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Abstract

Purpose: To evaluate the characteristics and biodistribution of trans resveratrol-PEG-folic acid-gold
nanopatrticle conjugates (rsv-PEG-FA-AuNP).

Methods: Gold nanoparticles were produced by citric reduction followed by conjugation of PEG-folic
acid and resveratrol. Characterization of rsv-PEG-FA-AuNP conjugates including their particle size, zeta
potential, and by Fourier transform infrared spectroscopy (FTIR), and transmission electron microscopy
(TEM) was carried out. Biodistribution study of rsv-PEG-FA-AuNP was carried out using female
Sprague Dawley rats. Biodistribution data were obtained from high performance liquid chromatography
(HPLC) analysis.

Results: The mean patrticle size and zeta potential of rsv-PEG-FA-AuNP were 249.03 + 10.31 and -
36.33 = 3.12 mV, respectively. TEM images showed rsv-PEG-FA-AuNP conjugates formed spherical
shape. Rsv-PEG-FA-AuNP conjugates found in plasma, kidney (1.90 + 0.20 ug/g), spleen (2.65 + 1.18
ug/g), liver (1.74 + 0.03 ug/g), and lung (1.82 + 0.12 ug/g), after 90 minutes intravenous administration
(i.v.) in female Sprague Dawley rats. No free resveratrol was found in plasma, kidney, or spleen after i.v
administration in female dawdle Sprague Dawley rats.

Conclusion: Resveratrol-PEG-FA-AuNP conjugates appear to be a potential chemotherapy delivery
system for active targeting purposes because of its longer systemic circulation and its accumulation in
the kidney.

Keywords: Gold nanoparticle conjugate, PEGylation, Biodistribution, Folic acid, Folate receptor
targeting
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INTRODUCTION

Gold nanoparticles are a potential device for drug
delivery applications, especially in
chemotherapy. The cytotoxic drug could be
loaded or attached to the nanoparticles so it
could target the tumor passively or actively.
Because of that, gold nanoparticles were

developed for cytotoxic delivery systems with or
without ligand [1]. Surface modification of gold
nanoparticles with PEG showed improved
stability in water and biological fluids [2].

Overexpression of folate receptor had been
exploited for active targeting purposes. Folate
receptors are highly overexpressed on the
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surface of many types of tumors. Folate
receptors also happened to be expressed, to a
limited level, in normal cells. Therefore, folate
molecules had already been used as targeting
moieties in  numeral nanotechnology for
chemotherapeutic purposes.

Resveratrol, a polyphenol compound, is found in
grapes, peanuts, and melinjo [3]. Its potential as
an anticancer drug is based on its progressive
action as anti-initiation, anti-promotion, and anti-
progression of the carcinogen [4]. It has been
seen as an anticancer agent in a wide range of
human cancers: breast, bladder, blood, bone,
brain, cervical, colon, esophageal, eye, gastric,
head and neck, kidney, liver, lung, ovarian,
prostate, skin, thyroid, uterine I. The natural
occurrence and low cost of resveratrol also is a
reason that it is promising for further anticancer
research [5].

In this study, resveratrol loaded PEG-FA gold
nanoparticles were prepared and characterized.
Gold nanoparticles were modified with PEG-FA
to enhance stability and improve effectiveness
for delivery of resveratrol. The resveratrol PEG-
FA-AuNP conjugates were characterized by
particle size, zeta potential, FTIR spectroscopy,
morphology, and drug loading. Furthermore, in
vitro release and in vivo distribution of the
formulation were evaluated using female
Sprague Dawley rats. The results were
compared with resveratrol in the absence of the
nanoparticle vehicle.

EXPERIMENTAL
Materials

Trans-resveratrol, HAuCl4, PEG-bis-amine, folic
acid, N-(3-dimethylaminopropyl)-N"-ethylcarbo-
diimide (EDC), N-hydroxysuccinimide (NHS)
were purchased from Sigma Aldrich (St. Louis,
MO, USA). Carolina dialysis tubes 12,000-14,000
daltons was purchased from Carolina Biological
Supply (North Carolina, USA). High performance
liquid chromatography (HPLC)-grade methanol
was purchased from Merck Millipore (St. Louis,
MO, USA). Acetic acid, chloride acid, and
dimethyl sulfoxide were analytical grade.

