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Abstract:

Resveratrol is a naturally occurring non-flavonpalyphenol which is found in a variety of plantdhave

it responses to the injury or fungal attack. Thgportant compound has different beneficial actgiti
such as antioxidant, antitumor, anti-inflammatorgd aantiaging. Also, it has anti-fibrotic and
hepatoprotective effects. Besides the beneficfakes of resveratrol, limitations such as poor bitity in
water, low oxidative stability and high photoseingiy have restricted its application. To prevailthese
restrictions, nanotechnology is a smart stratedys Teview discusses various kinds of nano delivery
systems that have been applied for enclosing raseér
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Abbreviations:

Res, resveratrol; HDF, high fat diet; SOD, supeatexiismutase; CAT, Catalase; NP, nanopatrticle; EE,
entrapment efficiency; ROS, reactive oxygen specB®, silk protein; DTX, docetaxel; LPN, lipid-
polymer hybrid nanoparticle; EGF, endothelial griovidgctor; SA, stearic acid; PEG, polyethylene glyco
PCL, polyg-caprolactone); GT, gelatin; TFE, 2,2,2-trifluodoahol; I/R, ischemic/reperfusion; BSA,
bovine serum albumin; TPP, tripolyphosphate; C&pshn; QUR, quercetin; IOP, intraocular pressure;
PONH, polymer-oil nanohybrid; NB; nanobubble; S&y protein isolate; LbL, layer by layer; NAFLD,
non-alcoholic fatty liver disease; HOCI, hypochlesp TPGS, tocopherol PEG succinate; Tf, transferrin
PTX, paclitaxel; Cur, curcumin; CMVEC, cerebromieagcular endothelial cell; PD, parkinsonian; NIR,
near-infrared; PSR, psoralen; UDL, ultraformabfm&ome, MLV, multilamelar lipid vesicle; 5-FU, 5-
fluororacil;, PDCL, peptide cationic liposome; HUVEGuman umbilical endothelial cell; DOX,
doxorubicin; LPS, lipopolysaccharide; BCCAO, bilalecommon carotid artery occlusion; VE, vitamin
E; EGCG, epigallocatechin gallate; SLN, solid lip@hoparticle; MSN, mesoporous silica nanoparticle.

1. Introduction
During recent decades, herbal medicine has atttawtech attention because of its safety, low sifleces
and valuable properties [1-10]. Resveratrol (Re%) §, 4-trihydroxy-trans-stilbene) is a naturally



occurring active biomolecule which belongs to thayphenol family [11]. It is a non-flavonoid
polyphenol and for the first time, was discovenedhie roots of white hellebore (Veratrum grandiiioi).
Also, it is mainly found in grapes, berries, rechaviand nuts [12]. Interestingly, Res is synthesired
different plants exposed to damage or fungal afta8k

This compound has a variety of beneficial actigitincluding antioxidant [14, 15], antitumor [16-18]
anti-inflammatory [19, 20], antiaging [21, 22], alidbetic [23-26] and cardioprotective [27, 28]s4] it

is efficient for enhancing the longevity of organis [29]. Besides, it has been shown that Res is
advantageous for decreasing the level of adipgsedi[30, 31]; this study demonstrated that 6 weéks
treatment with Res at the dose of 30 mg/kg bodyghtéday remarkably diminishes the size of adipose
tissue in various sections of body (perineal, eidial, mesenteric, and subcutaneous) and
simultaneously, does not alter food intake or begight. Hamza and El-Shenawy investigated the
ameliorative effect of Res on nicotine-induced lahigrations in male rats [32]. Their treatmentiqubr
was 4 weeks and Res was administered at the dé@&emf/kg/b.w. Their results showed that Res exerts
protective effects against nicotine toxicity in §is so that nicotine remarkably enhances the Evgbid
peroxidation and decreases the activity of antimxidenzymes, whereas Res reverses these adverse
effects. In another study, Abdu and Al-Bogami exaexi the impact of Res on dimethylnitrosamine-
induced liver fibrosis [14]. Their data demonstdatbat Res exerts anti-fibrotic and hepatoprotectiv
effects via enhancing antioxidant defense, reducixigative stress, maintaining structural integity
cell membrane and also inhibiting steatosis angiis of liver. Jimol and coworkers studied theseffof
Res on high-fat diet (HFD)-induced obesity and atiie stress in rabbits [33]. They showed that Res
increases body weight and activities of superoxidenutase (SOD) and catalase (CAT) in rabbits with
HFD intake, demonstrating the potential antioxidativity of Res. Furthermore, recently the
ameliorative effects of Res on diabetes have begorted [24].
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Chemical structure of resveratrol [34].

In spite of the beneficial effects of Res whiché&éded to its extensive application in differentdig there

are limitation factors that prevent its applicatiomn vivo and clinical trials. These factors include limited
solubility in water, low oxidative stability and dh photosensitivity. Also, the applications of
conventional forms of Res such as powder and taldsage forms have been restricted [35-38]. On the
other hand, high dose consumption of a compounckdses its efficacy in next times, so that it rssial
drug resistance. Also, nanocarriers enable targaediglery, so that a little dose of drug is loaded
nanoparticles (NPs) which in one hand, decreasesitte effects of drug and in other hand, dimiréshe
the chance of resistant [39, 40].

2. Drug délivery systems

To overcome the hurdle of chemotherapy, differdrategies have been used to design effective drug
delivery systems (DDS) [41]. These platforms tramspnd release an effective dosage of therapetatics
targeted cells [42]. Nanostructures possessingugnpnysiochemical properties including high loading
capacity, cargo protectiomnd deep tumor penetratioyielded several prerequisites for drug delivery
systems [43, 44]. Notably, high safety and excelleiocompatibility are the vital features of
nanoparticles that rely on the applied agents &sulaae affected by decomposition and excretionirigu
recent years, many nanoparticles including liposgnearbon nanomaterials [45], dendrimers, quantum
dots, natural nanostructures [46] and metallic particles have been developed for drug delivery

applications. Some nano-formulations have beencappr by the US Food and Drug Administration



(FDA), e.g., liposomal doxorubicin (Doxil®/Caelyx™nd several nanocarriers are in clinical trials fo

disease treatment [47].

2.1 Polymeric nanoparticles

Overall, the polymeric systems are divided into tmain classes [48]: a) natural polymers such as
gelatin, collagen, albumin, agarose, alginate, urgaic acid, carrageenan, dextran, chitosan,
cyclodextrins; and b) synthetic polymers such dg flactic acid), poly (glycolic acid), poly lactico-
glycolic acid (PLGA), poly €-caprolactone), polymethacrylates and polyvinylrplidone. Therapeutic
agents can be adsorbed, encapsulated or conjugdtest within or onto the surface of polymeric
nanoparticles (PNPs). PNPs have been widely usedrgsted and controlled release delivery systems
based upon the rational design of polymer tailofed a particular cargo. The nanoparticles have
synthesized by several methods including solvesptdcement, solvent evaporation/extraction, salting
out, and supercritical anti-solvent method [49]tHis section, we discuss the usefulness of sontieesk
polymers in delivery of Res.

