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1. Introduction

Sugar-decorated cholesterol-core nanoparticles as
potential targeting nanomedicines for the delivery
of lipophilic drugs+

Lais Rossetto Ferraz de Barros,® Carlos Eduardo de Castro,? Anabella Patricia Rosso,?
Rodrigo da Costa Duarte,” Alexandre Gongalves Dal-Bo,” Wendel Andrade Alves {2
and Fernando Carlos Giacomellj (2 *@

Targeted drug delivery is a precise and effective strategy in oncotherapy and can be achieved through
sugar-decorated assemblies since glucose receptors are overexpressed on cancer cell membranes to
compensate for their increased glucose demands. In this study, core—shell nanoparticles (NPs) were syn-
thesized using amphiphilic macromolecules comprising hydrophobic cholesterol (Chol) segments conju-
gated to hydrophilic polyethylene oxide containing azide group (Chol-PEO,,-N3) or substituted with the
carbohydrate N-acetyl-p-glucosamine (Chol-PEO,,-GIlcNAC) via a click chemistry reaction. These self-
assemblies, which are smaller than 100 nm and suitable for cancer treatment, demonstrated efficient
loading efficiency (exceeding 70%) with ursolic acid (UA), a hydrophobic drug, serving as a proof-of-
concept for targeted therapy using natural compounds against non-small cell lung cancer. The incorpor-
ation of sugar molecules modified the structural characteristics of the nanocarriers, resulting in larger and
presumably less dense particles. This modification influenced the UA release mechanism, leading to a
faster and nearly complete release over a week, whereas approximately 60% of the encapsulated UA
remained entrapped in the Chol-PEO,,-N3z NPs. Enhanced cell cytotoxicity was achieved with UA-loaded
NPs with in vitro cell viability assays indicating at least two-fold increase in the inhibitory effect of the
drug-loaded nanocarriers. The targeted delivery was also demonstrated as UA-loaded Chol-PEO,,-
GlcNAc NPs showed greater internalization by cancer cells than their healthy counterparts.

delivery has been proposed, aiming to enhance specificity and
improve therapeutic efficacy.>*

Cancer is a significant public health concern worldwide,
causing approximately 1700 deaths per day in the United
States’ and more than 600 deaths per day in Brazil.> Among
the different types of cancer, lung cancer usually remains the
first or second leading cause of cancer death in both men and
women every year," and non-small cell lung cancer (NSCLC),
which constitutes 80-85% of lung cancer cases, was selected
as the model for this investigation. Chemotherapy is the
primary approach for treating tumors and to mitigate its
adverse effect such as cytotoxicity and limited selectivity, the
development of nanotherapeutic platforms for cancer drug

“Centro de Ciéncias Naturais e Humanas, Universidade Federal do ABC, 09210-580
Santo André, Brazil. E-mail: fernando.giacomelli@ufabc.edu. br

bUniversidade do Extremo Sul Catarinense — UNESC, 88806-000 Criciuma, SC,
Brazil

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4pmo00317a

© 2025 The Author(s). Published by the Royal Society of Chemistry

The enhanced permeability and retention (EPR) effect’
allows nanoparticles (NPs) sized from 50 to 100 nm to accumu-
late more in tumor sites because of the imperfect architecture
and irregular morphology of blood vessels in such locations.
Furthermore, previous investigations have indicated that drug-
loaded nanocarriers can be deposited and evade mucociliary
clearance and alveolar macrophages in the lung-lining liquid,
and clearance by alveolar macrophages is slower for relatively
small particles (<80 nm).*” Additionally, the cellular uptake
process is crucial, as treatment efficiency often relies on the
internalization of therapeutic agents. The surface chemistry of
drug-loaded nanocarriers significantly influences nano-
particle-cell membrane interactions.® In this framework,
polymer chains such as polyethylene oxide (PEO) can be used
for biocompatibility and further functionalization, allowing
the manufacturing of nanocarriers with targeting attributes
and increased accumulation at a desired location. Small mole-
cules can be conjugated to PEO chains through click reactions
using organic azide, ensuring high-efficiency coupling in
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aqueous environments.>'® In this context, short-chain carbo-
hydrates (sugars) are being employed in the synthesis of tar-
geted cargo delivery systems.'"'? Glycidic moieties, for
instance, have a high affinity for cell membrane components
such as lecithins, thus promoting increased cellular uptake.
Sugars are particularly attractive as cancer-targeting ligands
due to the augmented glycolysis in proliferating cancer cells,
which leads to higher glucose uptake.'*"’ Since glucose recep-
tors are overexpressed on cancer cell membranes, galactose,
mannose, and glucose monosaccharide derivatives such as
N-acetyl glucosamine serve as promising targeting ligands.***®

