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Synthesize and Characterize the Lipoid
S-75 Conjugated Chitosan-Based
Micelles for Improving Biopharmaceutical
Parameters of Resveratrol
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Abstract

The anticancer activity of resveratrol is well known. But because of its limited water solubility and low
bioavailability, resveratrol (RES) is a BCS class Il medication with research potential. The current work creates
a new copolymer from Lipoid S-75 and chitosan and tests the RES-loaded micelles it produces for varied
delivery properties. In addition to efficiently loading the drug, the nanometric micellar carriers also regulated
the rate of RES release. The discoveries using a novel polymer-based carrier show promise for improved
medication delivery in the future. Aim: The aim of the study was to synthesize and characterize the lipoid S-75
conjugated chitosan-based micelles for improving biopharmaceutical parameters of resveratrol. Methods: The
preparation and characterization of a copolymer of CS and lipoid S-75 were done by using S-75 100 mg and
DCC 700 mg which is followed by preparation and characterization of CS-lipoid S-75-conjugated resveratrol
micelles. And evaluation of the formulation done by the parameters such as particle size, polydispersity
index zeta potential, % encapsulation efficiency and drug loading, drug loading capacity, and differential
scanning calorimetry. Results: In the present study, development of polymeric micelles using the flavonoid
in multifaceted applications, entailing therapy, diagnostics, in-suit imaging, and on-demand drug delivery,
resveratrol, polymers such as chitosan, and lipoid S-75 show significant potential. The fundamental formation
mechanisms are then analyzed, focusing on the inherent physicochemical qualities like solubility and
bioavailability that control the drug release. Conclusion: The development of resveratrol-loaded chitosan-
based S-75 micelles demonstrates considerable potential for multifaceted biomedical applications, including
therapy, diagnostics, in-situ imaging, and on-demand drug delivery. The combination of resveratrol, chitosan,
and lipoid S-75 results in a polymeric micellar system with enhanced solubility and bioavailability, addressing
the challenges associated with the poor aqueous solubility and rapid metabolism of resveratrol. The analysis
of the micelle formation mechanisms highlights the crucial role of the inherent physicochemical properties
in controlling drug release. This innovative micellar platform offers promising avenues for optimizing the
therapeutic delivery of resveratrol and broadening its application scope in pharmaceutical and biomedical
fields.
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plants from detrimental climatic conditions.®”} Cultured
and animal studies, flavonoids’ immune modulation, anti-
inflammatory, and profound anticancer effects have been
shown.

Resveratrol (3,5,4'-trihydroxystilbene), a stilbene found
in substantial concentrations in peanuts, berries, grapes,
other plant sources, and similarly in red wine, is a naturally
occurring polyphenolic molecule.!® This chemical has grown
in popularity as a result of its anticancer properties, which
were initially described in 1997.1¢ Despite medical and
technological advances over the past 20 years, cancer is still
a major worldwide health problem.[”

Herbs have been utilized to impact cellular signaling for
years as either supplemental medicine or dietary agents. For
example, resveratrol, a substance produced from grapes, has
been used as a cancer treatment option. According to several
studies, resveratrol has a wide variety of cancer-prevention
and treatment alternatives. Furthermore, resveratrol has
been generally regarded as having anticancer potential when
paired with other chemotherapeutic medicines, and it has
gotten a lot of interest for its prospect as a chemo preventive
agent to combat human tumors. In a comparable direction,
several researches have examined resveratrol’s activity
against cancer cells.®

Aluyen et al. looked into apoptosis of cells, antiproliferation,
and anti-inflammation to further clarify the impact of
resveratrol on several cancer cell types.”) A review of
resveratrol’s several mechanisms of action, including
signaling routes involving growth indicators and receptor-
specific tyrosine kinases, growth factor-mediated signal
transduction, cell death, and inflammation, was published
by Varoni and colleagues in the identical vein.['” These two
publications emphasize on the workings of resveratrol toward
a specific subset of malignancies, in contrast to other studies
that concentrate on particular in vitro or in vivo research.!'!