Nasir et al examined the efficacy of Res-loaded RUEPs on induction of programmed cell death in
prostate cancer cells [50]. Res loaded PLGA NPsvegnthesized using nanoprecipitation technique
with the ratio of PLGA and Res 4:1, 2:1 and 1:1wjv(total weight= 50 mg). The particle size and
entrapment efficiency (EE%) were respectively attdnge of 201.5 to 36.2 and 52.28 to 90.18. Nytabl
there was approximately no difference in the actunal predicted particle size and EE, so that predlic
particle size and EE were respectively 206.029 &h849, while the actual particle size and EE were
respectively 202.8 and 89.32. Timevitro drug release study demonstrated a maximum reteas®.87

and 34.65 for Res-PLGA and Res after 24 h, respgtiAlso, MTT cytotoxicity assay, TUNEL assay,
analysis of mitochondrial membrane potential, agitle status, caspase-3 assay and evaluation of
reactive oxygen species (ROS) production showetl Rea-loaded NPs stimulate apoptosis in prostate
cancer cells without affecting normal cells. In tes study, Res-loaded sericin NPs were designed as
bionanocarriers for drug delivery [51]. Silk pratdiSP)-derived NPs were prepared through desotvatio
Then, Res-encapsulated SP NPs were synthesizedidiag Res (dissolved in ethanol) to the pluronic F
68 solution. The quantity of Res used in the ethantution was different, resulting in various |aagl
levels. Interestingly, the mean size of SP NPs eifisrent according to the SP concentration wita th
larger particle sizes for higher levels of $Rvitro release study showed that release of free Ressccu
rapidly, reaching 100% during 8h, whereas releasen fSP NPs is more gradual, ranging from
approximately 40-70% within the first 8h. Also,vias found that release rates are strongly assdciate
with Res concentration, so that the release iseslaw higher concentrations of Res compared to the

lower concentrations. These NPs are promising reaniecs for inhibiting the growth of cancer ceks



that they remarkably decrease the viability andifgration of carcinoma cell lines (Caco-2). In effiort

for lung cancer therapy, docetaxel (DTX) and Resewencapsulated by lipid-polymer hybrid NPs
(LPNs) [52]. First off, the conjugation of endotiagélgrowth factor (EGF), poly-ethylene glycol (PEG)
and stearic acid (SA) was performed by chemicadsiioking via a coupling agent EDC (1mM) and NHS
(ImM). Then, EGF DTX/Res LPNs were synthesized ughonanoprecipitation technique. The EE of
DTX and Res of all samples was approximately 90%0An vitro drug release showed the prolonged
release behavior of DTX and Res from LPNs. Theasseof both drugs from EGF DTX/Res LPNs was
slower than non EGF-modified LPNs. The flow cytorgetnalysis showed the good uptake of LPNs with
increased uptake along with the time. It was deitnates] that EGF DTX/Res LPNs remarkably decrease
the viability of tumor cells (HCC827 and NCIH213&mpared to the DTX/Res LPNs. Also, vivo
study on mice bearing lung cancer (intravenous atnation at the dose of 50 mg/kg) showed thetgrea
ability of EGF DTX/Res LPNs in inhibition of tumgrowth and also reduction in its size. Furthermore
electrospun fibers in combination with siRNA aréehesting for treatment of leukemia cells [53] ttis
study, polyé-caprolactone) (PCL) and gelatin (GT) electrosghars combining with Res were prepared
in a common 2,2,2-trifluoroethanol (TFE) solvenbading efficiency of Res was very high ranging from
76.9 to 88.3%. In order to understand the bioagtivi Res released from the electrospun PCL-GTréibe
K562 (leukemia) cell viability was examined at 3aitd 8 days. Annexin V staining showed apoptosis in
these cells in a time-dependent manner. Also, idigility of cells after adding siRNA in the presenaf
Res containing fibers was evaluated. The resulibégd significant reduction in the viability oklts
after adding siRNA and this reduction was remarkaigher in presence of fibers (from 46.3 to 21.5%)

Configuration

Conirol
(no resveratrol)



Figure 1: A) Control configuration: coaxial PCL-Giber with PCL-GT inner core. B) Single PCL-GT
fiber with Res. C) Coaxial PCL-GT fiber with PCL-Gifiner core and Res. D) Coaxial PCL-GT fiber

with PCL inner core and Res. Small circles witlia inner core demonstrate Res [53].

Borges and coworkers showed that Res-loaded paollyy(hide) NPs are not beneficial for intestinal
damage caused by ischemia and reperfusion (I/R) 5das found that loading Res on poly(anhydride)
NPs significantly increases the mean size of tleltieg nanocarriers (234nm for Res- NPs and 169nm
for NPs), while it has partial and negligible effeomn the zeta potential and poly dispersity of the
resulting nanocarriers. Treatment period of miegtstl 5 days before induction of I/R and continfed

7 days after I/R. Mice were treated by gavage witmg/kg Res (in free or nanoencapsulated form).
Notably, it was demonstrated that Res results dacton in oxidative damage caused by I/R, myeateri
and glial neuronal protection, and maintenance astrg-intestinal transit time. On the other hand,
treatment with Res-loaded NPs leads to the resittdar to free Res in terms of neuroprotective and
antioxidant effects which demonstrate that thisocamrier system is not suitable for the deliveryRafs
which maybe is due to the hepatotoxicity and mygnteeuronal loss resulted from poly(anhydride). On
the other hand, chitosan NPs are efficient NPeffitvancing the delivery of Res [55]. In order topare
stock solutions, polyphenol solution (1mM) was g in Tris-HCl/ethanol 50% and then diluted by
serial dilution to different concentrations in FHE/ethanol. A suitable amount of chitosan was
dissolved in 2% acetic acid and then the solutias wdjusted to pH 5.5-6.5. Then, the conjugation of
Res with chitosan-15 and chitosan-100 kDa was tigeted in aqueous solution at physiological
conditions, using multiple spectroscopic methodsiMTimages and docking studies. Structural analysis
demonstrated that binding of Res with chitosanegumed through hydrophilic, hydrophobic and H-
bonding contacts and they produce stable conjug&gsnhancing the size of chitosan, the loading
efficiency and stability increased. It was foundatthRes binding produces changes in chitosan
morphology with an increase in its aggregate diamétie to Res encapsulation. These results showing
that chitosan NPs can be considered as appropghteles to transport and increase the bioavaitglaf
Res. Siu and coworkers synthesized galactosylaleBAPNPs for delivery of Res [56]. Res-
galactosylated NPs (Res-GNPs) were prepared usswvant diffusion method. It was found that the
amount of PLGA in the formulation remarkably afféioe particle size of Res-GNPs other than EE. The
formulation containing a higher level of PLGA rdsdl in larger NPs. Also, N-oleoyl-D-galactosamine
affects the particle size and EE of Res-GNPs, so kiigh ratio of N-oleoyl-D-galactosamine was
valuable to decrease the particle size and incrgs&E. In vitro drug release showed that Res-GNPs

release Res in a sustained release behavior amdeslsance the bioavailability of Res. Besides,-Res



GNPs showed good permeability through differentisas of intestine, particularly duodenum and ileum
which can be attributed to galactose attachmeNRs that mediates and accelerates the internalizafi
NPs into the enterocytes. These NPs showed raplidareuptake. Furthermore, the levels of THFL-