Taking these considerations into account, we have evalu-
ated two amphiphilic macromolecules: one with a hydro-
phobic fraction of cholesterol (to allow hydrophobic drug
loading) conjugated to PEO terminated with an azide group
(Chol-PEO,,-N3) and the other with a PEO substituted with the
carbohydrate (targeting ligand) N-acetyl glucosamine (Chol-
PEO,,-GIcNAc). N-Acetylglucosamine (GlcNAc), which is an
amide derivative of glucose, has been selected as the targeting
ligand due to the enhanced metabolism, high glucose demand
of cancer cells and amplified expression of glucose transpor-
ters in tumor sites.'” These amphiphilic macromolecules were
self-assembled into core-shell NPs that have been evaluated as
potential nanocarriers for ursolic acid (UA), a model hydro-
phobic chemotherapeutic drug. UA is a pharmacologically
active, natural pentacyclic triterpene derived from fruits,
herbs, and plants,'® and it can regulate the proliferation, meta-
stasis, angiogenesis, and apoptosis of tumor cells by acting on
a variety of cytokines.'® UA has a significant therapeutic effect
on breast, lung, colorectal, liver, and prostate cancer, for
instance.”® Despite its promising properties,'® the poor water-
solubility, low intestinal mucosal absorption, and low bio-
availability restrict its clinical application and in vivo adminis-
tration. These drawbacks can be circumvented by using nano-
technology-based platforms to enable its pharmacological
administration. Accordingly, herein UA-loaded cholesterol-core
sugar-decorated NPs were evaluated as a proof-of-concept to
improve drug solubility and bioavailability to treat non-small
cell lung cancer. A549 cells were used as a model for in vitro
biological assays. This investigation therefore relies on the
manufacturing of UA-loaded nanocarriers and subsequent
evaluation of their structural features, colloidal stability, drug
release profile, cell cytotoxicity, and cellular uptake.

2. Materials and methods

2.1. Amphiphilic macromolecules and other chemicals

The amphiphile azide-poly(ethylene glycol)-cholesterol conju-
gate Chol-PEO,,-N; and the glycosurfactant N-acetyl-p-p-gluco-
saminyl-poly(ethylene glycol)-cholesterol conjugate Chol-
PEO,,-GlcNAc were synthesized according to previously
reported procedures®*'™>* with the methodology described in
the ESIf along with respective product characterization by
FTIR and *C NMR. All solvents, coumarin-6, and UA were of
analytical grade purchased from Sigma-Aldrich. The water
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used in sample preparation was pretreated with Milli-Q® Plus
System (Millipore Corporation).

2.2.
NPs

Preparation of the UA-loaded and coumarin-6-loaded

The NPs produced using Chol-PEO,,-N; and Chol-PEO,,-
GIcNAc were prepared by nanoprecipitation. In this process,
5.0 mg of amphiphilic macromolecules were dissolved in
2.0 mL of organic solvent mixture (THF:acetone 25:75 v/v).
The formation of the NPs was subsequently induced by inject-
ing the organic phase (1 mL min™") into 5.0 mL of water. The
organic solvent was further evaporated at 30 °C for 48 h, and
the final volume was adjusted to 5.0 mL. Negligible amounts
of organic solvent at the final samples can be expected by
using this protocol.>* To produce drug-loaded NPs, 0.25 mg of
UA (5% w/w) was added during amphiphile dissolution in the
organic phase. Probe-loaded NPs were similarly produced
using 0.01 mg of coumarin-6 (0.2% w/w).

2.3. Structural characterization of the NPs

Dynamic light scattering (DLS) data were acquired using an
ALV/CGS-3 compact goniometer. The autocorrelation functions
were collected in triplicate (30 s counting time), further aver-
aged, and analyzed using the Cumulant method to determine
the values of the mean relaxation time (z), and the values of
hydrodynamic radius (Ry) were further determined using the
straightforward Stokes-Einstein relation. The Cumulant
method also allows to probe the polydispersity index (PDI) of
the samples (u,/I™).

