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ABSTRACT

Liposomes and Polymeric nanoparticles are nanocarriers that
can be used to enhance the pharmacokinetics of different
drugs. The objective of the current study was to encapsulate
resveratrol in DPPC liposomes and PLA nanoparticles;
separately for the amelioration of PQ-induced oxidative stress
on NRK-52E cells. Liposomes were produced by the hydration of
a lipid film. Polymeric nanoparticles were prepared by double
emulsification solvent diffusion method using PLA. They were
then characterized for their particle size, zeta potential, drug
loading, antioxidant activity, toxicity on NRK-52E cells, and
protection against paraquat oxidation. The mean particle size
for liposomes and PLA nanoparticles were respectively 197.4
+ 102.4 and 457.9 £ 56.1 nm and their surface zeta-potentials
were-7.86+6.36 and -21.6 £ 10.4 mV; respectively. LM and SEM
images showed both types of nanoparticles to be spherical
in shape. %LE efficiency for liposomes (12.04 + 1.23%) was
quite low compared to PLA nanoparticles (40.81 + 29.14%).
However, the % internalization for liposomes (5.95 + 0.09%)
was around 11 times higher than free resveratrol compared
to PLA nanoparticles (0.93 + 0.03%) which were only around
two-fold higher. The toxicity tests showed that both liposomes
and PLA nanoparticle forms of resveratrol showed less harmful
effect on the cells than its free form mainly in the LDH assay.
Furthermore, the benefit of encapsulation was also clear in the
activity tests against PQ on the NRK-52E cell. From these results,
it can be concluded that resveratrol-loaded liposomes and PLA
nanoparticles can show more benefits over free resveratrol.

INTRODUCTION

Liposomes are nano-vesicles consisting of a liquid core
surrounded by one or more bilayers of phospholipids [1].
It is becoming more and more possible to manipulate the
composition and characteristics of liposomes to suit targeted
applications [2]. Due to their phospholipid composition, they
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have the advantage of being pharmacologically inactive
and are relatively safe [3]. Polymeric nanoparticles, on the
other hand, are nano-sized solid colloidal particles consisting
mainly of macromolecules. They can increase the solubility
and stability of the carried drugs or reduce their side effects
through targeted delivery [4].

The main drawback to the use of antioxidants such as
resveratrol to treat oxidant-induced injury is usually their
pharmacodynamic and pharmacokinetic properties, such as
low solubility, low bioavailability, fast excretion, and to some
extent, their toxicity at high doses [5]. The use of nanoparticles
to deliver antioxidants is an extensively researched area.
Several antioxidants such as vitamin E [6], resveratrol [7] [8] [9],
and epicatechin [10] [11] have been developed as potential
nanoparticle formulations to treat different oxidative-
stress related conditions such as pulmonary damage [6],
pathophysiological aging [7] and cancer [10] [11] with varying
degrees of success.

Resveratrol is a stilbene that despite its high antioxidant
activity, a prospective study of about 800 elderlies, did not
find any influence of dietary resveratrol on different age-
related diseases [12].

The purpose of this study was to enhance the bioavailability
of resveratrol by encapsulating it into either liposomes
or polymeric nanoparticles. The aim was to produce a
preparation to reduce its toxicity and increase delivery into
cells to ensure activity. The method used for the preparation
of liposomes was based on the hydration of lipid film to
prepare large multilamellar vesicles, followed by membrane
extrusion to form smaller unilamellar vesicles. Polymeric
nanoparticles were prepared by double emulsification
solvent diffusion (DESD) method using polylactic acid (PLA).
PLA nanoparticles and liposomes were characterized for
particle size, zeta potential, morphology, loading efficiency
(%LE) and drug delivery. Liposomes were also tested for
their in vitro antioxidant activity using inhibition of tyrosine
nitration by peroxynitrite and ABTS assay. The liposomes and
PLA nanoparticles produced were also assessed for cellular
toxicity and effectiveness for antioxidant activity against
paraquat (PQ) oxidation using the NRK-52E cell line. The term
nanoparticles in this research will refer to both liposomes and
PLA nanoparticles, unless otherwise indicated.