Animals

Female adult Sprague-Dawley rats (135 g-180 g;
n = 6) were housed in cages (n = 3/cages) under
controlled conditions of 12 hours light and 12
hours dark and a temperature of 26 + 3 °C and
relative humidity. They received a standard diet
and water ad libitum. The animals were
acclimated for one week before being treated.

Handling and killing of rats were approved by
The Ethics Committee of the Faculty of Medicine,
University of Indonesia (No.
0934/UN2.F1/ETIK/2018) in accordance with NIH
principles of laboratory animal care [6]. All animal
manipulations were carried out in the morning to
minimize circadian rhythm

Preparation of gold nanoparticles

Gold nanoparticles were prepared by citric
reduction. HAuCls 10 ml was stirred and heated
to a temperature of 100 + 5°C, and 0.282 ml of
natrium citrate 130 mM was added to the
solution. Stirring continued until the color of the
solution changed from pale yellow to transparent
to red.

PEG-FA activation

NHS 300 mg and EDC 100 mg were added to
25.03 mg folic acid in 0.5 ml HCI and 0.5 ml
DMSO then stirred for 6 hours. PEG bis-amine
250 mg was added and the solution was mixed
for another 6 hours.

Conjugation of resveratrol-PEG-folic
acid-gold nanoparticle

Resveratrol 10 mg and gold nanoparticles 10 mL
were added to the PEG-FA compound. The final
formulation was centrifuged at 1500 rpm for 30
minutes. Sediment was collected and stored at a
cool temperature (10 £ 5 °C).

Characterization of resveratrol-PEG-folic
acid-gold nanoparticle conjugates

Particle size, distribution analysis, and
zeta potential analysis

Particle size and zeta potential were measured
by dynamic light scattering at 25°C using Horiba
SZ-100 (Kyoto, Japan).The polydispersity index
(PDI) was measured as size distribution value.
Distilled water added to Rsv-PEG-FA-AuNP
(conductivity 0.399 mS, viscosity 0.896 mPa)
before analysis. The zeta potential was
assessed by determining the  particle
electrophoretic mobility using Horiba SZ-100.
The measurements were performed in triplicate.

Ultraviolet-visible spectroscopy analysis

The UV spectroscopy spectrum of rsv-PEG-FA-
AuNP and the spectra of individual components
were compared. The conjugate was pipetted %
100 pl and dispersed in water. The spectra of
this compound were recorded by JASCO V530.
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Resveratrol and gold nanoparticles underwent
the same procedure.

Fourier transform infrared spectroscopy
Samples were mixed with KBr and the spectra
were recorded using Shimadzu FTIR 840 OS.
KBr also was recorded as the background of
analysis.

Transmission electron microscopy

The structure and morphology of gold
nanoparticle and gold nanoparticle conjugate
were observed with transmission electron
microscopy using Tecnai G2 Spirit Twin
microscope.
Drug loading

Drug loading is defined as the percentage of

resveratrol incorporated into the conjugate
compared to the total resveratrol added.
Standard solutions of resveratrol diluted in

methanol were prepared in 7 concentrations: 1
pg/ml, 2.5 pyg/ml, 5 pg/ml, 7.5 pg/ml, 10 ug/ml,
12.5 pg/ml, 15 pg/ml to plot a calibration curve.
The amount of resveratrol in the conjugates was
determined using HPLC

DL=%-‘-x100% ..................... 1)

where: DL = drug loading; [R]conj = calculated
resveratrol measured in formula; [R]J0 =
resveratrol added during production.

In vitro release study

X 100 %An in vitro release study was conducted
using a dialysis tube 12,000-14,000 daltons. Rsv-
PEG-FA-AuNP conjugates placed 2 ml in the cut
off dialysis tube. The tubes were placed in a
glass beaker containing 20 ml of medium: HCL
pH 2 and phosphate buffer pH 7.4. The medium
collected 1 ml for at 0, 5, 15, 60, 120, 180, and
360 minutes and rapidly replaced to maintain 20
ml volume. The samples were measured using
an UV spectrometer, Jasco V530. Absorbance of
the samples that were converted into the
resveratrol concentration was determined using a
linear plot equation.