The electrophoretic mobility (Ug) of the colloidal materials
was measured using a Zetasizer Nano-ZS ZEN 3600 instrument
(Malvern Instruments). Each sample was measured five times
with three sub runs of 30 s counting time. The values were
further converted to (-potential (mV) using the Henry’s
equation and Smoluchowski approximation.

Cryo-TEM images were acquired at the Brazilian
Nanotechnology National Laboratory (LNNano) using a Talos
F200C (Thermo Fisher Scientific) high-resolution microscope
at an accelerating voltage of 200 kV. Two microliters of each
sample were loaded into 01895 - Lacey Carbon, 300 mesh
copper electron microscopy grids (Electron Microscopy
Science). Excess sample was removed by blotting for 3 s, and
the grids were immediately plunged into liquid ethane. The
specimens were stored in liquid nitrogen and transferred,
under controlled conditions, to an autoloader cassette and
then to a microscopic column for imaging.

2.4. Determination of UA loading content (LC) and loading
efficiency (LE)

The UA loading efficiency was determined by phase separation
using Amicon® Ultra-15 centrifuge tubes (Merck Millipore,
10000 MWCO). One milliliter of the drug-loaded NPs was
placed in the reservoirs and centrifuged at 20 °C for 5 min and
5000 rpm. The volume of the filtrate was then set to 1.0 mL
using a 8:2 v/v mixture of MeOH : water. This solvent mixture
was selected in order to disassemble the core-shell nano-
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particles. The UV-Vis absorbance of the filtrates was sub-
sequently measured in triplicate (averaged values are provided)
at A =200 nm (the maximum absorbance of UA) using a Varian
Cary 50 Bio UV-Vis spectrophotometer. To determine the con-
centrations of UA, an analytical curve was generated with
linear response (R> = 0.99) in the range 0.005-0.25 mg mL™" in
the same medium. The values of loading content (LC) and
loading efficiency (LE) were calculated by using the following
equations:

UAin NPs
LC (%) = ——— x 100 1
(%) mass of NPs (1)
UAin NPs
LE (%) = 100 (2)

~ UAfeeding X

2.5. Evaluation of UA release kinetics

UA release kinetics were evaluated using cellulose dialysis
membranes (MWCO 8-10 kDa, Spectra-Por® Float-A-Lyzer®
G2) using well-established protocols regularly used by us**™>’
as well as by other research groups.>®*° The tubes were filled
with 5.0 mL of the UA-loaded NPs and immersed in 2 L of
phosphate-buffered saline (PBS) solution at pH 7.4 and 37 °C
with gentle stirring. At predetermined times, 80 pL of the
samples were removed from the dialysis tube and diluted with
320 pL of MeOH to determine the quantity of UA remaining in
the samples. An equal volume of nanoparticle suspension was
immediately replaced. The remaining amount of UA was deter-
mined by measuring the UV-Vis absorbance acquired in tripli-
cate (averaged values are provided) at 4 = 200 nm (the
maximum absorbance of UA) using a Varian Cary 50 Bio
UV-Vis spectrophotometer. Concentrations were calculated
based on the calibration curve described in the previous
section. The UA release kinetics were evaluated using different
kinetic models: zero-order, first-order, Higuchi, and
Korsmeyer-Peppas, as discussed in the Results and discussion
sections.

2.6. Biological assays

2.6.1. Cell culture. MRC-5 cells (a kind gift from Princeton
University, USA) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), and A549 cells (a kind gift from AC
Camargo Cancer Center, Brazil) were cultured in Dulbecco’s
modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12,
GlutaMAX supplement). The culture medium was sup-
plemented with 10% fetal bovine serum (FBS), 10 000 U mL ™"
penicillin, and 10000 pg mL™" streptomycin at 37 °C under
CO, atmosphere.

2.6.2. Cytotoxicity assay. The viability of A549 and MRC-5
cells was evaluated in the concentration range 5-50 pug mL™"
using 1 x 10* cells per well that were shown in 96-well plate
culture for 24 h at 37 °C. Subsequently, the cells were treated
with DMEM with the addition of 50 pL of NPs and incubated
for 24 h at 37 °C. Then, the wells were washed with PBS, and
50 pL per well of thiazolyl blue tetrazolium bromide (Sigma-
Aldrich) was added at 0.3 mg mL™". The plates were incubated
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for 2 h at 37 °C. Subsequently, 150 pL per well of dimethyl sulf-
oxide (DMSO) was added, the plate was shaken for 15 min,
and the absorbance of the plate was determined at 570 nm
using a Synergy microplate reader. The experiments were con-
ducted in triplicate, and cell viability was determined relative
to the untreated controls. Statistical analysis was performed
using two-way ANOVA followed by Bonferroni’s multiple com-
parison test. Differences were considered statistically signifi-
cant for p values <0.05.