MATERIALS AND METHODS
Materials

(>98%),
phosphocholine (DPPC), PLA and other chemicals and solvent

Trans-Resveratrol 1,2-Dipalmitoyl-sn-glycero-3-
were purchased from Sigma-Aldrich Company Ltd (Poole,
Dorset, UK. The NRK-52E cell line was purchased ECACC
(Porton Down, Wiltshire, UK). All cell culture supplements and
consumables such as Dulbecco’s Modified Eagle’s Medium
(DMEM) were purchased from Fisher Scientific Ltd.

Preparation of DPPC liposomes

Liposomes were prepared by the hydration of a lipid film to
prepare large multilamellar vesicles, followed by membrane
extrusion [13]. The method was modified as required. 5
mg Resveratrol was dissolved in 5 mL DPPC solution (8 mg/
mL in ethanol). This solution was then evaporated using a
rotatory evaporator at 400C, 100 rpm under 100 mbar (IKA
Rotary evaporator RV 3 V-C) to make a uniform lipid film.
Deionized water (18.2 MQ-cm) at 45°C was added to this
film while shaking vigorously and sonicating for 10 min in an
ultrasonic bath. An Avanti mini-extruder with 200 nm pore-
size polycarbonate membrane and glass air-tight syringes
were used for extrusion. The whole system was heated to
400C and the liposomal mixture was heated up to 600C. Each
aliquot of 1ml solution was then extruded by passing through
the membrane 21 times while reducing temperature to below
410C. Blank liposomes were prepared in the same manner. All
liposomes were prepared in triplicates.

Preparation of PLA nanoparticles encapsulated with
resveratrol

The method involved in the preparation of PLA nanoparticles
in this study was DESD [14]. 200 mg PLA was dissolved in 10
mL DCM and added to 10 mL of 2%(w/v) polyvinyl alcohol
(PVA) solution. An emulsion was made by mixing using a
high-speed homogenizer (IKA® T25 digital Ultra-Turrax®) at
15000 rpm for 15 min. 10 mL acetone was added and further
homogenized for a further 15 min. This mixture was then
transferred into an excessive amount of water (100 mL) with
continuous homogenizing for 15 min. Any organic solvent
was then removed by using a rotatory evaporator, rotating
at 130 rpm, heating at 400C, and vacuum pressure 70 mbar.
The solution was then left overnight to ensure complete
removal of organic solvents. This solution was centrifuged
(using a Sorvall RC-6 Plus Ultracentrifuge) at 15000 rpm and
40C for 15 min. The supernatant was separated and kept for
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further investigation. Pellets (containing nanoparticles) were
frozen at -800C for at least one hour, after which were dried
by lyophilization (Benchtop, 8L, -50°C, PTFE-Coated Collector,
Labconco). Samples were then kept in fridge for further
characterization

Determination of nanoparticles morphology

Particle size distribution and surface morphology of the
liposomes were investigated by light microscope using
a Motic™ BA210E Trinocular Compound Microscope. PLA
nanoparticles were examined for their morphology using
scanning electron microscopy (SEM). Samples were mounted
aluminon pin stubs and coated with a platinum coat of 4-5
nm thickness using a sputtering coater (Quorum technologies
Q150 ES sputter coater) and inserted into a ZEISS Sigma Field
Emission Gun SEM with an Everhart Thornley-Secondary
Electron detector for imaging (Zeiss Evo LS-15 SEM). The
accelerating voltage used ranged between 5-10 kV with a
working distance around 8.5 mm.

Determination of particle size and surface charge

The particle size and charge of the nanoparticles were
determined by photon correlation spectroscopy (PCS) (Malvern
Zetasizer Nanoseries, Nano-ZS690 Malvern Instruments, UK).
Plastic disposable cuvette used for measuring particle size
and folded capillary cuvettes, with gold plated electrodes for
measuring zetapotential. Analysis was carried out in triplicates
at 25°C.