Biodistribution studies

Sample preparation

Excised tissues were perfused by NaCL 0.9 %,
wiped by filter paper, weighed, and minced.

Acetic acid glacial (2.5 % v/iv) and 10 i
ascorbic acid (15 % b/v) as an antioxidant were

added to the tissues and they were homogenized
using a glass mortar and pestle. The
homogenized samples were placed in a glass
tube (3 ml) and centrifuged at 3000 rpm for 30
minutes. The supernatant was collected, passed
through a 0.45 um filter, and analyzed. Blood
obtained from the aorta was placed in an
NaEDTA tube and centrifuged to collect a
plasma sample. Plasma samples were pipetted
at 0.5 ml, and methanol 80% acidified with acetic
acid 2.5 % was added. The liquid was then
shaken and passed through a 0.45 pm filter for
further analysis.

Method validation

A validation assay was carried out by spiking the
tissues with 10 pg/g resveratrol. Precision and
accuracy were measured in 6 samples of liver
tissue and 5 6 samples from 5 other tissues
(brain, kidney, liver, lung, spleen). Precision was
expressed as the relative standard deviation
(%RSD). Accuracy was estimated as the mean
percentage of error from the measured
concentration to theoretical concentration as in
Eq 2.

TEEEUTES = PIRarerirg
orbeeretioal

Bias (%) = x 100 ..... (2)
Peak plasma ratio of extracted spiked sample
and corresponding concentration were calculated
to measured recoveries. Linearity and sensitivity
were determined using 7  progressive
concentrations (0.5, 1, 5, 7.5, 10, 15, and 25
pg/g) of spiking resveratrol extracted from liver
tissue homogenates. Peak areas versus analyte
concentrations were then plotted to constructed
calibration curve. The linear regression formula,
correlation coefficient, LOD, and LOQ were
calculated from the calibration curve. The LOD
was formulated as 3 times the standard deviation
of the low concentration per slope, and LOQ was
formulated as 10 times the standard deviation of
low concentration per slope.

Biodistribution study

Free resveratrol and the PEG-FA gold
nanoparticle conjugation formula were
administered intravenously in a single dose of 2
mg/kg into two groups of 3 rats each. The
animals were sacrificed 90 min after injection.
Blood from the aorta, brain, liver, kidney, lungs,
and spleen were rapidly collected. Blood was
placed in Na-EDTA tube and centrifuged to
collect plasma, while the organs were perfused
with NaCl 0.9%, wiped with filter paper and
weighed. The tissues were extracted with 2 ml of
methanol 80% acidified with acetic acid 2.5 %
and homogenized 7]. The homogenized samples
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were centrifuged at 3000 rpm for 30 minutes.
The supernatant was collected, passed through a
0.45 um filter, and analyzed at 306 nm using a
C18 analytical column (Inertsil ODS-3; 5 ym x
4.6 mmx 250 mm). The instruments used were a
Shimadzu model LC-20AT pump and an SPD
10A UV Vis detector. Isocratic delivery of
methanol: water (1: 1) was used as a mobile
phase at a flow rate of 1 ml/min.

Statistical analysis

Results of the biodistribution study were
analyzed by independent two sample t test (a =
0.05) using SPSS software.

RESULTS

Characteristics of resveratrol-PEG folic acid
gold nanoparticle conjugates

The color of the rsv-PEG-FA-AuNP conjugates
was violet blue. The particle size, polydispersity
index, and zeta potential of both the gold
nanoparticle and the formulation are shown in
Table 1.

UV-Vis spectroscopic analyses were conducted
to record the wavelength of maximum absorption
of the conjugates to identify the compound
compared to its individual components. The UV
Vis spectra of rsv-PEG-FA-AuNP presented the
maximum absorption in both the resveratrol
wavelength (306 nm) and the gold nanoparticle
wavelength (533.5 nm). The results are shown in
Table 2.

Fourier transform infrared spectroscopy (FTIR)
was conducted to determine whether there was
any interaction between resveratrol, PEG bis-
amine, and folic acid in the formulation of
conjugates. The results are shown in Figure 1.

