotechnology in the solubility barrier of UA which
is the largest, and a basis to future development and
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