Determination of %LE in the liposomes and PLA

nanoparticles

The antioxidant was extracted from the nanoparticles into a
suitable solvent and then analyzed by HPLC to determine the
%LE of the antioxidant in the encapsulated liposomes and
PLA nanoparticles. Agilent 1220 series, equipped with Clarity-
Chromatography SW, DataApex software, Agilent 1220 pump
system with degasser, manual injector with a 20 pL injection
loop, and an Agilent 1220 UV-visible detector. A 5 um Fortis
c18, 150 * 4.6 mm column was used with ethanol: water
(50:50) as mobile phase, at a flow rate of 1 ml/min at 25°C with
a detector wavelength of 300 nm. Standard concentrations of
all the drugs over the range of 0.1-20 pug/ml were prepared.
%LE was calculated as described by Li et al. [15].

In-vitro determination of antioxidant activity
ABTS decolorization assay

The assay was carried out by the interaction of different pure
antioxidants and antioxidants encapsulated in liposomes with
the ABTS radical cation, prepared as described by Re et al.
[16]. For testing the free resveratrol, the radical solution was
diluted in ethanol and for testing the liposomes it was diluted
in deionised water to obtain an absorbance of 0.7 £ 0.02 at
734 nm.

Absorbance was measured after exactly 6 min of initial mixing,
using a PerkinElmer UV-visible spectrophotometer with single
cell holder. All determinations were carried out in triplicates.
Trolox solutions with a concentration between 0-15ul was
used as a standard [16]. Appropriate solvent blanks were
tested in each assay. The %inhibition in the absorbance was
calculated and plotted against concentration of resveratrol
and the TEAC value was calculated.

Inhibition of tyrosine nitration by peroxynitrite

Peroynitrite preparation and the tyrosine nitration test
were carried out as described by Pannala et al. [17]. For the
current assay, only freshly prepared peroxynitrite was used.
50 pl of peroxynitrite (500 uM final concentration) was
added to a solution of tyrosine (100 uM final concentration)
in the presence of different concentration of liposomes
encapsulated with antioxidants in 0.2 M phosphate buffer,
pH7 to give a final volume of 1 ml. Appropriate blanks were
carried out. Samples were then analysed by HPLC using Fortis
C18 column (25 cm x 4.6 mm) on an Agilent 1260 system with
a Quaternary pump, an autoinjector, an auto sampler and a
diode array detector monitored at 350 nm. The system was
equipped with Chem Station software. The mobile phase was
50 mM phosphate buffer, pH7: acetonitrile at a ratio of 95:5 v/v,
at Tml/min flow rate. The %inhibition in 3-NT was then plotted
against theoretical concentration of antioxidant in liposomes.
Different concentrations of peroxynitrite solutions (0.05-1
mM) diluted in 0.1 M NaOH were added to tyrosine solution
(100 uM final concentration) in 0.2 mM phosphate buffer and
the concentration of 3-NT formed was determined using the
same HPLC method.
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Characterization of nanoparticles using rat tubular
epithelium (NRK-52E) cells

NRK-52E cell culture

NRK-52E cells (passage number 15 — 27) were routinely
cultured in a cell culture medium prepared from DMEM
supplemented with 5% (v/v) FBS, PenStrep (100 units/ml)
solution, and NEAA (CCM I). Cells were maintained at 37°C in
a humidified atmosphere of 95% air and 5% Co, (which was
used throughout this research).

Effect of resveratrol-loaded nanoparticles on cell viability

The cytotoxicity offreeresveratroland resveratrol encapsulated
in nanoparticles was determined by conducting MTT and LDH
assays [18] [19]. Cells were seeded at a cell density of 4000
cells/well in 24 well plates and cultured in CCM | for 24 h.
Nanoparticle solutions diluted in CCM |, without FBS (CCM II)
were added separately, to the wells at a concentration range of
0.5 and 5%v/v (500 pL/well). Solutions of resveratrol (0-10 mM)
were prepared in cell culture medium Il, using ethanol initially,
to dissolve the hydrophobic drug. The final measurements
carried out in duplicates using Multiskan Ascent, v123. Tests
were repeated in replicates of six.

