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Abstract
Resveratrol is a naturally occurring polyphenolic compound exhibiting therapeutic activities. However, the stability can be
altered by UV light, pH and changes in temperature. Encapsulation would be an ideal strategy to improve the stability and
bioavailability. Thus, trans-resveratrol (Res) was encapsulated within hybrid nanoparticles consisted with silica and G4
polyamidoamine dendrimer (PAMAM) by sol-gel method. The diameters of synthesized nanoparticles (NPs) were at a range
of 212–574 nm and the encapsulation efficiency was 86%. RAW 264.7 murine macrophage cell line induced with endotoxin/
lipopolysaccharide was treated with free resveratrol and Res-loaded NPs for assessing inhibition of inducible nitric oxide
synthase (iNOS), where IC50 values of free resveratrol and Res-loaded NPs were 122.68 µMand 249.74 µM.As for cytotoxicity,
IC50 values of free resveratrol were found as 176.57 µM and 201.54 µM for MCF-7 and MDA-MB-231 cells, whereas 197.16
µM and 219.07 µM for Res-loaded NPs for the respective cell lines. Overall, sol-gel technique proved to be an ideal technology
as can be carried out under mild conditions and Res-loaded NPs have potential to be utilized in the industry.
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Introduction

Resveratrol is a phytoalexin of the stilbene group synthesized
from fruits under biotic or abiotic stress conditions, which has
been utilized in the prevention of various diseases such as
osteoarthritis [1], muscle atrophy in partial gravity [2], athero-
sclerosis [3] and cancer [4]. Resveratrol exhibits a powerful
anti-carcinogenic effect, which leads to cell death of cancer
cells through different pathways without cytotoxicity to

healthy cells. Moreover, resveratrol and its derivatives are
reported to be responsible for the alpha-mediated biological
responses of different estrogen receptors observed in estrogen
sensitive cancer cells [5], which makes it a suitable candidate
for breast cancer. Indeed, recent research suggests that resver-
atrol reduces the proliferation of breast cancer cells [4] by
acting as an antagonist to the estrogen receptor. For this rea-
son, the activity of resveratrol differs from estrogen receptor
positive (MCF-7) to estrogen receptor negative (MDA-MB-
231) breast cancer cells [6]. However, resveratrol is suscepti-
ble to degradation and should be protected from UV light,
temperature, pH changes, certain types of enzymes and mois-
ture [7]. The encapsulation of pharmaceutical compounds is
an ideal strategy to preserve the therapeutic efficiency, in-
crease bioavailability and the dissolution rates [8]. Various
techniques are applied, among them is sol-gel process utilized
for encapsulation of particles at nanoscale based on a series of
sequential chemical reactions and formation of a network via
electrochemical interactions of the particles with surface
charge. The advantages of the sol-gel process are purity, ho-
mogeneity and possibility to operate at low temperatures
yielding controlled porosity [9]. Dendrimers, a core of
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polymeric drug delivery systems provide appropriate architec-
tures for encapsulation of biological molecules and are com-
prised of branching, also known as surface groups and func-
tional groups around the nucleus. Polyamidoamine
(PAMAM) dendrimers are used as carrier in drug delivery
systems to increase transepithelial permeability and to elimi-
nate low bioavailability problems. Both amine-terminated
dendrimers with cationic as well as carboxylic acid terminated
anionic PAMAM modulate tight junctions in the gastrointes-
tinal tract and thus are known to increase the transition be-
tween cells [10]. In this study, resveratrol is encapsulated by
sol-gel technique using PAMAM. The most efficient form of
tetraethylorthosilicate (TEOS) hydrolysate with PAMAMG-4
at different rates were formed and characterized. The cytotox-
icity of resveratrol loaded silica-PAMAM nanoparticles (Res-
loaded NPs) was examined in MCF-7 estrogen-dependent,
estrogen-independent MDA-MB-231 breast cancer cells
along with iNOS inhibitory activities.