The impact of resveratrol on hexokinase 2 (HK?2) expressions
and hepatocellular carcinoma (HCC) cell glycolysis was
investigated by Dai et al. These researchers discovered
that resveratrol therapy decreases cell growth in HCC cell
lines in a dose-varying manner, due to glucose breakdown
suppression in aerobic HCC cells. It also makes aerobic
glycolytic HCC cells more sensitive.'”) Furthermore, after
resveratrol therapy, mitochondrial apoptosis was associated
to a considerable drop in HK2 expression.['3]

Resveratrol blocks action of phosphorylated liver kinase
B1 on the aging of acute myeloid leukemia stem cells and
induces apoptosis in CD34(+)CD38(—) KGla cells via
activating SIRT1, according to research by Yang et al. In
addition, itactivates caspase-3 and -9 in HepG2 cells, raises
the Bax/Bcl-2 ratio, and results in p53 expression through
cell death.' In addition, resveratrol (when paired with
matrine) inhibits cell proliferation by (a) triggering cell
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death by activating caspase-3 and caspase-9, (b) restricting
survivin, (c) generating reactive oxygen species (ROS),
and (d) modifying the mitochondrial membrane potential.

Akin to this, it has anticancer effects on the hepatoma cell lines
HepG2, Hep3B, and HuH7 and dose-dependently inhibits the
activity of 11 human histone deacetylase enzymatic classes;
I, II, and IV. In liver cancer cells, resveratrol increases
transcription and mRNA stability, which incites MAT2B
V1 and V2 expression in a way that varies with time and
dose.’) HuR expression rises after resveratrol therapy, which
also affects SIRT1 and MAT2B. Similar to HuR, an RNA-
binding protein, SIRT1 promotes MAT2B transcription while
improving MAT2B mRNA stability.!"*

In addition, resveratrol lessens MAT’s connections with
MAT?2 and increases MAT’s connections to HuR and SIRT1.
The interaction between SIRT1, MAT, and HuR enhances
the stability of these proteins, but MAT reduces the Ki of
MAT?2 for S-adenosylmethionine. Resveratrol suppresses
growth and encourages apoptosis by upregulating MAT2B
and downregulating MAT2BVI1. In addition, it has the
identical effect on MAT2BV2 growth.['l. Resveratrol
therapy (50 mg/kg BW/day) significantly lowers myosin
light chain kinase expression, encourages apoptotic death,
and inhibits hepatic carcinogenesis in HCC rats generated by
diethylnitrosamine (DENA).['”!

ROS are produced when resveratrol (20-80 moL/L) is
applied to murine hepatocarcinoma Hepa 1-6 cells for
24—72 h. This inhibits cell growth and encourages apoptotic
cell death. The use of resveratrol (50, 100, and 300 mg/kg)
therapy can reverse DENA-induced changes in interleukin
(IL-1), hepatic tumor necrosis factor-, and IL-6 levels and
expression.l'™ These results suggest that the chemotherapy
preventive measures of resveratrol-mediated rat liver
tumorigenesis are associated with modifications in pro-
inflammatory cytokines.'? According to earlier studies by
Zhang et al., resveratrol decreases the development of the
Vascular endothelial growth factor protein and mRNA,
blocks the activation of nuclear factor-kappa B, and lowers
microvessel density.")

Current restrictions on the use of RES as a pharmaceutical
medication for commerce include, among other things, its
limited bioavailability and quick metabolism. Due to its
limited dissolution and poor bioavailability, RES’s in vivo
effects appear to be impacted in this way.!!

30 ug/mL is its solubility level in water, which is
low. Resveratrol is classified as a “Class II”” chemical under
the biopharmaceutical classification system because it
exhibits a solubility-restricted penetration across biologic
membranes.!'!

To address this problem, we need to prepare unique
formulation strategy, that is, formation of polymeric mixed




micelles which can enhance the biopharmaceutical properties
of RES. Micelles are the aggregation of colloidal particles
with both hydrophilic and hydrophobic components.2!]

James William McBain of the University of Bristol did
ground breaking work in this field.

Structure

e Micelles have a hydrophilic (water-loving) head, which
means they attract water while repelling fat'??

e Micelles feature hydrophobic (water-hating) tails that
attract fat while repelling water*

¢  Polymeric micelles are nanoscale structures that range in
size from 10 to 100 nanometers.**!

METHODS

Preparation and characterization of a copolymer of
CS and lipoid S-75

Synthesis of CS-S75 co-polymer

20 mL of de-ionized water and 1 mL of strong nitric acid
were used to dissolve 100 mg of CS. S-75100 mg and
DCC 700 mg were mixed together in 10 mL of ethanol. The
resultant ethanolic solution was swiftly poured into the CS
solution while being continuously stirred for 5 min. The
final product underwent 48 h of dialysis in comparison to
1000 mL of deionized water. The copolymer was created
using the solvent evaporation technique by evaporating the
residual solvent.