Effect of resveratrol-loaded and PLA

nanoparticles on paraquat (PQ) toxicity

liposomes

PQ was used to induce injury to NRK-52E cells in vitro. The
CCM | was removed and 500 pL of different concentrations of
PQ (0-1 mM and 0-10 mM) prepared in CCM Il was added. The
cells were then incubated for 24 hours. The cells were then
inspected under light microscope and tested using MTT and
LDH assay. Tests were repeated in replicates of six.

To compare the effectiveness of free resveratrol and resveratrol-
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loaded nanoparticles, they were tested for their ability to
protect cells from PQ-induced oxidative stress. All three
preparations were prepared and diluted in CCM Il to make
6.25 & 62.5 pg/mL theoretical drug concentration, regardless
of their %LE and % internalisation. This was to ensure all other
variables such as PLA, PVA, and lipid concentrations were kept
constant. The calculations, however, were made according
to actual concentration of drug inside each preparation
(table 1). NRK-52E cells were grown on 24-well plates, to 80-
90% confluence. The CCM | was removed and 500 pL of the
two different concentrations of each antioxidant preparation
prepared were added to the cells, separately. After 24 hours of
incubation, the medium was removed and 500 pL of PQ was
added at increasing concentrations (0, 0.2, 0.4, 0.6, 0.8, T mM).
Cells were then tested after a further 24-hour incubation using
the MTT and LDH assays. All tests were repeated in replicates
of six.

RESULTS

Preparation and characterization of liposomes and PLA
nanoparticles for their morphology

Both blank and resveratrol-loaded liposomes were successfully
prepared in liquid form. Each passage of the liposomal
solution through the extruder produced a clearer solution.
They were then inspected under light microscope for their
outer morphology, showing small spherical shapes (less than
400 nm). Moreover, the PLA nanoparticles were prepared and
stored in dry form after lyophilization producing a white fluffy
powder. Morphological assessment of blank and resveratrol-
loaded PLA nanoparticles was carried out using SEM. Images
showed round spherical shaped particles with wide size
distribution. There was no evidence of free drug crystals

shown [Figure 1].

9 g
gl k8 BEY Dt 11 M 210 ®
WO . Mag s iR R Fishava © Rei 0 naepah gy of poghass

[ e T

Figure 1: SEM images of PLA nanoparticles: Blank (left) and resveratrol-loaded PLA nanoparticles (right).
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Particle size analysis and surface charge

The mean particle size analysis of resveratrol-loaded liposomes
and PLA nanoparticles revealed a size range of 197.4 + 102.4
& 457.9 + 56.1 nm; respectively and a polydispersity index
(PdI) of 0.222 & 1; respectively. The blank liposomes and PLA
nanoparticles however, showed a size range of 194.9 + 114.0
and 345.0 =+ 98.7 nm; respectively and a Pdl of 0.256 & 1;
respectively.

Resveratrol-loaded liposomes and PLA nanoparticles showed
a zeta potential of -7.9 £ 6.36 & -21.6 + 10.40 mV; respectively.
This was slightly less negative than their respective blank
formulation which showed a zetapotential of 10.9 £ 3.45 &
-38.0 + 3.85 mV; respectively.

Determination of drug loading efficiency and cell

internalisation
The % LE for liposomes (12.04 + 1.23%) was quite low
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compared to PLA nanoparticles (40.81 + 29.14%). However,
the % internalisation for liposomes (5.95 + 0.09%) was around
11 times higher than free resveratrol compared to PLA
nanoparticles (0.93 + 0.03%) which were only around two-fold
higher.