Materials and Methods

Synthesis of Resveratrol‐loaded Silica-PAMAM
Nanoparticles by Sol‐gel Synthesis

Resveratrol was encapsulated based on the method reported
for sol-gel synthesis of silica-PAMAM dendrimer [11].
Briefly, TEOS was hydrolyzed by 0.1 M hydrochloric acid,
corresponding to 0.25 M TEOS hydrolysate and mixed for
2.5 h at high speed. PAMAM G-4 dendrimer was diluted to
1.15 mM in 0.5 M Tris-HCl buffer (pH 7.6) before the mixing
with TEOS hydrolysate and ethanolic resveratrol solution (7
mM) for 1 h. Various TEOS hydrolysate and PAMAM vol-
umes per mL of reaction were tested to optimize the particle
size. Subsequently, the reaction solution was centrifuged
(MiniSpin®plus, Eppendorf, Hamburg, Germany) at 6000 g
for 15 min, the particles were washed with distilled H2O and
lyophilized. The supernatant was separated from the nanopar-
ticle pellet and quantified by UV-Vis spectrophotometer
(Agilent, Santa Clara, USA) at 314 nm to determine the
unloaded resveratrol. Calibration curves were established by
dissolving 4 mg trans-resveratrol in 1 mL ethanol and diluted
with PBS in the range 0.1–10 µg/mL. Encapsulation efficien-
cy was expressed as the ratio of actual and theoretical loading.
The analyses were carried out in duplicate.

Characterization and In Vitro Release Study

Size distributions were measured with Malvern Zetasizer
Nano-ZS (Malvern Instruments Ltd, Worcestershire, UK).
The results were determined by the average of three cycles
of many scans. Fourier-Transform infrared spectra (FTIR) of
empty-NPs, Res-loaded NPs and free resveratrol were

determined by Perkin Elmer Spectrum Two instrument with
an Attenuated Total Reflection (ATR) accessory between the
wavelengths of 600–4000 cm− 1. For the morphological imag-
ing, the lyophilized NPs were coated with gold and images
were captured using scanning electron microscope (SEM)
(Quanta 250 FEG). X-Ray diffraction (XRD) measurements
of lyophilized NPs were carried out using X-ray diffractome-
ter (Shimadzu, Japan) at a scanning rate of 4°/min in the 2θ
range of 5 to 90°. The in vitro release experiments were per-
formed by using the dialysis method with RES-loaded NPs in
10 mL of release medium (0.01 M PBS at intestinal pH 7.4 or
0.1 M HCl at gastric pH 1.2) under agitation at 37 °C. The
dialysis bags agitated in HCl were introduced in another ves-
sel containing 10 mL of PBS after 2 h. At predetermined time
points, aliquots were taken out, and the release medium was
replenished with the same volume of fresh medium. The
amount of resveratrol released from the formulations was
quantified by UV-Vis spectrophotometer (Agilent, Santa
Clara, USA). Calibration curves of free resveratrol in PBS at
pH 7.4 and HCl at pH 1.2 were performed, over the range
0.05–5 µg/mL (R2 > 0.999) in both cases. The release curves
were plotted based on the accumulative release percentage
versus time.

Statistical Analysis

Statistical analyses were performed by Student’s t-test. A
probability value of p ≤ 0.05 was considered to denote a sta-
tistically significant difference, and p ≤ 0.01 was also used to
show the power of the significance. IC50 values were deter-
mined within the range of ± 95% confidence by GraphPad
Prism (San Diego, CA).