6 and NO were determined in the RAW 264.7 macrophaexposed to the LPS to assess the anti-
inflammatory activity of free Res, Res-NPs and B&#?s and it was demonstrated that Res-GNPs have
highest inhibitory effect on the secretion of thegokines. Wan et al synthesized Res-loaded PLEA N
for non-alcoholic fatty liver disease therapy [16he PLGA NPs were prepared using emulsified salven
evaporation method. The final formulation had 50 shd®’LGA, 9 mg of Res, 10 mg BSA solution and
stirred for 4h. The resulting size of Res-PLGA Niss 176.1 nm and it was found that Res does not
increase the size of Res-PLGA NPs. The EE% of R&APNPs was 97.25%. The zeta potential of Res-
PLGA NPs and PLGA NPs were respectively -22.6 &@d3; showing their high colloidal stability. The
release profile of Res from Res-PLGA NPs was ddtexdhthrough imitating conditions in gastric,
intestinal and intravenous juice, respectively.ti#¢ beginning, these NPs showed an initial fastasd
with following prolonged release without any buedease. After 8h, at pH 7.4, the release of Rashex
29.21%, at pH 6.8 reached 12.49% and at pH 1.dropped to 10.56%. Also, fluorescent staining
showed the internalization of Res-PLGA NPs into G2pcells. Than vitro cytotoxicity assay showed
that the drug concentration in this range is nogetdor cells. Finally, it was demonstrated thatsRe
PLGA NPs remarkably alleviate lipogenesis, incrdgsaysis and decrease hepatocellular proliferatio
compared to the free Res which are because of iragrstability, water solubility and bioactivity &es

by PLGA NPs. Vijayakumar and colleagues synthesies-loaded PLGA NPs for brain cancer therapy
[57]. Res-poly(D,L-lactide-co-glycolide)-D-tocopheryl polyethylene glycol 1000 succinate Hi&Ps
(Res-PLGA-BNPs) were prepared via single-emulsiginent evaporation technique. It was found that
the PLGA:TPGS blend ratio decreases the particke, $iut the ratio more than 1:1 has no effect en th
particle size. The EE of Res-PLGA BNPs was at e of 31.79 to 61.81 which is affected by the
concentration of TPGS in PLGA:TPGS blend ratiotlsat by increasing this ratio, the EE is reduced.
Overall, Res-PLGA BNPs had spherical shape withnmasticle size of 154 nnin vitro drug release
showed the sustained release without any bursageland it was found that the cumulative percentfge
drug release after 48h is only 49.52. The cytoioxiaf Res-PLGA BNPs and Placebo-PLGA BNPs was
evaluated on the C6 glioma cell line and Res-PLG¥PB demonstrated highest cytotoxicity. Also, these
NPs were significantly absorbed by C6 glioma cefith high concentration in the cytoplasm, showing
their effectiveness for increasing systemic avditgband improving therapeutic effect. Fonseca and
colleagues synthesized bovine serum albumin (BS&8ed NPs containing Res to evaluate their
antioxidant activity [58]. The Res-loaded BSA NPsrea prepared using coacervation method and

resulting NPs had mean particle size under 200 rnichwis appropriate for drug delivery. The zeta



potential was high and also negative because of BBégroups on the surface, leading to its great
physicochemical stability in colloidal suspensidine highest EE was 60%n vitro Res release profile
was biphasic, so that an initial drug release acduring the first 8h, releasing about 14% of Res a
followed by a prolonged drug release until 144hoider to evaluate the antioxidant activity of NPs,
hypochlorous acid (HOCI) scavenging assay was pedd. Also, Res-NPs showed a strong antioxidant
activity in a dose-dependent manner, resultinghieirt potential therapeutic effects in treatment or
prevention of pathological conditions caused by dative stress such as atherosclerosis,
neurodegenerative disease and cancer. Jung etvedtigated the antitumor activity of Res-loaded
polymeric NPs [59]. The EE of Res-loaded PEG-PLAsNVs 52.9%. The mean patrticle size was 120
nm and notably, mean particle size was similarmpty and Res-loaded NPs, demonstrating that Res
incorporation does not remarkably affect the pbartéize. Alsojn vitro release showed prolonged release
of Res over 72h under physiological conditionsvdss found that Res-loaded NPs have inhibitory &ffec
on the viability and proliferation of CT26 colonnzzer cells in a dose-dependent manner. Apoptotic
assays showed that Res-loaded NPs are more effdatigtimulating apoptosis in CT26 cancer cells
compared to the free Res. Besides, the Res-loadkdd démonstrated better inhibitory effect on the
glucose uptake and ROS productitmvivo study was performed on the CT26 tumor-bearing raiwkit
was shown that Res-loaded NPs (intravenous injgctiemarkably decrease the tumor growth and
subsequently, increase the survival time of mibewsng the potential of PEG-PLA NPs as a suitable
method to deliver Reis vivo for cancer therapy. Wu et al examined the biolalgictivity of Res-loaded
ionically cross-linked chitosan-sodium tripolyphbage (TPP) NPs [21]. The NPs were synthesized using
an ionic cross linking method. All NPs were welplersed with spherical shape. The mean particke siz
of Res-loaded chitosan-TPP NPs was 172-217 nminigaol the preferentially accumulation in the tumor
site. The zeta potential was more than 30mV, suggethe stable dispersibility of Res-loaded chatos
TPP NPs. The drug loading increased with the iingaof Res concentration and highest EE% was
11.11%.In vitro release study was performed at pH 7.4 and pHoGirhitate the physiological and tumor
tissue conditions and it was found that these NR® fa biphasic release pattern, characterizedfagta
initial burst during the first 2h, followed by aosl, sustained release. To determine the antioxidant
activity, scavenging capacity was evaluated amh found that Res-loaded NPs have higher antiokida
activity compared to the free Res (10-30% increasescavenging capacity). Also, these NPs
demonstrated a high cellular uptake and viabiliggtton human hepatocellular carcinoma cells
SMMC7721 and human normal hepatocyte cells LO2 skothe high toxicity of Res-loaded NPs
compared to the free Res, demonstrating the effichchitosan-TPP NPs for delivery of Res. Natesan
and coworkers investigated the efficacy of co-esugied Res and quercetin (QUR) in chitosan (C8) an
PEG modified CS NPs for reducing intra ocular puesgIOP) [60]. CS NPs were synthesized by ionic



gelation method using CS and TPP. The particle aimk polydispersity index of the formulation were
increased when enhancing the concentration of RifiB;ating PEG and drugs occupied in the CS-TPP
complex. Besides, increased level of PEG is aswatiaith reduction in drug loading and BE.vitro
release showed the sustained release of Res frodMRG3han PEG modified CS NPs. ROS scavenging
test showed the higher antioxidant activity of Resl QUR loaded PEG modified CS NPs compared to
the individual Res or QUR. These NPs significaimisreased the corneal permeation of Resianilvo

IOP lowering effect in normotensive rabbits, sugipesthat the QUR and Res loaded PEG modified CS
NPs have higher and prolonged levels of IOP lowenéffect than Res loaded modified CS NPs,
demonstrating the synergistic effect of Res and QWRlecreasing IOP. Kumar et al examined the
efficacy of PLGA-oil hybrid NPs for the delivery étes [61]. Polymer-oil nanohybrids (PONHS) were
synthesized using standard emulsification-solveaperation method. It was found that the PLGA 1o oi
ratio of 0.25:1 to 2:1 was very critical in pregara of PONHs. The highest and lowest particle sieee