In-vitro determination of antioxidant activity
ABTS decolorization assay

The extent in the decolorization of the ABTS+ by a resveratrol
solution and the prepared resveratrol-loaded liposomes was
calculated as the %inhibition in the absorbance and plotted
as a function of the concentration of each resveratrol used
[Figure 2]. Due to the solid nature of the PLA nanoparticles,
this test was not applied. The TEAC value for free resveratrol
and resveratrol-loaded liposomal preparation was 1.35 + 0.04
& 1.18 + 0.06; respectively. Blank liposomes were found to
have negligible activity with a TEAC value of 0.034.
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R*=0.9249

80
=
g 50
=
= 4
——
=
¥ 20

0

0 5 10 15

Conc (ul)

Figure 2: ABTS activity test. The %decolourisation to the ABTS solution by adding increased concentration

of resveratrol solution (left) and resveratrol-loaded liposomes (right)

Tyrosine nitration assay

The addition of peroxynitrite to the tyrosine solution, resulted

0 500

in the formation of 3-NTin an almost linear relationship [Figure
3]. This was confirmed by analysing the chromatographs
produced by HPLC.
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Figure 3: Tyrosine nitration assay. Relationship between peroxynitrite

concentration and 3-NT formation (mean + SD, n=3).
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The ability of different concentrations of resveratrol-loaded
liposomal solutions to inhibit the formation of 3-NT was
determined [figure 4]. Results showed that all the resveratrol-
liposomes showed peoroxynitrite scavenging properties

Hinhibition

with 100% inhibition at high concentrations. A neglectable
response was observed with blank liposomes, which did not
exceed 13%, even at high concentrations.

Conc (ukd)

Figure 4: The effects of different concentrations of different resveratrol-loaded liposomes

on the concentration of 3-NT formed in the tyrosine nitration assay (mean + SD, n=3).

Effect of
nanoparticles on the viability of NRK-52E cells

resveratrol-loaded liposomes and PLA

A range of equivalent concentrations of resveratrol solution
and resveratrol-loaded liposomes and PLA nanoparticles
were tested for their toxicity on NRK-52E cells [Figure 5]. The
%viability decreased from 90.50% to 77.58% using resveratrol-
loaded liposomes (1.72 - 34.38 ug/mL) in a dose-dependent
manner [Figure 5.a]. The %viability also decreased from 91.22%
to 62.47% using resveratrol-loaded PLA nanoparticles [Figure
5.b] although, the resveratrol concentration was much lower

(0.36 - 7.29 pug/mL). No significant increase in LDH release was
observed using liposomes (0 — 1.38%) or PLA nanoparticles
(0 - 7.82%). On the other hand, there was a noticeable rise in
the %increase in LDH release (14.05 + 2.26% & 56.36 + 8.34%)
using high concentrations of resveratrol solution (31.25 & 62.5
pg/mL; respectively). This was consistent with the reduction
in %viability measured from the MTT assay (81.70 + 12.47% &
75.48 + 12.58%; respectively) using the same concentrations.
Interestingly, using low concentrations of resveratrol solution
(3.13 & 6.25 pg/mL) led to small increase in %viability (112.94
+10.25% & 104.79 £ 12.62%; respectively) [Figure 5.c].
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Figure 5: The effect of increased concentration of resveratrol in three different forms on NRK-52E cells measured

using two different assays: MTT and LDH. a. resveratrol-loaded liposomes. b. resveratrol-loaded PLA nanoparticles.
c. resveratrol solution. (mean £+ SD, N =6, * p < 0.05, ** p < 0.01, *** p < 0.001 vs blank [0 ug/mL]). Data analysed

using ordinary two-way ANOVA, followed by Bonferroni's multiple comparisons test.