Critical Micellar concentration (CMC)
determination

A well-known iodine technique was used to estimate the CMC
values for the copolymer. An iodine standard solution was
created by dissolving 500 mg of potassium iodide and 250 mg
of iodine into 25 mL of de-ionized water. The copolymer
was diluted in different amounts (1-16 g/mL), and 25 L
of standard iodine solution was incorporated in successive
dilutions. The resulting solutions were left in the absence of
light for one night before they were analyzed with a Shimadzu
ultraviolet (UV1800) UV-visible spectrophotometer. Plotting
copolymer concentrations versus absorbance allowed us to
calculate the CMC value. Absorbance increased noticeably
at the CMC value.*¥

Fourier’s transform infrared spectroscopy (FT-IR)

FTIR was used to investigate the structural characteristics of
the produced copolymer and to identify the functional group
present in materials.”>! Using an FT-IR spectrophotometer,
the spectra of RES, CS, lipoid S-75, and CS-S-75 copolymer,
RES-PM’s and PM were collected across the range of
4000-400 cm™ (Agilent Technologies 630 Cary).
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PREPARATIONANDCHARACTERIZATION
OF CS-LIPOID S-75-CONJUGATED
RESVERATROL MICELLES

Preparation of CS-S-75 conjugated resveratrol
micelles

In 2 mL of DMSO, 100 mg resveratrol and 200 mg CS-75
copolymer were dissolved. The solution was put in a syringe
and drop-wise introduced into a beaker with ten milliliters
of a phosphate-buffered saline solution (PBS 7.4) and 0.2%
weight-by-weight Tween 80. To eliminate the remnants
of organic solvent, the dispersion was sonicated in a water
bath for 1 h and then dialysis against distilled water for 24 h.
For future usage, the polymeric micelles were chilled. As a
cryoprotectant, 2% w/w mannitol was added to the polymeric
micelles before freezing. The powder was stored in a tightly
sealed container for later use.

Particle size, polydispersity index (PDI) zeta potential

Particlesize, zetapotential,and PDI of RES-PMs were determined
by Zetasizer Ver 6.0 (Malvern Instruments Ltd., Malvern). To
achieve an acceptable scattering intensity, the material was
diluted 1:10 with double distilled water before the tests. Each
measurement was carried out three times. The analysis was done
in a capillary cell at 25°C with a 90° detection angle. The PDI
measures the RES-PMs population’s size distribution. Droplet
size analysis was performed after the sample was deposited in
square glass cuvettes. In the absence of additional complicating
elements like steric stabilizing agents or hydrophilic surface
attachments, elevated levels of zeta potential may cause particles
to disaggregate. The storage stability of colloidal dispersions can
be predicted using zeta potential measurements.

% Encapsulation efficiency and drug loading

The encapsulation efficiency (%EE) can be determined by
using following formula:

% EE=W1/W2 x 100
With Wi being the weight of encapsulated drug;

W. is the total drug weight added in polymeric micelles
formulation.

Drug loading capacity

The extent of dissolution betwixt the medicine and the
polymer being used is what simply determines the drug-
loading capacity. The Flory-Huggins interaction parameter
can be used to predict whether a medicine and a polymer
will work well together.’” Drug-polymer is equal to
(drug - polymer). 2 (RT/V drug) in which V drug is the molar




volume of the drug, drug and polymer are the Hildebrand-
Scatchard solubility variables for the drug and the polymer,
drug and polymer represent the interaction between the drug
and the core-forming polymer, and T and R, are accordingly,
the ideal gas constant and temperature.

Differential scanning calorimetry (DSC)

DSC thermograms were recorded for RES, CS, S-75, CS-S75
copolymer, and RES loaded CS-S75 polymeric micelles
(RES-PM’s) using DSC calorimeter (DSC 60, Shimadzu,
Japan). The samples were scanned at a heating rate of 10°C/
min, up to 250°C and a flow rate of 20 mL/min. under
nitrogen atmosphere.

Sample dispatched for testing.

X-ray diffraction (XRD)

To compare the physical condition of resveratrol trapped in
RES-PMs to that of free resveratrol, XRD examination was
conducted. The spectrum was recorded using Cu K radiation
(technically k1 and k2, with k3 eliminated by the primary
optic), produced from a copper sealed tube X-ray source with
a wavelength of 1.5406A. It was used to analyze the XRD
patterns of the drug (RES), CS, S-75, copolymer (CS-S75),
and drug-co-polymer micelles (RES-PM’s). The employment
of a Gobel mirror optic produces a monochromatic parallel
beam of X-ray energy (primary optic). For the purpose of
capturing the diffracted X-rays, a set of protracted soller slits
or parallel foils are positioned behind a scintillation counter
detector. Although the sample is flat during the measurement,
rotation can be used to enhance sampling and get rid of
preferred orientation effects.