20 and 233 nm. Also, zeta potential and EE% werthatrange of -4.6 to -33.8 and 21.3 to 90.7,
respectively. The drug release study showed a lexbbr difference at the release of Res from PONHs
and PLGA NPs. Approximately 48% of the drug wagsasekd from PLGA NPs at the first 4h, whereas it
was just 9.7% in the case of PONHs. The decreasest leffect demonstrated the more uniform
distribution of the drug inside the PONHs as coragap the standard PLGA NPs. It was demonstrated
that Res-loaded PONHs have higher antioxidant iactoompared to the free Res. Finally, these NPs
showed an excellent biocompatibility with Vero deles, showing the potential of these NPs in dajiv

of Res. Musazzi and coworkers synthesized Res-tbadeocarriers for delivery to cochlear cells [62].
Res-loaded polymeric NPs were prepared by adaptinglvent-diffusion technique without surfactant.
Thein vitro drug release showed the complete release of ResS@h. Then vitro toxicity on cochlear
cell lines (HEI-OC1 and SVK-1) showed the safetyplaink NPs, native Res and Res-loaded NPs in both
cell lines, demonstrating the effectiveness of Ragled NPs in protection of cochlear cells. Kuntaale
designed a novel approach for preparing core-slyellid PLGA NPs for Res delivery [63]. In this sjud

oil as a green solvent was used to prepare polgnMiis. The nanohybrids had core/shell structure as
compared to the round structure of PLGA NPs. PL@yet was remarkably porous in PLGA-NPs and
PONHs which is due to evaporation of residual saiwehile it was smooth in green-PONHs (G-
PONHSs). G-PONHs showed the slowest rate of drugasd. The antioxidant potential of Res was
maintained after incorporation in nanohybrids atab digher antioxidant activity was observed due to
the protective effect of oil. The biocompatibilignd cytotoxicity of NPs were assessed on Vero and
MCF-7 cells, respectively. The most biocompatipiitas observed in G-PONHs due to lack of toxic
solvent and after incorporation of Res into nanoitg) its cytotoxicity was increased, showing their
efficacy in improving the biological activity of Reand also its delivery. Shen and coworkers syitbes



ultrasound-mediated nanobubbles (NBs) for delivafrRes [64]. The Res-loaded NBs were prepared
using a double-emulsion method. These nanocati@isgreat properties in terms of high Res-loading
efficiency and ultrasound triggered accelerated RREsase. In vitro study showed that these naniecsurr
have high anti-catabolic activity. Also, in vivoudly approved that the injection of Res-loaded NBs
remarkably retards the degenerative process ofntieevertebral disc, showing the potential of these
nanocarriers in improvement of intervertebral disgeneration. Zhang et al investigated the effiazcy
alginate-shelled soy protein isolate (SPI) NPstlfer encapsulation of Res [65]. The diameter and zet
potential were 204.5 nm and -36.4mV, respectivalgo, these nanocarriers showed Res EE as high as
91.9%. The encapsulation of Res did not decreasairitioxidant activity, while the encapsulation
increased the resistance of Res to digestion itrigaand UV-induced isomerization. Tabibiazar et al
examined the efficacy of colloidal nanodispersiétavine serum albumin (BSA)-Res on improving the
dispersibility, stability and antioxidant activiof Res [66]. The Res was stabilized using BSA @aioéar
ratio of 2.3:1 of Res:BSA. This complex remarkapigtected Res from UV-induced isomerization. The
anti-oxidant activity of Res decreased an almofsti®s after 3 days, whereas the antioxidant agtieft
BSA-Res complex was not significantly changed. Atets complex significantly enhanced the soluilit
and stability of Res in aqueous medium. Santos &tvastigated the potential of layer by layer (QbL
nanostructures on the bioavailability of Res [@#e LbL nano-formulations composed of 5.5 bilayafrs
polyallylamine hydrochloride and dextran sulfate@vprepared and their pharmacokinetic was examined
following oral dosing to Wistar rats (20 mg/kg). ée nanocarriers significantly increased the
bioavailability and chemical stability of Res. Igias et al synthesized chitosan-based biomatdnals
delivery of Res [68]. Chitosan-NPs composites werepared using ionically gellation of chitosan
dispersion containing the Res-loaded NPs with tipigilylic acid. These NPs demonstrated great featur
in terms of thermal stability and cumulative druglease as high as 79-81% at the simulated colon
condition for 48h. Zhang et al examined the potrdf zein NPs for co-encapsulation aftocopherol
and Res [69]. Zein colloidal NPs were synthesizgidgidesolvation method. The EEostocopherol and
Res was 96% and 67%, respectively. Particle sidezata potential of NPs were 80-122nm and +27 to
+60mV, respectively. These NPs showed good stlgilid provided a protective effect on Res and
tocopherol. Wan et al examined the efficacy of Rasled PLGA NPs for non-alcoholic fatty liver
disease (NAFLD) therapy [70]. The Res-loaded PLGRsNvere prepared using an oil/water emulsion
technigue. The average size and zeta potential W&eln and -22.6mV, respectively. The EE and drug
loading were 97.25% and 14.9%, respectively. ThéBe showed great features in terms of sustained
release pattern in acidic conditions, good stahilind efficacy in alleviating lipogenesis, promgti

lipolysis and reducing hepatocellular proliferatishowing the promising potential for NAFLD therapy
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Table 1: Studies supporting the efficacy of polymeric naartiples in delivery of resveratrol.

Carrier Cél line/Animal model/Method Major outcomes Refs

Bovine serum album-baser | Hypochlorous acid (HOCI) scavenging as | High antioxidant activity compared to the fi| [58]

NPs Res

Polymeric NP CT26 mouse colon cancer ¢ Dose-dependent  effect and remarka| [59]
inhibitory effect on survival and growth of
tumor cells

Chitosal-TPP NP Human SMMC7721 and LO2 ce Excellent an-proliferative activity agains| [21]
tumor cells

Chitosan and peg modifie] Normotensive rabbi Improved corneal permeation and effici| [60]

chitosan NPs reduction of intra ocular permeation

PLGA-oil hybrid NP: DPPH free radical scavenging as Improved antioxidant activi [61]

PLGA NP: Cochlear cell lines (HFOC1 and SVI-1) High cytotoxicity on HE-OC1 and SVI-1 cells | [62]

PLGA NP: High biocompatibility and stability as well | [63]

controlled release




2.2 Lipid-based nanocarriers

2.2.1 Liposome

Liposomes are one of the first lipid-based wellgstigated drug nano-carriers (50-1000inrdiameter)
[71]. These spherical bilayered nanostructures imaionsist of phospholipidand cholesterol. The
carriers can be prepared as stimuli-responsivesarait nanoplatform® encapsulate both lipophilic and
hydrophilic compounds [72]. Encapsulation of hydropic molecules inserted into the bilayer
membrane, and hydrophilic molecules entrappedératiueous center protect the compounds from early
inactivation, degradation and dilution in the clation [73]. Liposomes diminish nonspecific sidéeets

and reduce toxicity of drugs. As a drug delivergteyn, liposomes offer the capacity for self-assgmbl
[74]. Liposomes are beneficial delivery systemsemms of biocompability, protection of loaded drugs
against degradation, delivery of low soluble dragd ability to increase the targetability [75-77].