Effect of loaded
nanoparticles on PQ toxicity

resveratrol liposomes and PLA

The relationship between the concentration of PQ was plotted
against %LDH released and cell viability, obtained from LDH
and MTT assays, respectively [Figure 6]. There was a significant
increase in the %LDH with increased PQ concentration
from 0.4 to 0.8 mM stabilised between 0.8 & 1 mM. These

% Viability

results correlate to the observations taken from microscopic
examination, indicating that cell membrane starts to lose its
integrity at 0.4 mM and cells undergo complete necrosis at 0.8
mM. MTT results showed an inverse response with percentage
viability decreasing with increased concentration of PQ
between 0.2 & 0.8 mM. There was also a slight increase in cell
viability using 0.2 mM PQ compared to untreated cells.

MTT assay
LDH assay

=100

ases|al Ha1 %

-0

Conc of PQ (mM)

Figure 6: PQ dose response graph. The effect of increased concentrations of PQ on %viability of,
and %LDH released by, NRK-52E cells, mean + SD, N = 6, p < 0.001 (using ordinary one-way ANOVA),
****¥ n < 0.0001 compared to untreated cells (0 mM PQ) (using Bonferroni's post hoc test).
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Resveratrol was prepared as a solution and as an encapsulated  calculated concentrations sample, when

forms in liposomes and PLA nanoparticles. Details of the considering the %LE are shown in table 1.

Table 1: The concentration of resveratrol in each sample and its given code (%LE Loading efficiency, PLA polylactic acid)

Drug Form I::::ﬁg;::l_) %LE :-cht;x;lljonc code
Resveratrol Liposomes 6.25 12.04% 0.75 RL-1
Resveratrol Liposomes 62.5 12.04% 7.53 RL-2
Resveratrol E|Le/2 nanoparti- ¢ 5 40% 2.55 RP-1
Resveratrol Z"eé nanoparti- ¢ g 4081% 2551 RP-2
Resveratrol solution 6.25 NA 6.25 RS-1
Resveratrol solution 62.5 NA 62.5 RS-2

First, this harmful effect of PQ has been challenged using two
concentrations of resveratrol-loaded liposomes. The %viability
increased from 51.5 + 10% using 0.4 mM PQ only to 76.74 +
5.94% and 73.08 + 11.49% after pre-incubating with RL-1 and
RL-2; respectively. RL-1 continued to show protection even
at higher concentration of PQ, although not as significant at
0.8 mM and 1 mM PQ. No significant effects were observed

0.6 mM [Figure 7]. However, the results from the LDH assay
showed more protection from the pre-incubation of RL-
2. The %increase in LDH release was lowered from 46.81 +
5.38%, 120.57 £ 7.91%, 162.09 + 10.59%, 161.84 + 6.96%, and
159.09 + 4.18% (using 0.2, 0.4, 0.6, 0.8 mM and 1 mM PQ only;
respectively) to 13.23 +2.19%, 100.66 + 4.23%, 122.37 + 11.43,
136.12 £ 3.09% and 123.79 + 4.33%; respectively after pre-

after pre-incubation with RL-2 using PQ concentrations > incubating with RL-2 [Figure 8].
mm PQ only
100 I * ok ok k B3 PQ + 0.75 ug/mL resveratrol (RL-1)
- I jollolell = PQ + 7.53 ng/mL resveratrol (RL-2)
E
]
> 50— * %
X
N | E il | é il E A
PQ conc (mM)

Figure 7: The effect of two different concentrations of resveratrol-loaded liposomes plus PQ
compared to PQ only on %viability of cells using MTT assay. Mean + SD, N =6, p < 0.0001 (using two-
way ANOVA), ** p < 0.01, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).
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Figure 8: The effect of two different concentrations of resveratrol-loaded liposomes plus PQ compared to
PQ only on the %increase in LDH release from cells. Mean + SD, N = 6, p < 0.0001 (using two-way ANOVA), *
p < 0.05, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).