Results and Discussion

Nanoparticle Synthesis, Characterization and In Vitro
Release

Nanoparticle synthesis with sol-gel technique has several ad-
vantages like high purity, biocompatibility, thermal and chem-
ical stability of the matrix, low processing temperature and
easy control of the morphology [10]. In this study, hybrid
nanoparticles were synthesized incorporating silica and
PAMAM dendrimer. Various ratios of TEOS-PAMAM were
investigated to observe the effects on particle sizes (Table 1).
The decreasing concentration of TEOS resulted in a decrease
in the particle diameter to a certain TEOS: PAMAM (50:100)
ratio, whereas a marked increase was observed at
TEOS:PAMAM ratio of 25:125. The inorganic precursor
TEOS can affect the volume and diameter of particles and
highly influence the diameter of particle pores [9]. Apart from
size, polydispersity index (PDI) of nanoparticles are of prime
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importance. These parameters are directly related to stability, bio-
distribution, and release of encapsulated compound. The values
of PDI ranging from 0 to 0.5 are usually considered as monodis-
perse and homogenous, whereas higher values indicate polydis-
persity [12]. PDI values of nanoparticles at TEOS:PAMAM ra-
tios of 75:75 and 100:50 were both 0.450 which can be
interpreted as displaying a comparatively homogeneous particle
size distribution. However, other samples with different ratios of
TEOS:PAMAM have polydisperse characteristics. The mean
hydrodynamic diameter of encapsulated resveratrol in colloidal
mesoporous silica nanoparticles was reported as 283 nm with a
PDI of 0.250 after drug loading [13]. The results obtained by
various ratios of TEOS:PAMAM indicated that the particle di-
ameter was effective only up to a certain point. As the average
diameter of nanoparticles prepared at a ratio of 100:50 was
279 nm with the lowest PDI value, nanoparticles synthesized
under this condition was further analyzed for encapsulation effi-
ciency, morphology, cytotoxicity and iNOS activity. For
resveratrol-loaded NPs, the mean particle size was 340 nm
(Fig. 1a). The outer topographies of empty and Res-loaded
NPs were explored using SEM. From the micrographs, it is
clearly seen that empty and Res-loaded NPs exhibited spherical
structure and smooth surfaces (Fig. 1b and c). Sciortino et al [14]
have reported the synthesis of nanoparticles using TEOS, where
morphology of particles were slightly different from the SEM
images presented in this study. The differences can be attributed
to varying TEOS ratios during synthesis. As for encapsulation,
75% ±7 efficiency was achieved owing to the branching of
PAMAM dendrimer. The particle sizes of liposome-loaded Ca-
alginate microspheres for controlled release of resveratrol were
determined to be much larger, ranging between 387 and 440 μm
with an encapsulation efficiency of 85% [15]. Smaller particle
sizes with similar encapsulation efficiencies might be favorable
for release of resveratrol due to larger surface areas. Res-loaded-
NPs, free resveratrol, and empty NPs were characterized by
ATR-FTIR spectroscopy as well (Fig. 1d). The peaks centered
at 800 and 970 cm− 1 of both of empty NPs and Res-loaded NPs
can be associated with the stretching frequencies, whereas the
peak at 1646 cm− 1 can be assigned to the C =O stretching vi-
bration inside the PAMAM dendrimer which is also in good
agreement with our previous study [11]. Moreover, the band
observed in both samples at around 1060–1070 cm− 1 can be
assigned to the stretching modes of the siloxane framework,
≡Si−O−Si≡ [16]. The free resveratrol displayed characteristic
absorption bands at 3240 cm− 1 for O −H stretching because of
the alcoholic group, 965 cm− 1 for trans-olefinic bond, 1586 cm−

1 for C =C stretching of the aromatic ring, 1147 cm− 1 for C–O
stretching, respectively. Although Res-loaded NPs performed all
characteristic absorption peaks of empty NPs, the characteristic
peak of resveratrol in Res-loaded NPs was not apparent, indicat-
ing that the compound was encapsulated in the core of loaded
NPs successfully. The content of resveratrol was too negligible to
be detected when compared with the content of silica-PAMAM,

which is in agreement with the study of resveratrol encapsulation
into poly(D, L-lactide-co glycolide acid) nanoparticles [17]. The
FTIR results also proved that there was no potential chemical
reaction between resveratrol and any other formulation ingredi-
ents. These results corroborate the XRD data, which is a widely
technique used to investigate the crystalline nature of the matter.
The diffraction spectra of empty NPs demonstrated a broad and
diffused band depicting the amorphous nature of silica-PAMAM
NPs. On the other hand, the XRD pattern of Res-loaded NPs
showed some unique diffraction peaks of resveratrol present in
the nanoparticles in addition to the broad peak of silica-PAMAM
NPs, suggesting that the resveratrol have not been completely
converted to its amorphous form in the nanoparticle matrices and
have a local crystal arrangement, as confirmed by specific res-
veratrol diffraction peaks at 16.3, 19.2, 22.3, 28.3 and 45.4º [18]
(Fig. 1e). Therefore, the local presentation of resveratrol in the
crystalline form may affect the release from the NP matrices and
result in the slower release as compared to a system where the
drug is present in an amorphous state [19]. The in vitro release
profile of resveratrol from Res-loaded NPs is presented as a
cumulative release at pH 1.2 and 7.4, representing stomach and
intestine (Fig. 1f). At both pH values, Res-loaded NPs exhibited
a slow-release profile, which could be attributed to the presenta-
tion of resveratrol in crystalline form, where the cumulative re-
leases were less than 25%within 2 h. At pH 7.4, resveratrol was
released up to 54% in the first 5 h followed by 63% in 24 h.
However, Res-loaded NPs transferred from gastric pH of 1.2,
mimicking stomach content to the intestine, showed 28% release
in the first 5 h followed by up to only 37% release over 24 h.
After 48 h, the total cumulative Res release from both dissolution
media of pH 7.4 continuously and pH 7.4 which transferred from
gastric pH of 1.2 reached 69 and 47%, respectively. The overall
release behavior could be attributed to the kinetic solubility of
resveratrol, which is affected by dissolutionmedia. Resveratrol is
reported to remain un-ionized under acidic conditions and poorly
water soluble [20]. Presumably, the pH level of the microenvi-
ronment of nanoparticles decreased partially due to the acidic
residues from the previous stomach type dissolution medium,
causing delay of resveratrol release in 48 h period. Previously,
PO3- or NH2- functionalized mesoporous silica nanoparticles
showed 40% of total release in 24 h at pH 5.5, whereas equal
or more than 65% release occurred at pH 7.4 during the 24 h
period [21]. Furthermore, the cumulative resveratrol release per-
centages of Res-loaded poly(lactic-co-glycolic acid) (PLGA)
NPs and Res-loaded-galactosylated PLGA NPs were reported
to be less than 43% in water within 8 h [22]. The in vitro release
data suggests that the slow-release allows the majority of resver-
atrol to be retained in NPs when transporting through the gastro-
intestinal tract, which is favorable for absorption via NPs. The
oral bioavailability of resveratrol is very low (< 1%) due to rapid
and extensive metabolism and formation of various metabolites
such as resveratrol glucuronides and sulfates [23]. The prolonged
detection of low plasma levels of these resveratrol metabolites
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after oral consumption suggests that resveratrol is partly metab-
olized in the small intestine and then distributed to various tissues
mainly in its conjugated forms and enteric recirculation of these
conjugated metabolites are reabsorbed after intestinal hydrolysis
[24]. Thus, the authors concluded that delayed and noncompleted
release of resveratrol from Res-loaded NPs transferred from gas-
tric pH of 1.2 to 7.4 might enhance its bioavailability of the
released resveratrol due to controlled intestinal hydrolysis.