2.6.3. Cellular uptake. A549 and MRC-5 cells (1 x 10* cells
per well) were cultured in 24-well plates for 24 h, then the cell
culture medium was replaced by 380 pL of fresh FBS-free
DMEM with the addition of 20 pL of coumarin-6 loaded NPs.
After 1 h incubation at 37 °C, cells were washed three times
with PBS and fixed with 4% paraformaldehyde for 10 min. The
nuclei and membranes of the cells were labeled with 30 pL of
DAPI and 6 pL of rhodamine, respectively. Qualitative analysis
of the cellular uptake was performed using a wide-field Leica
DMI 6000 B microscope (Leica Microsystems, Wetzlar,
Germany) coupled to an ultrafast Leica DFC365 FX digital
camera. Filter cube L5 (excitation, 460-500 nm; DC 505; emis-
sion, 512-542 nm) was selected to acquire green fluorescence
(coumarin-6). Images were obtained at 63x magnitude, and
data treatment was performed using Image] software.

The cellular uptake of the NPs was further quantified by
flow cytometry analysis using essentially the same procedures
described above, except that 1 x 10* cells per well were plated,
incubated for 1 h, washed three times with PBS, harvested by
trypsinization using trypsin-EDTA solution, fixed with 4% par-
aformaldehyde for 10 min, and finally resuspended.
Measurements were performed using a BD FACS Canto II flow
cytometer (using a FITC filter for coumarin-6) and analyzed
using the FlowJo V.6 software. Flow cytometry analyses were
performed in triplicate (10 000 events were collected for each
experiment), and the data are presented as the mean + stan-
dard deviation. Statistical analyses were performed using a
one-way ANOVA followed by Tukey’s test. A p-value of 0.05 or
greater was considered statistically significant.

3. Results and discussion

3.1. Synthesis of the amphiphilic macromolecules

The synthetic strategy used to prepare the amphiphile azide-
poly(ethylene oxide)-cholesterol conjugate Chol-PEO,,-N;3 (2)
from the initial reactant cholesteryl hemisuccinate (1) and the
glycosurfactant N-acetyl-p-p-glucosaminyl-poly(ethylene oxide)-
cholesterol conjugate Chol-PEO,,-GlcNAc (3) is illustrated in
Fig. 1.

The synthesis of the amphiphilic macromolecules has been
detailed in previous publications.'®*?'">* Briefly, the hemisucci-
nate cholesteryl group was conjugated to the PEO chains via
an esterification reaction using dicyclohexylcarbodiimide
(DCQ), resulting in a 72% yield of “ready-to-click” Chol-PEO,,-
N;. Propargyl p glycosides of N-acetyl-glucosamine were further
introduced at the polar head of the surfactant via copper-cata-
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Fig. 1 Synthetic strategy used in the preparation of (2) azide-poly(ethylene oxide)-cholesterol conjugate Chol-PEO,,-N3 and (3) glycosurfactant
N-acetyl-p-p-glucosaminyl-poly(ethylene glycol)-cholesterol conjugate Chol-PEO,,-GlcNAc: (a) N,N'-dicyclohexylcarbodiimide (DCC), 4-dimethyl-
aminopyridine (DMAP), mono-azide-PEO (PEO,,-N3), CH,Cly,, 72%; (b) copper sulfate (CuSO,), sodium ascorbate (CgH;OgNa), propargyl-2-N-acet-

amido-2-deoxy-p-p-glucopyranoside (C;H;17;NOg, H,O/THF, 70%).

lyzed azide-alkyne Huisgen cycloaddition. The reaction was
carried out at 40 °C with copper/ascorbate as a catalyst in a
water/THF mixture to ensure good solubility of the amphi-
phile. The glycosylated conjugate Chol-PEO,,-GIcNAc was iso-
lated in 70% yield after purification by silica gel chromato-
graphy. Characterization of the amphiphiles was conducted
using FTIR and *C NMR analyses, where the characteristic
signals of the aliphatic chains, ethylene oxide, and the carbo-
hydrate unit, as well as the signals of the triazolyl ring, were
identified. These experimental data are provided in the ESI
(Fig. S1-S4t) along with further details of the employed syn-
thetic approach.