Secondly, the effect of PQ was also challenged using pre-
incubation with resveratrol-loaded PLA nanoparticles. As with
resveratrol-loaded liposomes, an increase in the %viability
was noticed from 19.69 + 6.19% using 0.4 mM PQ only to
5329 + 7.27% and 51.05 £ 9.97% when pre-incubating
with RP-1 and RP-2; respectively. However, a slight reduction
in %viability was noticed after pre-incubating with RP-2 and

100 v
2 * %
2 /
= / >* Kk k
3 /
© /
s s0-{ @V
S 2
4
/
/
/
0= T
Q Q‘} sz

* % Kk k

treating with 0.2 mM PQ (not noticed with RP-1). There was no
effect on the %viability using either RP-1 or RP-2 after treating
with higher concentrations of PQ (> 0.6 mM) [Figure 9]. In
contrast to the effect of liposomes, pre-incubating with both
strengths of resveratrol-loaded PLA nanoparticles showed
protection in the LDH assay, although more evident with RP-2
[Figure 10].

mm PQ only
= PQ + 2.55 pg/mL resveratrol (RP-1)
= PQ + 25.51 pg/mL resveratrol (RP-2)

PQ conc (mM)

Figure 9: The effect of two different concentrations of resveratrol-loaded PLA nanoparticles plus
PQ compared to PQ only on %viability of cells using MTT assay. Mean + SD, N =6, p < 0.0001 (using
two-way ANOVA), ** p < 0.01, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).
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Figure 10: The effect of two different concentrations of resveratrol-loaded PLA nanoparticles plus PQ

compared to PQ only on the %increase in LDH release from cells. Mean + SD, N = 6, p < 0.0001 (using two-way
ANOVA), *** p < 0.001, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).

Finally, slightly different results were obtained when the cells
were pre-incubated with resveratrol solution (un-encapsulated
form) prior to treatment with PQ. Initially, the %viability was
reduced from 104.05 = 12.37% (using 0.2 mM PQ) to 91.49 +
11.95 and 69.32 + 6.4% when pre-incubating with RS-1 & RS-
2; respectively. This was followed by a rise in %viability from
28.74 + 5.37% (using 0.6 mM PQ) to 63.43 + 12.82% and 51.22
+ 11.76% when pre-incubating with RS-1 & RS-2; respectively.
No obvious effect was noted from pre-incubation with these
sample on the %viability caused by > 0.6 mM PQ [Figure 11].

The harmful effect of RS-2 was also noticed in the LDH assay
results using 0.2 mM PQ, although not noted with RS-1 with
the %increase in LDH release leaping from 24.11 + 7.75%
using 0.2 mM PQ only to 104.83 + 9.83% when pre-incubating
with RS-2. A smaller increase from 59.13 + 13.72% (using 0.4
mM PQ only) to 67.47 + 7.02% was also observed when pre-
incubating with same sample. Trivial reductions were also
noted in the %increase in the LDH release caused by PQ when
pre-incubating with RS-2. No major effect was observed using
RS-1 in the LDH results [Figure 12].
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Figure 11: The effect of two different concentrations of resveratrol solution plus PQ compared
to PQ only on %viability of cells using MTT assay. Mean + SD, N =6, p < 0.0001 (using two-way
ANOVA), ** p < 0.01, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).
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Figure 12: The effect of two different concentrations of resveratrol solution plus PQ compared to
PQ only on the %increase in LDH release from cells. Mean + SD, N = 6, p < 0.0001 (using two-way
ANOVA), * p < 0.05, **** p < 0.0001 compared to PQ only (using Bonferroni's post hoc test).
DISCUSSION [24] and coacervation process to form resveratrol-loaded

Resveratrol was encapsulated in both liposomes and PLA
nanoparticles. DPPC was selected for its superior stability
over other lipids. For example, paclitaxel-liposomes prepared
from DPPC were more stable than when using DSPC or DMPC
[20]. The extrusion step was performed to reduce the size
of these liposomes. A membrane with a pore size of 200nm
was selected. A comparative study to optimise the different
parameters of extrusion, showed that membranes with pore
size less than 200 nm forms liposomes slightly bigger than the
nominal pore size[21]. Nevertheless, it has been recommended
that filter pore size should be = 200 nm, to extrude liposomes
comfortably by a manual extruder. [22]. Previous studies
showed that increasing the temperature of the initial solution
does not affect size and polydispersity of final liposomes [21].
The same study demonstrated that increasing the number of
cycles of passing through the extruder reduces the size and
polydispersity of the product until a certain number of cycles
where it levels off. For this reason, the solution was initially
heated up and the number of passage cycles was maintained
to 21 cycles for each batch.