Caddeo et al synthesized PEG-modified liposomesaging Res [78]. In this study, liposomes were
modified with PEG surfactants as a surface modificastrategy to increase the stability of Res B0 a
deliver it without affecting its antioxidant capgci PEG-poly(propylene glycol) (PPG)-PEG, a water-
soluble block polymer non-ionic surfactant and fawerol PEG succinate (TPGS), a water-soluble non-
ionic surfactant were used as surfactant modifiBESG-modified liposomes were synthesized using a
simple method involving the sonication of the phudjpid (P90G), PEG-PPG-PEG, TPGS and Res in
water. The resulting liposomes had dramatic praggrso that they showed small size (85 nm), good
homogeneity and negative zeta potential (-20 m&jardless of the presence of Res. The EE was 95%
for PEG-modified liposomes and the concentrationoafled Res did not remarkably decrease during
storage over the course of 2 months. Morphologicdiiese liposomes had fairly spherical shape with
predominant unilamellar structure. The drug relestsey showed that PEG-modified liposomes release
Res in a time-dependent manner with sustainedselbahavior and PEG-surfactants play a remarkable
role in controlling release rate. Due to the dil@tact of liposomes with blood, their possiblenbgytic
effect was investigated. PEG-modified liposomes alestrated negligible hemolysis compared to the free
Res and conventional liposomes, so that after Ghanibation of human erythrocytes with the liposbma
formulations, no remarkable impact was occurredaftet 18h of incubation, a slight raise of hemiglys
was observed. The antioxidant activity was evablidtg DPPH assay and it was found that as well as
Res, PEG-modified liposomes have antioxidant dgtivivhich is maybe due to active soy
phosphatidylcoline. Also, antioxidant activity ofeR formulations was assessed ex vivo in human
erythrocytes by the CAA test and Res-loaded PEGHm®ddliposomes showed a dose-dependent

antioxidant effect, demonstrating their potentslaananocarrier for delivery of bioactive Res. mother



study, Ethemoglu and coworkers investigated the@amiulsant activity of Res-loaded liposomes [79].
Liposome dispersions were synthesized by thin féichniqgue and then, other materials were added. It
was found that Res at the dose of 2, 10 and 20griwk no effect on the penicillin-induced epilepBye
particle size and zeta potential of Res-loadedstproes were 194.55 nm and -32.6 mV, respectively.
Notably, Res-loaded liposomes significantly decedafe penicillin-induced epilepsy. GST, GSH, SOD
and MDA assays were performed and showed that dg2eed liposomes have high antioxidant activity.
Overall, these results demonstrate the promotioandibxidant and antiepileptic properties of Res by
liposomes. Also, transferrin (Tf)-targeted, Resdied liposomes are suitable choices for treatment of
glioblastoma [80]. In this study, the liposomes aveynthesized using the thin film hydration method.
Then, to synthesize Tf-targeted liposomes, Tf niegetvere attached to the distal ends of liposome-
grafted PEG chains. Approximately 70-75% of inifigddded Res was encapsulated within liposomes,
showing good drug binding efficiency. The partislee of liposomes was < 200 nm and addition of Tf
increased their size by about 20-30 nm. It was destnated that Tf modification of liposomes increase
their association with U-87 MG human glioblastorellsc and TfR-modified endocytic pathway is
involved in the uptake of Tf-liposomes by cells.eTketa potential of Tf-Res-liposomes was -34.1 mV.
These liposomes demonstrated higher cytotoxicigjires U-87 MG cells compared to the Res-liposomes
in a dose-dependent mannkrvivo study was performed on U-87 MG tumor xenograftringamice. It
was found that Tf-Res-liposomes significantly inhthe tumor growth and increase the survival ofeni
compared to the free Res, showing their efficacfréatment on glioblastoma tumor. Zu et al designed
Res liposomes to increase the cytotoxicity of Resnorrine 3T3-L1 fibroblasts [81]. After encapsudati

of Res in lipid nanocarriers (Res-nano) and liposeifRes-lipo), the aqueous solubility and stabdity
Res were improved. In this study, triglyceride weyslaced bya-tocopherol acetate{A), consequently
eliminating exogenous triglyceride and increasigdnti-oxidative capacity of nanocarriers. Theiplar
size of nanocarriers was under 100 nm and zetaf@tef Res-nano and Res-lipo was around -19 and -
28 mV, respectively. The EE of Res-nano and Resias 96.5% and 96.0%, respectively and Res’s
loading capacity in Res-nano and Res-lipo was 28&f%d 25.3%, respectivelyln vitro release
experiment exhibited the prolonged release of Res Res-nano and Res-lipo. It was demonstrated that
these nanocarriers are biocompatible because infritve-toxicity on 3T3-L1 fibroblast cells. Also,&3-
nano and -lipo remarkably increased the cellulaakg of Res which resulted in higher expression of
UCP1, beige marker CD137 and other browning mar&edslower expression of white marker IGFBP3,
demonstrating the potential of these nanocarrierpromoting browning efficacy with minimal side
effects.
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Figure 3: A) Visual observation of R-nano, R-lippdanative R and transmission electron microscope
(TEM) and predicted structures of R-nano and R:IBpAccumulative R release for native R, R-nano
and R-lipo [81].

On the other hand, Park et al prepared chitosateddgosomes to increase the skin permeation sf Re
[82]. After the synthesis of NPs, chitosan was ddtbecoat liposomes. The particle size of uncoated
liposomes was 212.83nm and after coating with shito their size was elevated and the maximum size
was 558.35nm. So, the particle size dependent oselm concentration. The zeta potential of chitesa
coated liposomes was at the range of 26.5 to 3¥.2The EE of uncoated liposomes was 83.91%, but
this value for chitosan-coated liposomes was atrédmge of 81.36 to 82.95%, showing that chitosan
decreases the EE of nanocarriers, though not ignéisant level.In vitro skin-permeation efficiency of
Res showed that chitosan-coated liposomes inctbas&tability and skin permeation of Res, sugggstin
that these liposomes can be considered as appepréansdermal delivery systems for an antioxidant
defense system to delay skin aging. Bonechi etealgded liposomes as carriers for Res [83]. The
liposomes were made by a saturated phosphatidyireh¢DPPC) and cholesterol (or its positively
charge derivative DC-CHOI) to optimize the loadinfgRes. In DPPC/CHOL liposomes, the maximum



loading of Res was 6.9 * M with the mean diameter at the range of 240 1 138 and zeta potential

at the range of -1 to -10mV. In DPPC/DC-CHOL liposzs, the maximum loading of Res was 5.9 * 10
M, mean diameter was at the range of 110 to 130itim zeta potential at the range of +54 to +57mV.
These nanocarriers were biocompatible, so thatotkieity assay showed that they are at least safthé
NIH3T3 and U3763-MG (mouse fibroblasts and asteg)ytshowing the potential of these nanocarriers
for using inin vivo experiments. Meng et al synthesized liposomesaaing Res and paclitaxel (PTX)
for drug resistance reversal in breast cancer [84ls In this study, Res was co-encapsulated ®RifX in