Resveratrol showed an absorption band of C-O
stretching at 1100-1500 cm™, C C stretching of
aromatic ring 1400-1600 cm!, O-H stretching of

an alcoholic group at 3000-3500cm™, C-C

stretching at 1500-1700 cm’.

Table 2: Wavelength of maximum absorption from rsv-
PEG-FA-AuNP conjugates, gold nanoparticles, and
resveratrol

Compound A max AuNP A max

(nm) Rsv(nm)
Gold 533.5 -
nanoparticles

- 306
Rsv-PEG-FA- 534 306
AuNP
{ 1

4000 3300 3000 2500 2000 17% 1500 125 1000 0 00
REV Nem

Figure 1: FTIR spectrum of, resveratrol (A) and FTIR
spectrum of rsv-PEG-FA-AuNP(B)

Table 1: Particle size, polydispersity index, zeta potential and drug loading of AuNP and rsv-PEG-FA-AuNP

conjugates (n = 3)

Parameter AuNP Rsv-PEG-FA-AuNP

conjugates
Color Red Violet
Particle size (nm) 57.40 £ 1.05 249.03 + 10.31
Polydispersity index (PDI) 0.246 + 0.047 0.915 + 0.089
Zeta potential (mv) -6.4 £9.90 -36.33 £ 3.12
Drug loading (%)* - 60

*Drug loading of resveratrol in rsv-PEG-FA-AuNP was calculated using linear regression equation y = 147432x +

15543 (r = 0.999)
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PEG bis-amine and PEG-FA showed absorption
band of O-H stretching of aliphatic chain in
3333 cm’, and N-H stretching at 3300-3500 cm'.
Rsv-PEG-FA-AuNP conjugates showed
absorption bands of O-H and N-H stretching at
3000-3500 cm'. Rsv-PEG-FA-AuNP conjugates
also showed absorption bands from C = O and C
= N stretching at 1600-1700 cm’.

TEM analysis revealed spherical shapes of rsv-
PEG-FA-AuNP conjugate (Figure 2).

Nl O .-' —...
e ....

®
e

Image of rsv-PEG-FA-AuUNP from a

®

Figure 2:
transmission electron microscope (TEM)

In vitro release

Absorbance of samples was converted into the
resveratrol concentration using linear plot
equation y = 0.3313x + 0.1225. The
concentration was multiplied by the volume of
medium and a correction factor was applied to
plot the amounts of resveratrol released versus
time in two different pH levels (Figure 3).

Biodistribution
Validation

The chromatograms of blank plasma, spiked
plasma, and plasma taken 90 min after
intravenous injection showed peak area at UV
wavelength 306 nm with a retention time of 10
minutes using HPLC condition as described,
while the peak did not present in the blank

samples. Peak areas of resveratrol were
detected at UV wavelength 306 nm with a
retention time of 10 minutes using HPLC
conditions as described, while the peak did not
present in the blank sample.
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Figure 3: Resveratrol released in HCI ( —pH2)and
phosphate buffer ( —+pH7.4 ) media

To measure the recovery of resveratrol in plasma
and organs, the peak areas of the samples and
controls with similar concentrations were
compared. The highest peak area of spiked
resveratrol in plasma was the closest value to
positive control. The height peak area of spiked
resveratrol in several organs were less than half
of the positive control. The data for recovery,
precision, and accuracy of the analytical
procedure are shown in Table 3.

The precision of the methods was lower than
20%, and the percent of bias for the accuracy of
the methods was lower than the 15% limit. Both
parameters were within the limit of acceptance.
The recovery of extraction from homogenates
ranged from 33% to 40% (liver and spleen both
had 33 % recovery, kidney had 34%, and brain
and lung had 40%, with the RSD lower than 2%
for n = 2 each tissue), while the recovery from
plasma was 70%. Linear calibration curves were
plotted over 0.5 pg/g-25 pg/g tissues in
homogenized liver tissues. The equation for the
linear plot was y = 10981x - 6237 y = 10981x-
6237, with a correlation coefficient 0.999. The
average limit of detection and limit of
quantification were 0.035 pg and 0.1 pg,
respectively.