3.2. Manufacturing and structural characterization of the
nanocarriers

Dynamic light scattering (DLS) autocorrelation functions and
respective size distributions for the produced amphiphilic NPs
are shown in Fig. 2, highlighting sub-100 nm self-assemblies
with sizes ranging from 36 to 79 nm.

Table 1 lists the quantitative data. The sizes of the nano-
carriers are suitable for cancer treatment as they are larger
than the threshold for fast renal clearance (Dy = 2Ry >
10 nm)***" and smaller than 100 nm, which is the average
pore size of tumor sites, enabling enhanced accumulation via
the EPR effect.>*? The particle size increases with UA (5% w/w)
loading, reflecting changes in the internal structure of the
nanocarriers,” and the surface charge is possibly the results
of ionized groups (probably hydroxide ions) at the interface
between water and the organic shells.** The UA loading does
not significantly affect the surface charge of the NPs.

The negative zeta potential of the assemblies is expected to
provide enhanced colloidal stability. Furthermore, positively
charged NPs may indeed induce fast nanoparticle clearance

390 | RSC Pharm., 2025, 2, 387-397

due to protein adsorption whereas negative surfaces can
impart protein-repelling features since main protein com-
ponents at the bloodstream are negatively charge at physiologi-
cal pH, thus enabling longer blood circulation time. The
surface charge, size and size distribution of the manufactured
soft colloids have been frequently checked over 4 months and
no signs of nanoparticle aggregation when stored at 4 °C have
been detected. Due to the presence of fairly negative values of
{-potential, the colloidal stability is supposed to come at least
partially from electrostatic effects since repulsive Coulomb
forces acting between the charged colloidal particles are cer-
tainly present.

Morphological observations through cryo-TEM (Fig. 3)
showed homogenous and spherical structures in reasonable
agreement with the size range obtained by DLS. The images
confirm also the formation of NPs in the presence of UA.

Differences regarding in the cryo-TEM images may be the
result of disparate electron density contrast in the presence
and in the absence of UA nevertheless, core-shell structures
are more likely to be produced taking into account the weight
fraction of the hydrophobic segment (roughly 30%).
Additionally, discrepancies when comparing cryo-TEM and
DLS data are to some extent acceptable since light scattering
intensity is heavily weighted by the particle size implying that
DLS is particularly sensitive to larger compared to smaller scat-
tering objects.

3.3. Evaluation of UA loading content (LC) and loading
efficiency (LE)

The determined values of UA loading content (LC) and
loading efficiency (LE) are listed in Table 2. The experimental
data show that UA was encapsulated to a slightly greater extent
in Chol-PEO,,-GlcNAc NPs, possibly reflecting the larger

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dynamic light scattering data acquired for drug-free and 5% w/w UA-loaded Chol-PEO,,-N3 and Chol-PEO,,-GlcNAc NPs: (A and C) auto-

correlation functions and (B and D) respective distributions of sizes.

Table 1 Structural characteristics of the unloaded and UA-loaded
amphiphilic NPs as determined by light scattering techniques

Nanoparticle Ry (nm) PDI ¢ (mv)
Chol-PEO,,-N3 40 0.37 —-25.1£0.8
Chol-PEO,,-N; (UA) 48 0.20 —22.5£0.7
Chol-PEO,,-GlcNAc 36 0.47 -19.2 + 0.7
Chol-PEO,,-GlcNAc (UA) 79 0.22 -22+1

volume of these nanocarriers. However, the size of the UA-
loaded Chol-PEO,,-GlcNAc (Table 1) was probably balanced by
a lower particle density; therefore, the LE and LC values were
not significantly different.