The PLA nanoparticles were prepared by adding resveratrol
to the co-solvent acetone. However, others have managed to
prepare resveratrol loaded-PLA and PLA-PEG nanoparticles
via single-emulsion solvent evaporation technique using
dichloromethane and 1%PVA with higher encapsulation
efficiency (%EE) [23]. However, it was not used in this study
due to its toxicity. Others published methods include simple
desolvation to form resveratrol-loaded albumin nanoparticles

casein nanoparticles [25].The PLA nanoparticles were slightly
larger in size than the liposomes. This was attribute to both
the preparation technique and the separation step (Ostwald
ripening may have increased the size overnight) [26].

As noted from the results, resveratrol uptake has been
increased by the encapsulation into both liposomes and
PLA nanoparticles. Others also showed that encapsulating
resveratrol into chitosan and y-poly (glutamic acid)
nanocapsules using ionic gelation increased cellular uptake
by Caco-2 cells from 3.5% to around 6%. This was explained
by the increased stability and solubility of resveratrol [27].
During the toxicity tests in the current study, both liposomes
and PLA nanoparticle forms of resveratrol showed less
harmful effect on the cells than its free form mainly in the
LDH assay. Furthermore, the benefit of encapsulation was
also clear in the activity tests against PQ on the NRK-52E
cell. Resveratrol has recently been reported for its hormetic
dose-response effect. This means that it has a dual action:
cytoprotective at low doses and cytotoxic at high doses
although the exact biological active concentration is yet to be
determined [28]. The advantages of encapsulating resveratrol
into nanoparticles such as increased stability, enhanced
antioxidant activity, improved internalisation and decreased
toxicity has been discussed thoroughly with several examples
and possible advantages by Chung et al,, 2020. It is. Ideally,
encapsulating resveratrol helps delivering the drug and allow
slow release to achieve optimum activity without toxic levels

being reached [29].
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In the current study, there was some protection against PQ
observed after pre-incubation with resveratrol solutions
and was also shown in previous reports [30]. However, at a
low concentration of PQ, the resveratrol solution showed
enhanced harmful effects on the cells, which was more evident
with higher concentrations of resveratrol. Nevertheless,
the encapsulated forms of resveratrol did not show any
detrimental effect on the cells. This was attributed to the
reduction in the toxicity of resveratrol due to its encapsulation.
Shi et al. have also reported the improved antioxidant activity
of resveratrol in its nanoparticle form and showed that the
encapsulation of resveratrol into zien/sodium hyaluronate
nanoparticles improves its in vitro antioxidant and antitumor
activities [31]. Furthermore, the encapsulation of resveratrol
into B-lactoglobulin nanoparticles also showed improved in
vitro antioxidant activity against H202 treatment in human
type-2 alveolar epithelial cells compared to its native form
[32].

CONCLUSIONS

In summary, resveratrol was successfully encapsulated into
liposomes and PLA nanoparticles.The liposomes characterized
in this study possessed a narrow size distribution while the PLA
nanoparticles were slightly larger and a wider size distribution.
An acceptable zeta potential with good drug-loading
efficiency for both liposomes and PLA nanoparticles was
achieved making them suitable to be developed into future
formulations. Cytotoxicity studies showed the formulations
to be well-tolerated by NRK-52E cells at clinically relevant
concentrations. Additionally, the activity studies against the
harmful effect of PQ showed the benefits of encapsulation
over free drug form.
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