Table 3: Accuracy, precision, and recovery of resveratrol from spiked homogenates

Tissue Accuracy Precision Recovery
(Bias, %) (%)
Intra day Inter day
Liver (n = 6) 1% 3.10 N/A 33+1
Internal organ (n = 5) 10% 8.39 11.02 36.2+3.9
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The biodistribution of the conjugates and
resveratrol in Sprague Dawley rats (2 groups, n =
3) was determined using previously validated
methods. The results are shown in Table 4. The
amount of resveratrol deposit in organs 90 min
after i.v. injection was calculated using the linear
regression value y = 10981x-6237. The x
represented the amount of resveratrol detected
and y was the peak areas from HPLC
measurements (RT 10 + 1 min). Concerning the
intake of free resveratrol, resveratrol was not
detected in plasma and the spleen. In the liver
and lung, resveratrol in its free form was
detected in only one sample and not the other
two. Resveratrol in the conjugated form, rsv-
PEG-FA-AuNP, was detected widely in several
organs: spleen, brain, liver, and lung 90 minutes
after i.v. injection (Figure 7). The amount of rsv-
PEG-FA-AuNP in plasma was calculated from
peak area using a similar linear regression,
multiplied by (3/7). The value 3/7 was based on
the level of resveratrol recovery from plasma
compared to recovery from liver. By applying this
calculation, the concentration values of
resveratrol in the conjugated form, rsv-PEG-FA-
AuNP, was 0.83 + 0.02 ug/mL (n = 3).

Table 4: Amount of resveratrol detected in the plasma
and several organs of rates 90 min after i.v. delivery

Organ Rsv-PEG-FA-

(n=3) AuNP (ug/g) Rsv (ug/g)
Spleen 265+1.18 0
Brain 1.89 £ 0.08 1.89 £0.39
Kidney 1.90 £ 0.20 0
Liver 1.74 £ 0.03 0.58 +1.00
Lung 1.82+0.12 0.62 £ 1.07

Statistical analysis of the biodistribution of rsv-
PEG-FA-AuNP showed differences from the
biodistribution of resveratrol in plasma, spleen,
and kidney that were significant. The p-values
were .0001, .003, and .0001, respectively. The p-
values for the biodistribution in the brain, liver,
and lung were .493, .091, and .096. That means
there was no significant difference from rsv-PEG-
FA-AuNP and resveratrol.

DISCUSSION

Gold nanoparticles were synthesized by citric
reduction of tetrachloroauric acid with reduction
agent as conducted by Turkevich [8]. The gold
nanoparticles were then conjugated to folic acid
via PEG terminal amino group while also loaded
with resveratrol (Figure 5). Esterification of folic

acid with N-hydroxysuccinimide (NHS) in the
presence of DCC had already been developed

by Stella et al [9].
O = Gold Nanoparticle (AuNP)
O NN = PG

O = Folic Acid (FA)
A = Resveratrol (Rsv)

Figure 5. Schematic of rsv-PEG-FA-AuNP conjugates

The rsv-PEG-FA-AuNP conjugates increased in
size and polydispersity index almost five times as
much as gold nanoparticles (Table 1). The larger
particle size could be due to an increase of
particle agglomeration as the gold nanoparticle
attached to PEG-FA while also adding
resveratrol. The larger particle size and the
polymer chain could be the reason for the
increasing dispersity index. Moreover, it is
notable that the polydispersity in chain length
grafted in flat surfaces could alter chain
conformations and the overall height of the
grafted layer on the surface. This would vary the
polydispersity index [10]. However, rsv-PEG-FA-
AuNP showed improvement in colloidal systems
stability (Table 1). The system had a zeta
potential value greater than £ 30 mV. This result
was considered stable formulation as colloidal
dispersion., rsv-PEG-FA-AuNP conjugates had a
more enhanced dispersion stability in water than
gold nanoparticles.

The FTIR spectrum confirmed the possibilities of
the rsv-PEG-FA-AuNP conjugates, and there
was no interference between individual
components. absorption bands of resveratrol,
PEG, FA, and rsv-PEG-FA-AUNP were attributed
according to literature [11].