The LE is approximately 70-80%, which is higher than
values reported for UA loaded into other assemblies, such as
dendrimer-like NPs (UA-G4K)** or poly(lactic-co-glycolic acid)-
b-polyethylene glycol diblock copolymer NPs.>> The LE for
Chol-PEO,,-GIcNAc NPs is similar to that reported for chitosan
NPs cross-linked with sodium tripolyphosphate.?® High LE
values are hardly achieved during UA loading,"® making this
an outstanding feature of the investigated systems, possibly
due to the high degree of core hydrophobicity and therefore,
favorable core-drug intermolecular interactions. The UA water
solubility is equal to 0.005 mg mL™".**° Considering the

© 2025 The Author(s). Published by the Royal Society of Chemistry

values of LC and LE reported in Table 2, the UA solubility in
the formulated samples is approximately 40 times higher than
as free drug. Because of its high degree of hydrophobicity,
which contributes to its affinity for nonpolar organic solvents,
UA migrates towards the cholesteric hydrophobic cores of the
assemblies during nanoprecipitation. Thus, this method has
proven efficient in developing cargo delivery systems aimed at
increasing the solubility of lipophilic drugs for systemic
administration."®

3.4. Invitro release of UA

Subsequently, the UA release profiles were examined. Drug
release from soft NPs may occur via dissolution, diffusion, par-
titioning, osmosis, swelling, or erosion.’” The release mecha-
nism can be understood using mathematical models to fit the
experimental data. The cumulative release of UA was evaluated
in PBS (pH 7.4), and the experimental data are shown in
Fig. 4.

The UA release showed a biphasic pattern, with an initial
rapid release from Chol-PEO,,-N; (up to 12 h), followed by
slower release, achieving a maximum release of approximately
40%. In contrast, the drug release from Chol-PEO,,-GlcNAc
NPs was initially rapid (up to 12 h) and then slower. However,
it was faster than that for Chol-PEO,,-N; with nearly quantitat-

RSC Pharm., 2025, 2, 387-397 | 391
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Fig. 3 Cryo-TEM images for (A) Chol-PEO,,-N3 and (B) Chol-PEO,,-N3 NPs loaded with 5% w/w UA, (C) Chol-PEO,,-GlcNAc and (D) Chol-PEO;,-
GIcNAc NPs loaded with 5% w/w UA. The value of 5% w/w refers to the UA feeding.

Table 2 Values of UA loading efficiency and loading content for sugar-
free and sugar-decorated amphiphilic NPs

Nanoparticle LE (%) LC (%)
Chol-PEO,,-N; 71+1 3.6+0.1
Chol-PEO,,-GlcNAc 812 41+0.1

ive elution. This feature is remarkable because the complete
release of UA was achieved from Chol-PEO,,-GlcNAc, whereas
approximately 60% of UA remained encapsulated in the Chol-
PEO,,-N; counterparts after a week. The larger size of UA-
loaded Chol-PEO,,-GlcNAc NPs (Table 1) and the presence of
the sugar moieties likely lead to greater swelling in the assem-
blies and lower particle density, facilitating the complete UA
release. This sustained release over a week is desirable for tar-
geted delivery at specific locations. To quantitatively evaluate
the kinetics of UA release, the profiles in Fig. 4A were analyzed
using zero-order, first-order, Higuchi, and Korsmeyer-Peppas
models. Briefly, the zero-order model describes the drug
release from NPs at a constant rate, independent of concen-
tration. The first-order model indicates a release rate depen-
dent on the remaining drug concentration. The Higuchi model

392 | RSC Pharm., 2025, 2, 387-397

addresses drug release from an insoluble matrix as the square
root of a time-dependent process based on Fickian diffusion,
whereas the Korsmeyer-Peppas model describes drug release
from various systems, including Fickian and non-Fickian
diffusion. This model is useful when the release mechanism is
unknown, or when more than one type of drug release mecha-
nism is involved.*” The models are mathematically described
by the following equations:

Qr = Qo — Kot (3)

In Q; =1n Qp — Kyt (4)
Q= KuV't (5)

log Q; = log Kxp + n log ¢ (6)

Q; is the quantity of drug released at time ¢, and Q, is the
initial quantity at ¢ = 0 h. The zero-order, first-order, Higuchi,
and Korsmeyer-Peppas constants are Ky, K;, Ky, and Kip, respect-
ively. The suggested release mechanism is discussed based on
the kinetic models and the values of R*> reported in Table 3.
These values suggest that the Korsmeyer-Peppas model provided
the best fit for Chol-PEO,,-N; NPs, whereas the Higuchi model

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) UA release profiles and UA release model fitting using the

Higuchi (B) and the Korsmeyer-Peppas (C) approaches from Chol-
PEO,,-N3 and Chol-PEO,,-GlcNAc NPs.

was most suitable for Chol-PEO,,-GIcNAc NPs. However, the
Korsmeyer-Peppas model showed relatively high R*> values. The
Higuchi and Korsmeyer-Peppas fittings are shown in Fig. 4B and
C, and the others have been omitted for brevity.