a PEGylated liposome. The PEGylated liposome wathegized using the standard ultrasonic dispersion
method. Modification of liposome surface with PE@yndecrease the capture of liposome by the liver or
spleen. The liposomes were moderately uniform ghetrical in shape. The average liposome size was
50nm, resulting in decreased capture of liposomenbgrophage in liver and spleen. The EE was more
than 50%, showing that PTX or Res can be loadegtheg into a composite liposome. Standard viability
assay was used to evaluate the antitumor effichipasome-encapsulated drugs against drug-seasitiv
and drug-resistant breast cancer cells and it asvis that the greatest toxicity is associated with
composite liposome containing PTX and a higher dd$es.In vivo study was performed on nude mice
with the drug-sensitive MCF-7 or the drug-resistMdCF7/Adr xenografts and it was found that
composite liposomes containing PTX and Res (intraus injection) have highest inhibitory effect be t
tumor growth and also its volume, showing that dwedelivery of Res and cytotoxic agents by a
nanocarrier is beneficial in treatment of drugstsit malignancies. Narayanan et al investigated th
efficacy of liposome containing curcumin (Cur) aRds in decreasing prostate cancer incidence [85].
Notably, it was found that oral administration ipldsome containing Res and Cur results in highemse
concentration of Cur (252 ng/ml) compared to theodCur alone (100 ng/ml). Liposomes were
administered by oral gavage in male B6C3F1/J mickiawas shown that liposomes containing Res and
Cur significantly decrease the weight and growttpfstate tumors, showing the potential therapeutic
effect of these liposomes in treatment of prostatecer. Csiszar and colleagues examined the efffac
fusogenic liposomes containing Res in activatioNd® and alleviation of oxidative stress [86]. Wlo
cytometry and laser scanning microscopy demonstridigt these liposomes increase the uptake of Res
by cerebromicrovascular endothelial cells (CMVE({Zsin aged rats. Also, Res encapsulated in fusogenic
liposomes increased the transcriptional activityNff2, attenuated oxidative stress and exerted anti
apoptotic effects in aged CMVECSs, demonstratingdigability of these nanocarriers in prevention or
control of oxidative stress-related pathophysiatabconditions in aging. Lu et al investigated #fi=ct

of liposome encapsulation technique in improving-earcinoma effect of Res [87]. The Res liposomes
were prepared by reverse-phase evaporation methoslas demonstrated that EE is increased by
reduction in the level of cholesterol, but in adtng to the positive effect of cholesterol on diabig the



bilayer structure of liposome, a certain amountchblesterol is always vital for the formation of
liposome. These liposomes were spherical and additi Res increased their particle density andgeart
size of Res liposomes was 120nim.vitro release experiment exhibited that the releaseesf fRom
liposomes is pH-independent, but the relative loleeel of drug release rate at pH 7.4 was promiging
obtain the long circulating property. The toxicit§ Res liposomes was performed on the HelLa and
HepG2 cells and it was found that Res-liposomestaxere inhibitory effect on the tumor growth
compared to the free Res. Wang et al examined nbieqtive effect of Res derived from Polygonum
cuspidatum and its liposomal form on nigral ceflparkinsonian (PD) rats [88]. Lecithin and choézst
were used to synthesize liposomes. ROS levels ah@CT were respectively increased and decreased in
the nigral area of PD model rats, and Res and RResdmes, specifically Res-liposome, remarkably
decreased the levels of ROS, while remarkably asmd the level of T-AOC. Also, the number of
apoptotic cells was increased in PD rats by 4 follsd Res and Res liposomes, particularly Res
liposomes remarkably decreased the number of afoptells, showing the more potent therapeutic
effects of Res liposome due to its increased bitahitity. Wang et al investigated the anti-tumdfeet

of gold nanoshell coated thermos-pH dual responpasomes containing Res [89]. In this study, a
multifunctional responsive drug carrier was pregarng loading Res in chitosan (CS) modified liposeme
and coated by gold nanoshells (GNS-CS-Res-lipospniEise resultant liposomes had excellent
properties in terms of broad near-infrared (NIRya@bance, high capability, stability, high loading
capacity of Res, great cellular uptake under NEedarradiation. MTT assay was performed to mahifes
the toxicity of these liposomes and it was founak tifhese liposomes significantly decrease the hityabi

of HelLa cells, showing a promising application oN&CS-Res-liposome as a biocompatible and
multifunctional agent for impressible cancer trestitn Doppalapudi et al prepared psoralen (PSR) and
Res co-loaded ultraformable liposomes (UDL) for tteatment of vitiligo [90]. UDL were synthesized
by thin film hydration technique. The particle siaed zeta potential respectively were at the rafge
105.55 to 157.45nm and 38.35 to 47.95mV. These aaariers showed good stabilitin vitro release
profile showed that Res and PSR release in a mebbmelease behavior from UDL. These nanocarriers
showed remarkable cell uptake and high cytotoxieigginst human melanoma cells (B16F10 cells).
Also, PSR and Res co-loaded UDL demonstrated #gnif antioxidant activity and potential induction
of melanin and tyrosinase activity, showing theitemtial therapeutic strategy for vitiligo treatrhen
Balanc et al designed new Res delivery systemsdbase alginate-sucrose and alginate-chitosan
microbeads containing liposomes [91]. Multilamellpid vesicles (MLV) were synthesized by
proliposome method. The average diameter of lip@sowithout cryoprotectant was 412nm and addition
of sucrose increased their size to 471nm. The pa&tential of nanocarriers was more than 20mV and it
was demonstrated that after addition of sucrose7atialys of storage, the zeta potential decreasehwh



is due to desorption of sucrose from the liposorsagface, leading to the increased liposome
electrophoretic mobility. The chitosan coating vsformed to decrease the diameter of particles and
release rate, but on the other hand, it resultddvirer drug EE and weaker particles. Also, it wasnid

that a combination of alginate and sucrose leadthé¢oincreased barrier to Res diffusion but better
rehydration properties, showing the efficacy ofsth@anocarriers for application in the food induatnd
pharmacy. Caddeo et al examined the impact of QbR Res co-incorporated in liposomes on skin
cancer-associated inflammatory/oxidative respof82é [The liposomes were prepared using dispersion
method. The QUR-Res liposomes had great propeéntitsms of good mean size (97nm), zeta potential
(-40mV) and high EE as much as 71.2% for QUR and%?2for Res. It was shown that liposomal
formulation does not decrease the antioxidant igtof the polyphenols and also the empty vesicles
exhibited antioxidant because of active soy pholipids. Cell viability showed that QUR-Res liposasne
have lower toxicity on the viability and survivaf buman dermal fibroblasts and these liposomes
increased the intracellular uptake of QUR and Résn, QUR-Res liposomes remarkably decreased the
levels of ROS which is in line with both greateldar uptake and increased cell viability vivo study
demonstrated that topical treatment with QUR-Rpssibmes leads to the moderate attenuation of the
lesion at the back of mice, and subsequently, ¢isgpair and wound healing, showing the potential
therapeutic effect of QUR-Res liposomes for theattreent of skin conditions associated with
inflammation and oxidative stress. Cadena et astigated the effect of nano-encapsulation of QU a
Res into elastic liposomes on the subcutaneou®3t These liposomes were prepared using thim lipi
film method. These nanocarriers showed great ptiegen terms of good stability, excellent EE (a¢ t
range of 86 to 97.3%) and mean size of at the rafd®6.5 to 166.7nmin vitro release study showed
that both Res and QUR release from liposomesallyitivith a burst release and then, followed by a
controlled release. These results demonstratefficaay of these liposomes in delivering Res andRQU
but more researches should be performed to erfseiresafety and efficacy for using in injectablenfioin
treatment of subcutaneous fat reduction. Cadded ®tnthesized succinyl chitosan-stabilized lipoesm
for the oral co-delivery of quercetin (QUR) and R&4]. The succinyl-chitosan liposomes were pregare
by dropwise addition of liposomes to a N-succinyitasan aqueous solution under gentle stirringhtig
scattering results exhibited that these liposontessmall in size (approximately 80nm) with good
homogeneity and highly negative zeta potential egh38mV). Also, the EE was about 70%. It was
shown that these liposomes have good resistartidic aonditions. The succinyl-chitosan forms a pH-
sensitive shell on the liposome surface to prdipcsomes against the acidic pH of stomaehvitro
release study showed that QUR releases from lipesdma rapid pattern which reaches to maximum in
20 min, while Res released in a slow and steadg.pHoese results demonstrate that succinyl-chitosan
liposomes are appropariate delivery systems fomib@rporation, protection and release of QUR aad R