The TEM analysis could provide information only
about the metallic core of rsv-PEG-FA-AuNP
conjugates without the exterior layer of gold
surface. Using PEG to coat gold nanoparticles
did not change the dimension of the metallic
core. The greater surface of the enlarged
molecules contributed to the difference in size of
the gold nanoparticle products [12].

The in vitro release study in HClI pH 2 and
phosphate buffer pH 7.4 showed that resveratrol
from  rsv-PEG-FA-AuNP  conjugates was
released at a more measured manner in pH 2,
whereas the amount of resveratrol in pH 7.4
decreased after 60 minutes while the amount
continued increased in the lower pH (Figure 3).
Resveratrol stability is known to be strongly
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influenced by pH. In acidic pH, trans resveratrol
was more stable than in a medium pH above 6.8.
This result suggested that rsv-PEG-FA-AuNP
was more stable in acidic pH, ensuring its
controlled release into an acidic environment
[13].

The biodistribution study of resveratrol used
liquid precipitation followed by chromatographic
analysis using HPLC at 306 nm. The method
was introduced in the quantification analyses of
Juan et al and Huan et al [7,14]. Validation of the
methods showed results that were acceptable
according to FDA guidelines, with accuracy and
precision less than 15%. In the biodistribution
study of free trans-resveratrol, the highest
concentration was found in the brain while none
was detected in the spleen and kidney. Menet et
al reported that 30 minutes after oral intake of
resveratrol in mice, a greater amount of trans
resveratrol was found in the brain, followed by
plasma and heart tissue [15]. Juan et al. reported
that the concentration of resveratrol was highest
in the kidneys of male rats and lowest in the
brain 90 min after i.v. injection. It is worth noticing
that in this study, the amount of resveratrol from
rsv-PEG-FA-AuNP conjugates found in the brain
was similar to the amount of free resveratrol,
while there was more resveratrol from the
conjugates in the spleen, kidney, liver, and lung
than there was free resveratrol. The amount of
resveratrol in the brain could be restricted by its
particle size. Resveratrol from rsv-PEG-FA-AuNP
conjugates also appeared to stay longer in
systemic circulation while no free resveratrol was
detected in rat plasma 90 minutes after i.v.
injection in the tail vein. The results are similar to
those of De Jong et al, who showed that gold
nanoparticles that were 10 nm in size were the
most widespread, while larger particles were
mostly confined to the blood, spleen, and liver.
The higher amount of resveratrol from rsv-PEG-
FA-AuUNP conjugates in plasma could result from
PEGylation [16]. PEGylation was proved to
prolong circulation time because its shield
function protected nanoparticles from
aggregation, opsonization, and phagocytosis
[17].

The localization of rsv-PEG-FA-AuNP in the
spleen may be due to phagocytosis by
mononuclear phagocytes systems. Resveratrol
from rsv-PEG-FA-AuUNP conjugates found in the
kidney are suitable because of the expression of
folate receptors on the luminal side of the brush
border membrane in proximal tubule cells. Folate
receptors facilitated reabsorption of folate from
urine, preventing its loss from the body. In
normal organs and tissue, folate receptors are
expressed at the epithelium n placenta, kidney

and plexus choroid [18]. The expression of folate
receptors in plexus choroid could also contribute
to the amount of rsv-PEG-FA-AuNP in the brain.
However, this theory needs further investigation.
It is also worth noting that higher resveratrol in
the form of rsv-PEG-FA-AuNP in the kidney
could contribute to its further elimination, as the
kidney appears to be its preferred organ of
excretion, whereas the small amount of
resveratrol detected from its free intake could be
because of its rapid metabolism.

CONCLUSION

Gold nanoparticles modified by PEG and folic
acid conjugates are potentially suitable drug
carriers for resveratrol, a potential chemotherapy
substance. However, the methods for purifying
the conjugate should be developed further to
achieve better particle distribution. Rsv-PEG-FA-
AuNP conjugates appeared larger in size than
AuNP, and they were stabilized by PEG. Those
properties would restrict its distribution to certain
organs while prolonging its systemic circulation.
It showedthat rsv-PEG-FA-AuNP stayed in
systemic circulation longer, its localization in
kidney was due to the expression of folate
receptors in that organ.
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