In the Korsmeyer-Peppas plot, n (eqn (6)) indicates the
release exponent, and this value indicates the mechanism of
drug release. For spherical particles, n < 0.43 suggests drug
release via Fickian diffusion, and values of 0.43 < n < 0.85 indi-
cate anomalous transport that usually occurs due to a combi-
nation of diffusion and erosion processes; for n > 0.85, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Fitting parameters as obtained using different mathematical

models to evaluate UA release kinetics from the different amphiphilic
NPs

Parameter Chol-PEO,,-N; Chol-PEO,,-GIlcNAc
Zero-order

0.65 0.85
Ko (h™) 0.24 + 0.05 0.48 + 0.05
First-order

0.37 0.24
K (h™) 0.010 = 0.004 0.018 = 0.008
Higuchi
s 0.87 0.95
Ky (h™?) 3.6 0.4 6.4+ 0.4
Korsmeyer-Peppas
s 0.96 0.93
N 0.33 0.51
Kip (h™) 10.4 6.6

erosion mechanism is dominant.’” The value of n = 0.33 for
Chol-PEO,,-N; (Table 3) suggests UA release dominated by a
Fickian diffusion, while UA release from Chol-PEO,,-GlcNAc
fits better with the Higuchi model, indicating drug release
occurring through the porosity of the matrix,”” resulting in

[_IChol-PEO,,-N, (A)
1004 A [ZZZ Chol-PEO,N, (UA)
] r [ Chol-PEO,,-GIcNAc
80+ B8/ Chol-PEO,,-GIcNAC (UA)
< Ll B
> 60 i
=
©
> 40+
Q
o
20
0 L L
A549 5 10 20 30 50
control . A
concentration [ug.mL ]
B
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S N R
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=
g
2 404
3
o
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0
MRC-5 5 10 20 30 50
control

concentration [ug.mL'1]

Fig. 5 Viability of (A) A549 and (B) MRC-5 cells after 24 h exposure to
various concentrations of NPs. The results were normalized to 100% via-
bility from control cells (n > 3).
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negligible matrix dissolution and constant drug diffusion. The
differing release mechanisms likely result from the size of the
NPs, with larger Chol-PEO,,-GlcNAc NPs having a lower par-
ticle density and a higher surface-to-volume ratio compared to
their counterparts.

Coumarin-6 DAPI

View Article Online

RSC Pharmaceutics

3.5. Biological assays

3.5.1. Evaluation of in vitro cell viability. Cell viability
assays were conducted using non-tumor lung fibroblasts
(MRC-5) and the lung tumor cell line A549. The 3-(4,5-di-
methylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)

Merge
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S 50
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Fig. 6
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(Top) Fluorescence microscopy images of MRC-5 cells incubated for 1 h with coumarin-6-loaded (A) Chol-PEO,,-GlcNAc and (B) Chol-

PEO,,-N3 NPs; A549 cells incubated for 1 h with coumarin-6-loaded (C) Chol-PEO,,-GlcNAc and (D) Chol-PEO,,-N3 NPs. (Bottom) Flow cytometry
data (mean fluorescence intensity — MFI) for (E) MRC-5 and (F) A549 cells incubated for 1 h with coumarin-6-loaded NPs.
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assays indicated that the cells are viable up to a concentration
of 10 pg mL™", regardless of the phenotype (Fig. 5), consistent
with reported values for different surfactants used in cell
biology.*® Detailed statistical analysis of such set of data are
provided in the ESI (Fig. S51). The protective effect of the sugar
moieties is evident since they are well tolerated by living
systems.*® Although at higher concentrations the cell viability
is notably reduced also for the NPs themselves, the sugar-deco-
rated assemblies are demonstrated to be always less cytotoxic.
Furthermore, at the mid-range concentration, remarkable
different values of cell viability were monitored for drug-free
and UA-loaded NPs (especially for Chol-PEO,,-GlcNAc at 10 pg
mL™") particularly for A549 cells which therefore highlights
their potential application as cargo delivery system with target-
ing attributes. The presence of naked azide groups leads to a
more pronounced cytotoxic effect since such a chemical entity
is used to inhibit cell metabolism.*°

When the ISO 10993 5:2009 standard is considered, cyto-
toxic effects are considered when the cell viability is reduced
by more than 30% compared to the control (untreated cells).
In this regard, drug-free NPs are non-toxic at concentrations of
5 pg mL~" and 10 pg mL ™", while UA-loaded NPs are not cyto-
toxic only if administered at a maximum concentration of 5 ug
mL~". The experimental data indeed clearly confirms that the
UA loaded into the NPs promotes an additive cytotoxic effect.