In vitro drug release studies

Weighed and sealed into dialysis bags (MWCO: 3500 Da),
I mg of each of 100% RES and CS-S75 based RES-
loaded polymeric micelles preparation. Using a USP
dissolution device type-II kept at 37 £ 0.5°C, these bags
were suspended in a 50 mL solution of PBS (pH 7.4)
and ethanol (9:1 v/v ratio) at a paddle speed of 100 rpm.
Periodically, 2 mL of the sample was removed and
replaced with an equivalent fresh medium for sustaining
the sink conditions. Collected samples were analyzed
using UV-visible spectrophotometer at a wavelength of
307 nm (Shimadzu UV 1800, Japan).

Transmission electron microscopy (TEM)

An optical microscope and the TEM are analogous. It has
an astounding resolution, which may reach 0.1 nm for
lattice images. Remarkably powerful magnification (almost
1 million times) is feasible. TEM can examine materials,
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replicas of sample surfaces, and micro sections (below 60-nm
thickness) across cells and tissues.®

TEM analysis of RES-PMs was performed using a Hitachi
(H-7500) 120 kV TEM with a charge-coupled device
camera with a 40—120 kV working voltage, this instrument
has a resolution of 0.36 nm (point to point) and can magnify
objects up to 6 lakh times in high resolution mode. Electron
diffraction, tungsten filament, low dose function, high
contrast mode, and an ergo dynamic look are all present.
Among the instrument’s special characteristics (APIS)
are the broadest possible views at x700 with two picture
options, auto-navigation, the largest field with the most
remarkable contrast, and automated pre-irradiation mode.
With the addition of electron energy loss spectroscopy,
energy dispersive X-ray spectroscopy, and STEM
attachments, the apparatus can eventually be transformed
into an analytical system.

RESULTS AND DISCUSSION

Organoleptic properties

Table 1: Physical properties of resveratrol, chitosan

Sample Appearance Melting Solubility
points (°C) in water
Resveratrol ~ White powder 261-263 0.03 g/L
with slight
yellow cast
Chitosan White 88-120 Insoluble in
water
FT-IR

Identifying functional groups and their relationship with other
chemicals utilized in formulations are crucial information that
is obtained through FTIR studies. [Figure 1] shows the FTIR
spectrum of resveratrol, lipoid S-75, RES-loaded CS-S75
copolymer, chitosan, resveratrol-loaded CS-S75 micelles,
PM apiece. The FTIR spectrum of resveratrol [Figure la].
Betokens absorption acme at 3168.2 (O-H stretching),
2922.2 (C-H stretching), 2359.4 (C=C=0 stretching), 2117.1
(C=C stretching), 1144.3 (C-O stretching). FTIR spectrum of
lipoid S-75 [Figure 1b] reported absorption peaks at 3011.7
(O-H stretching), 2922.2 (C-H stretching), 1738.9 (C=0
stretching), 1483.5 (C-H bending), 1319.5 (O-H bending),
1177 (C-O stretching), 1237.5 (C-O stretching). CS-S75
copolymer spectrum [Figure 1c] reported absorption peaks at
3324.8 (N-H stretching), 2926 (C-H stretching), 2851.4 (C-H
stretching), 1625.1 (C=C stretching), 1438.8 (O-H bending),
1271.0 (C-O stretching). Chitosan spectrum [Figure 1d]
reported absorption peaks at 3354.6 (O-H stretching), 2870.1
(C-H stretching), 1651.2 (N-H stretching), 1375.4 (O-H
bending), 1021.3 (C-N stretching). RES loaded CS-S75
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Figure 1: (a) Fourier's transform infrared spectroscopy (FTIR) spectrum of resveratrol. (b) FTIR spectrum of S-75. (c) FTIR
spectrum of CS-S75 copolymer. (d) FTIR spectrum of chitosan. (e) FTIR spectrum of RES-PM'’s. (f) FTIR spectrum of physical

mixture

micelles spectrum [Figure le] reported absorption peaks at
3272 (O-H stretching), 2937 (C-H stretching), 2851 (C-H
stretching), 1625 (C=C stretching), 1457 (C-H bending),
1259 (C-O stretching). Physical mixture spectrum [Figure 1f]
reported absorption peaks at 3198.1 (O-H stretching),
2926.0 (C-H stretching), 2855.1 (C-H stretching), 2117.1
(N=C=N stretching), 1736.9 (C=O0 stretching), 1584.1 (C=C
stretching). The CMC value of prepared CS-S75 copolymer
was observed as 0.00008 pug/mL by using iodine method
[Figure 2].