Cytotoxic and iNOS Activities of Synthesized
Nanoparticles

The cellular responses of estrogen dependent MCF-7 cancer
cells and estrogen-independent MDA-MB-231 cells might
differ when supplemented with natural compounds and drug
molecules. Thus, both cancer cells were treated with resvera-
trol, Res-loaded and empty nanoparticles at three different
concentrations (50, 5, 0.50 µg/mL) (Fig. 2a and b).
According to the MTT assay, cell viabilities of resveratrol
were 17.09 ± 0.40 and 37.60 ± 0.52 % for MCF-7 and
MDA-MB-231 cells at 50 µg/mL, whereas Res-loaded NPs
exhibited viabilities of 26.45 ± 0.10 and 34.13 ± 0.61 % for
the respected cells. Biocompatibility of empty nanoparticles
is of prime importance [25] in order to associate the cytotoxic
effect with the drug or the molecule of interest. Thus, it is
worth to mention that empty nanoparticles were not toxic to
the cells as 94.35 ± 0.94 and 90.86 ± 2.46% of cell viabilities
were retained of estrogen dependent and independent cells.
However, 5 and 0.5 µg/mL concentrations of resveratrol and
Res-loaded NPs have not exerted significant cytotoxicity
against both cell lines. IC50 values of Res-loaded NPs were
determined as 197.16 and 219.07 µM for MCF-7 and MDA-
MB-231 cells, whereas 176.57 and 201.54 µM for resveratrol,
respectively. The slight differences in IC50 values of Res-
loaded NPs and free resveratrol indicate the coherency be-
tween the rate of release and cellular uptake, which proves
the adequacy of silica-PAMAMdendrimer structure formulat-
ed. Resveratrol was reported to inhibit cell proliferation and
viability in both cell lines. For instance, with respect to MDA-