in oral delivery. Cosco et al synthesized ultradaftble liposomes (UDLs) for topical delivery of Res
and 5-fluororacil (5-FU) [95]. The mean diameterldDLs was less than 120nm with a polydispersity
index of 0.2, showing a non-homogenous size digioh. It was found that encapsulation of drugs
increases the size of these NPs. The zeta potardsht the range of -25 to -30mV. The EE for Ret a
5-FU were approximately 77% and 50%, respectivdlge release profile evaluation showed the
prolonged release of these drugs from UDLs. Peneatas permeation experiments showed that
encapsulation of Res and 5-FU into UDLs signifibarnincreases their percutaneous permeation
compared to free drugs. To assess the anti-tumitaof these carriers, their toxicity on skinrazer
cells (Colo-38 cells) was determined and these cemniers remarkably decreased the viability of skin
cancer cells (about 70%). Xu et al prepared pemtidmnic liposomes (PDCLs) for co-delivery of Res
and p53 gene [96]. These liposomes were synthesigiag thin-film and ultrasonic dispersing method.
The zeta potential was at the range of 81.4 to80Y9, ensuring the stability of drug-loaded liposeme
for at least 3 months in terms of appearance atidity. The particle size was from 65.9 to 220.7ana

it was found that the particle size increases Hyaaning the concentration of Res. The EE was at the
range of 65.13 to 94.32%. MTT assay was performedevaluate the inhibitory effects of these
nanicarriers containing Res and P53 gene on MCRd/HeLa cells. It was found that Res and P53 gene
have synergistic effect and these nanocarriersrieahly decrease the viability of cancer cells. ARes-
P53 gene-loaded liposomes showed high apoptosisiimgl activity, demonstrating their potential for
cancer therapy. Joraholmen et al prepared Resdodigesomes for topical treatment of vaginal
inflammation and infections [97]. The Res-loadgmbdsiomes showed great properties in terms of vesicle
size (206 to 225nm), polydispersity index (0.12Dtb4), zeta potential (14.77mV) and EE (74 to 80%),
good mucoadhesive property and prolonged releaseesfas well as excellent anti-oxidant and anti-
inflammatory activities. Also, these liposomes destoated anti-microbial property, showing their
efficacy against vaginal pathogens. Vanaja et aéstigated the anti-oxidant activity of Res-loaded
liposomes with and without vitamin C [98]. The lgmones were synthesized using thin film method. The
particle size was at the range of 10.3.3 to 134.2nthzeta potential was more than -30mV. It wasveho
that these liposomes increase the radical scavgmrdfact of Res. Also, Res-loaded liposomes inbibit
the oxidative burst reaction in buffy coats witle tffect slightly increased in the presence ofmitaC.
Reduction in the ROS production during incubatibhuman umbilical endothelial cells (HUVECS) with
H,O, further approved the antioxidant activity of Readed liposomes, showing their potential for
decreasing the intracellular accumulation of ROS.



Table 2: Studies supporting the efficacy of liposomes felivetry of resveratrol.

Carrier

Cdl line/Animal mode

Major outcomes

Refs

Ultradeformable liposom:

Melanocyte cells (B16F1

High penetration and improved antioxid:

[90]

activity as well as induction of pigmentation and

restoration of redox balance

Alginate-sucrose an Small diameter of particles and slower releas| [91]

alginate-chitosan microbeads Res

containing liposomes

Liposome Human dermal fibroblas Great an-ROS ativity and neutralizing| [92]
inflammatory response, resulting in tissue repair
and wound healing

Elastic lipcsome Promising for subcutaneous inject [93]

Succinyl chitosa-stabilized Promising for oral delivery due to protection| [94]

liposomes bioactive polyphenols

Ultradeformable liposom: SK-MEL-28 and Col-38 cell Great antitumor activity on skin cancer cells i| [95]
potential treatment for squamous cell carcinoma

Peptide cationic liposom.| HeLa and MCH7 cells High tumor growth inhibition and gre| [96]

nanocarrier apoptosis-inducing activity

Liposome Murine macrophage J714A.1 c Great toxicity against vaginal inflammation &| [97]
infection

Liposome Human umbilical vein endothelial ce Excellent antioxidant activi [98]




2.2.2 Micdle

Nano-sized polymeric micelles composed of amphiphiblymer macromolecules can encapsulate water
insoluble agents in their hydrophobic cesesolubilizehydrophobic therapeutics and imaging agents [99,
100]. The hydrophilic segment forms the corona iéglds the core, allows compatibility of the niieg

in the aqueous environment and protects the loddegs from interactions with the blood components
[101]. Within recent decades, much attention hanlperformed towards micelles because of their
biocompatibility and target delivery [101].

Guo and coworkers investigated the effect of Red-[2TX-loaded polymeric micelles for improvement
of drug-resistant tumors [64]. Res-DTX-loaded nmgshad an average particle size of 17.1nm and
polydispersity index of 0.27. Also, the loadingsR#s and DTX in the micelles were 16.89% and
16.87%, respectivelyn vitro drug release study showed the continuous anddkestse in the first 12h
and after that, release rate was decreased aflig,fihe cumulative release of both DTX and Re<hea
approximately 80% at 72h. The MTT assay evaludtedtytotoxicity of Res-DTX-loaded micelles on
MCEF-7 cells. The blank polymeric micelles showedcgtmtoxicity, suggesting their biocompatibility,
while Res-DTX-loaded micelles significantly decregdshe viability of MCF-7 cells which is due to
increased endocytosis uptake at the presence ofsSREIzon the surfacén vivo study on rats showed
that these micelles (intravenous administratiomakably increase the exposing time of Res and ITX
the blood circulation, demonstrating the poterifahese nanocarriers in treatment of drug-resistan
tumors. Lu et al examined the role of Res-loaddynperic micelles in protection of cells fromBA
induced oxidative stress [102]. In this study, pcdyprolactone (PCL) was selected as the hydrophobic
core of the block polymer due to its good drug esaoéation ability and polyethyleneglycol (PEG) was
selected as the hydrophobic shell due to its biguaitility and hydrophilicity. These nanocarrieesda
spherical shape with smooth surface. The highest ldbading and EE were 20% and 89%, respectively.
Drug release experiment demonstrated the sustedtesse of Res from these NPs and also these
nanocarriers significantly absorbed by PC12 ctllsas found that Res-loaded NPs protect PC12 cells
from AB-induced damage in a dose-dependent manner viaakeg intracellular oxidative stress and
caspase-3 activity. Cote and colleagues investighte effect of Res-QUR-loaded polymeric micellas o
the doxorubicifDOX)-induced cardiotoxicity [103]. These micellwsre capable of retaining 1.1mg/ml
and 1.42mg/ml of Res and QUR, respectively. Thétmo release study showed the first order kinetics
over 48hln vitro cell viability showed the synergistic effect oftbarugs in decreasing viability of
human ovarian cancer cells (SKOV-3) and antaganéstect in rat cardiomyocytes (H9C2). Also, these
nanocarriers exhibited high scavenging activitiABC2 cellsIn vivo study provided another proof for