XRD pattern

Powder XRD (PXRD) is a unique characterization method
that is commonly used to assess the crystalline state of a
medication within a carrier matrix.? PXRD spectra of RES,
CS, S-75, CS-S75 copolymer, RES-loaded CS-S75 micelles
are shown in [Figure 3a-e] respectively. XRD pattern of
resveratrol [Figure 3a] showed series of sharp intensity
peaks indicates crystalline form of resveratrol. XRD pattern
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of chitosan [Figure 3b] showed series of two dissimilar,
broad, and high-intensity peaks indicates amorphous as
well as crystalline form of CS. XRD pattern of lipoid S-75
[Figure 3c] showed series of broad and high intensity
peaks indicates polymorphic form. XRD pattern of CS-S75
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Figure 3: (a) X-ray diffraction (XRD) graph of resveratrol. (b) XRD graph of chitosan. (c) XRD graph of lipoid S-75. (d) XRD graph
of CS-S75 copolymer. (e) XRD graph of RES loaded CS-S75 Micelles

copolymer [Figure 3d] showed sharp and a mixed intensity
peak indicates polymorphic form. XRD pattern of RES-PM’s
[Figure 3e] showed less intense peak as compare to pure
drug (RES) and it could be due to dispersion of RES within
a polymer caused amorphization thereby RES-PM’s shows
less intense peak.

Particle, zeta potential, and PDI

The two key metrics used to assess the physical stability of
sub-micron particulates in a liquid dispersion are variations
in particle size and zeta potential. Disomin-phospholipids
phytosomes with a particle size of 536 + 3.66 nm were
previously reported, and they were shown to be appropriate
for oral administration due to their improved water solubility
and oral bioavailability.”! [Figure 4a] shows the particle
size of RES-PM’s was showed t0~291.9 (d.nm) as analyzed
by Malvern. The PDI for RES-PM’s turned out to be
between 0.506, shown in [Table 1]. This value indicates the
nanostructured nature of synthesized formulation. One of the
critical characteristics of the particle, the zeta potential (),
controls the surface charges that surround the particles. In
essence, it serves as a possible marker of the stability of the
physical condition of the particles in a liquid dispersion.B”
The stability of colloidal dispersions with zeta potentials
>25 mV has been documented.BP" [Figure 4b] shows the

zeta potential of developed RES-PM’s. In this work, zeta
potential value for RES-PM’s was observed to be —6.54 mV
as evaluated by Malvern.

[Table 1] represents the %EE and %DL values of RES-
PM’s. The %EE value was 89%, while %DL value was
31%. The high % of EE value shows how effectively
established methods can encapsulate pristine drugs. This
may be due to the hydrophobic core of the RES-PMs that
was adept at entrapping the hydrophobic drug inside of
its core. As such, this copolymer enables considerable
amounts of pure medication to be loaded in drug delivery
applications.

Evaluation parameters of formulations
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Formulation RES-PM’s
Drug polymer ratio 1:2
Particle size ~291.9 (d.nm)
PDI ~0.506
Zeta potential -6.54 mV
Encapsulation efficiency (%) 89
Drug loading (%) 31

PDI: Polydispersity index, RES-PM’s:

Drug-co-polymer micelles
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Figure 5: Drug release pattern of pure RES and RES-PMs
In vitro drug release studies

Within 12 h of the research period, the dialysis technique in
PBS (pH 7.4) was used to examine the cultured drug release
trend of both pristine RES and RES-PM’s formulation.
Figure 5 shows a graph of percent cumulative drug release
(CDR) (percent CDR) versus time.

As shown [Figure 5] RES showed sustained release behavior
from RES-PM’s. Up to 90% RES was release from pure RES
within 12 h, while the release of RES from RES-PM’s was
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Figure 6: Transmission electron microscopy image of RES-PM’s

release up to the 60% within 12 h. The results showed that
core could accept the hydrophobic drug in a stable manner,
resulting in regulated drug release.

TEM analysis

TEM micrograph of RES-PM’s [Figure 6] evidenced to be
in nanoscale range with round, nearly spherical shape. Outer




side of white round clearly indicates the shell structure and
inner side of white round indicates the core structure. That
means core and shell structure of micelles were developed.

SUMMARY AND CONCLUSION

In the present study, development of polymeric micelles
using the flavonoid in multifaceted applications, entailing
therapy, diagnostics, in-suit imaging, and on-demand drug
delivery, resveratrol, polymers like chitosan, and lipoid S-75
show significant potential. Here, a brief overview of the
resveratrol-loaded chitosan-based S-75 micelles is presented.
The fundamental formation mechanisms are then analyzed,
focusing on the inherent physicochemical qualities like
solubility and bioavailability that control the drug release.
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