MB-231, resveratrol with a concentration of up to 200 µM
lowered the expression and inhibited ribonucleotide reductase
activity [6]. On the other hand, increasing resveratrol concen-
tration was noted to decrease proliferation of MCF-7 by
blocking the cancer cell cycle [26]. Moreover, key tumor-
suppressive miRNAs were found to be modulated by resver-
atrol proving to have a key role in breast cancer cell death [27].
In another study, resveratrol doped monodisperse silica parti-
cles prepared with poloxamer 188 by high pressure homoge-
nization exhibited a particle size of 198.6 nm and effectively
inhibited HepG2 cells [28]. Another aspect to evaluate the
efficacy of resveratrol and encapsulated form was to assess
nitric oxide (NO) (Fig. 2c) acting as a regulatory and pro-
inflammatory mediator. Thus, the inhibition of iNOS was ex-
amined after 24 h of the application of Res-loaded NPs and
free resveratrol to the RAW-264.7 cells induced by lipopoly-
saccharide (LPS), a component of cellular walls of gram-
negative bacteria. IC50 values were determined as 0.249 and
0.127 µM, respectively. It is well known that one of the hall-
marks of inflammation is the activation of iNOS, an intracel-
lular enzyme responsible for oxidation of L-arginine to the
reactive gaseous free radical NO [29]. Overexpression of
iNOS has been noted in cases of breast cancer and other can-
cer types [30]. For instance, 10 µg/mL of resveratrol showed
anticancer effects by raising iNOS expressions in HepG2 hu-
man liver cancer cells [31]. In another study, resveratrol not
only attenuated the expression of iNOS and NO production,
but also reduced COX-2 expression and PGE2 production in
A549 cells treated with carbon black nanoparticles, which act
as the core component of many ultrafine pollutants [32]. For
intervention of hepatocellular carcinoma, resveratrol elevated
the protein and mRNA expression of hepatic nuclear factor E2-
related factor 2, providing evidence that inflammatory response
mediated by this factor might be suppressed [26]. Additionally,
resveratrol was mentioned to exert a toxic effect against tumor-
induced macrophages but noted to reduce by toll-like receptor
activation as a result of stimulation by LPS [33]. Although,
amorphous silica nanoparticles without any drug constituent
were reported to generate reactive oxygen species in cultured
RAW264.7 cells, which triggered pro-inflammatory responses
both in vivo and in vitro [34], Res-loaded silica-PAMAM
nanoparticles inhibited iNOS with an IC50 value of 0.249 µM
based on our findings. Indeed, an anti-inflammatory drug con-
jugated to hydroxyl terminated generation-4 PAMAM dendri-
mer significantly attenuated inflammation by suppressing pro-
inflammatory cytokines such as TNF-α, IL-1β, CCL-3, IL-6
and reduced iNOS in LPS activated RAW 264.7 by inhibiting
NF-κB activation and its nuclear translocation significantly
more as compared to the free drug [35]. Consequently, supple-
mentation of resveratrol and encapsulated forms inhibiting NO
synthesis by iNOS might be interpreted as a potential therapeu-
tic remedy for inflammatory diseases or means of protection
against inflammation.

Table 1 The effects of different TEOS:PAMAM ratios on mean
particle size (volumes are given for per milliliter synthesis reaction)

Samples TEOS (µL) PAMAM (µL) Average diameter (nm)

1 125 25 488

2 100 50 279

3 75 75 352

4 50 100 212

5 25 125 574

6 (drug loaded) 100 50 340
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Conclusions

This study was aimed to develop a nanoencapsulation method
to enclose resveratrol as a cargo into a hybrid matrix formed
by silica and PAMAM. Res-loaded NPs exhibited a mean
particle size of 340 nm, whereas the encapsulation efficiency
was 86%, owing to the branched repeating units of PAMAM

G4 dendrimer. The Res-loaded NPs inhibited iNOS with an
IC50 value of 249.74 µM and proved to be effective against
estrogen positive and negative breast cancer cells with IC50

values of 197.16 and 219.07 µM, respectively. As this study
has shown, combining dendrimers with silica through sol-gel
synthesis is an ideal approach for protecting the cargo from
degradation and allowing controlled release.

Fig. 1 Characterizations of hybrid nanoparticles synthesized. Size
distributions of empty and Res-loaded NPs (a), SEM images of empty
(b) and Res-loaded NPs (c), FTIR spectra of Res-loaded and empty NPs
along with free resveratrol (d), XRD patterns of Res-loaded and empty

NPs (e), resveratrol release profile from NPs at pH 7.4 mimicking intes-
tine (top) and pH 7.4 followed by pH 1.2 for 2 h mimicking stomach and
intestine (bottom) (f)

Fig. 2 Cell viability results of free resveratrol, Res-loaded and empty NPs
in MCF-7 (a) and MDA-MB-231 cells after 48 h (b). The asterisk (*)
indicates the significant difference with the control group for one-way
ANOVA and Student’s t-test (*p < 0.05 Res-loaded vs. empty NPs as

control or free resveratrol alone). The experiments were performed in
triplicates. Plots are mean ± S.E.M. (n = 3), depiction of the effect of
Res-loaded NPs on LPS induced RAW-264.7 macrophages and iNOS
inhibition (c)
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