Furthermore, when the different phenotypes are considered,
there is a notably enhanced reduction in cell viability particularly
for UA-lading Chol-PEO,,-GlcNAc in contact with A549 cells.
This can be seen, for instance, by comparing the experimental
data at 30 ug mL™". Accordingly, the presence of sugar-decorated
particles reduces the toxicity of the NPs and, simultaneously, it
promotes a higher cytotoxicity selectively for lung tumor A549
cells in the presence of the natural active agent.

3.5.2. In vitro cellular uptake. The cellular uptake of the
amphiphilic NPs by MRC-5 and A549 cells was further evalu-
ated. Since we cannot track the cellular uptake of the NPs by
fluorescence microscopy and flow cytometry with loaded UA,
these experiments have been performed using a small amount
of loaded coumarin-6. We have indeed previously used such
protocol to track the cellular internalization of nanoparticles
by using this fluorescent probe.*"** Furthermore, coumarin-
6 having water solubility similar to that of antitumor agents
such as paclitaxel, serves as a practical model for the transport
and release of hydrophobic drugs. The microscopy images
shown in Fig. 6 indicate the presence of NPs diffused in the
cell cytoplasm, pointing out low partitioning of the assemblies
in the cell membrane. Furthermore, the absence of green fluo-
rescence in the cell nuclei, possibly because of the limited
pore size (approximately 12 nm), restricts nanoparticle
diffusion towards the nucleus of the cells and suggests NP
accumulation in endocytic vesicular structures, implying endo-
cytic uptake pathways®' and suggesting cytosolic delivery. The
ursolic acid however targets numerous molecular players of
different cell signaling cascades to promote its anti-cancer
potential. Respectively, it does not need to be uptaken by the
cell nuclei to exerts the active action.>°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The mean fluorescence intensity (MFI) of flow cytometry data
(Fig. 6E and F) revealed no significant difference in uptake
between Chol-PEO,,-N; and Chol-PEO,,-GlcNAc NPs by MRC-5
cells. However, the MFI value for Chol-PEO,,-GIcNAc NPs was
significantly higher than that for Chol-PEO,,-N; NPs in A549
cells. Because glucose transporters and lectin-like receptors are
overexpressed in almost all tumor cells in lung tissues'' these
data suggest an increased affinity of sugar-decorated nano-
structures to A549 cells. This characteristic is particularly signifi-
cant for cancer therapy because tumor cells can internalize a
higher quantity of sugar-decorated NPs, thereby minimizing off-
target effects and enhancing therapeutic efficacy.

4. Conclusions

Herein, the manufacture of UA-loaded, sugar-decorated chole-
sterol-core NPs with less than 100 nm in size that are suitable
for cancer treatment is reported. The nanocarriers demon-
strated a high LE for UA (>70%) while maintaining colloidal
stability. The in vitro cell viability assays indicated at least a
two-fold increase in the inhibitory effect of the drug-loaded
nanocarriers compared with their unloaded counterparts.
Chol-PEO,,-GlcNAc NPs are larger and presumably less dense
than their sugar-free assemblies, and such features enable a
more rapid and complete release of the loaded UA within
approximately one week. In contrast, approximately 60% of the
loaded amount was still entrapped at the core of the sugar-free
self-assemblies after 7 days. Furthermore, the Chol-PEO,,-
GlcNAc NPs demonstrated targeted in vitro delivery, as they
were internalized to a greater extent by A549 cancer cells com-
pared to non-decorated NPs. These findings suggest signifi-
cant potential for the development of advanced nanoplatforms
for tumor therapy. The cholesterol core’s ability to encapsulate
highly hydrophobic drugs aligns with the properties of several
chemotherapeutics, while the sugar molecules serve as
effective ligands for targeting receptors overexpressed in
cancer cells. This research article opens avenues for future
studies to explore the therapeutic potential of sugar-decorated
cholesterol-core nanoparticles across a broader range of cancer
types and to investigate their in vivo efficacy and safety profiles.
Additionally, further research could focus on optimizing the
nanoparticle design to enhance targeted drug delivery and
improve clinical outcomes in cancer treatment.
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