cardioprotective effect of these nanocarriers, shgwhe potential of Res-QUR-loaded polymeric
micelles in alleviation of acute DOX-induced catdiocity. Carlson et al investigated the efficay o
Res-Cur -loaded polymeric micelles on ameliorabb®OX-induced cardiotoxicity [104]. Res-Cur at a
molar ratio of 5:1 in F127 micelles were synthedimsing the solvent casting method. The partide si

of micelles was 25.05nm with a polydispersity ind€x.059, showing a unimolar distribution. Thel cel
viability indicated that this combination of Resda@ur are synergistic in SKOV-3 (ovarian cancelsgel
and antagonistic in H9C2 cells (cardiomyocytess0AROS activity was restored to the baseline in
H9C2 cells. Overall, results showed that co-adraii®n of Res and Cur by micelles decrease the DOX
induced cardiotoxicity via reduction of apoptosiel &0OS, whereas these micelles improve DOX potency
in ovarian cancer cells. Katherine et al examimedpotential of polymeric micelles in increasingdong
efficiency and efficacy of DOX and Res [105]. Thedhanced loading is because of desirable interagtion
of DOX and Res as well as to the interaction wighzyl substituents of PEG-b-PBCL diblock copolymer
micelles. Also, these micelles significantly enteshthe EE% of DOX (from 31% to 87.7%). These
polymeric micelles containing DOX exhibited enhahcgtotoxicity against HeLa cells compared to
DOX only loaded micelles. The micelles were synitexs using a solvent evaporation method with the
average size from 44.3nm (PEG-b-PCL micelles) térmh (PEG-b-PBCL micelles). Also, these
micelles were spherical with fairly narrow dispgyrsirhe highest EE was 87.7%. Hu et al prepared
paclitaxel (PTX)-Res-loaded polymeric micellesifmreasing the antitumor activity [106]. The
polymeric micelles were synthesized using thin filrathod. The particle diameter and EE were 20nm
and 95%, respectively. Also, in vitro drug relealewed the time-dependent sequential release of Res
and PTX, leading to the sensitizing of cancer dellapoptosis. Notablyn vitro cytotoxicity assay was
performed and it was found that this combinatisatetyy exerts synergistic effect and significant
cytotoxicity on PTX-resistant human lung adenocaraia epithelial (A549/T) cell line and mice sarcoma
180 (S180) cells, whereas they have restricteditgxdn normal cells. This inhibitory effect on the
viability of tumor cells is due to manipulation RDS levels by redox modulation and decreasing
protective autophagyn vivo experiment on S180 bearing mice indicated theedesad tumor volume

and growth, showing the efficacy of PTX-Res-loagetymeric micelles in treatment of cancer. Kimlet a
synthesized self-assembled polymeric micelles dontined delivery of Res and heme oxygenase-1 gene
(pHO-1) [107]. Cholesterol-conjugated polyamidoaenjRAM-Chol) was prepared for delivery of Res
and pHO-1 into lungs by inhalation. Thevitro transfection assay showed the higher transfection
efficiency of PAM-Chol micelles compared to thedipctamine and polyethylenimine. Res was added
into the cores of PAM-Chol micelles using the oiwater emulsion/solvent evaporation method. In
order to approve the anti-inflammatory effects, Resled PAM-Chol micelles were added to the
lipopolysaccharide (LPS)-activated macrophage egltsremarkably decreased the level of pro-



inflammatory cytokines. The delivery of Res and pH®y inhalation in AL1 animal model was assessed
and it was demonstrated that Res delivery by PAMIR®s micelles inhibits the nuclear translocatibn
NF-kB and decreases pro-inflammatory cytokinesiings, showing the potential of these nanocarriers i

treatment of acute lung injury.
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Figure 4: A) Schematic presentation of Res-loadéextlhes. B, C and D) Anti-inflammation property of

Res-loaded micelles [107].

2.2.3 Lipid nanoparticles

Solid lipid nanoparticles (SLN) are considered ffisient nanostructures because of their great gntigs
such as lack of organic solvent, excellent stabilith maintaining solid status at body temperatitee
latter feature made them an alternative not onlyrganic nanoparticles but also to previous lipdédd
formulations (e.g. liposomes). Further studieshenformulation helped on the betterment of the SLN.
The incorporation of a liquid lipid to the solid tri& of the nanoparticle was shown to enhance the
number of imperfections in the core solid matrhuyd facilitating the incorporation of an enhanced
amount of drug, while maintaining the physical #ighof the nanostructures. The new unstructured-
matrix SLN was designed as nanostructured lipidexar(NLC) [108]. Lipid NPs are appropriate

systems for delivery of lipophilic agents like Res.



Yadav et al examined the effect of Res-loaded diglid NPs on mitochondrial oxidative stress in
vascular dementia [109]. These NPs had an averagefs286nm and EE of 91.25% vitro release
study showed the sustained release behavior ofrBasthese NPs. Also, it was shown that Res-loaded
lipid NPs had 4.5 times higher levels of Res irirbthan when administered as free Res. In vivo
experiment was performed on bilateral common cdtiery occlusion (BCCAO) rats. It was found that
Res-loaded NPs remarkably decrease oxidative stizsgtivation of Nrf2/HO-1 pathway, showing the
efficacy of these NPs in treatment of neurodegédiverdisorders. Chen and coworkers prepared Res-,
vitamin E (VE) and -epigallocatechin gallate (EG@@gded lipid NPs for skin care applications [110].
These nanocarriers showed great properties in tefimgh uniformity, good stability, protection Bles
and VE against UV degradation and sustained relgfaRes. Skin permeation study demonstrated the
improved penetration of Res through stratum cornbuitinese lipid NPs. Jose and colleagues evaluated
the efficacy of Res-loaded solid lipid NPs for brdelivery [111]. In this study, Tween 80 or a
combination of Tween 80 and polyvinyl alcohol wased as surfactants. The average particle size and
zeta potential were 248.30nm and -25.49mV, respalygtiAlso, these NPs were spherical in shape with
smooth surface and showed sustained release patterin vivo study on Wistar rats exhibited thalics
lipid NPs effectively increase the concentratioriRek in brain compared to the free Res. Pandita and
colleagues designed solid lipid NPs to enhancethkbioavailability of Res [112]. These NPs were
synthesized using solvent diffusion-solvent evaponanethod. These NPs demonstrated excellent
properties such as smooth surface, average dianfet@4nm, zeta potential of -34.3mV and EE of
88.9%. It was shown that these NPs significanttyegase the oral bioavailability of Res (8.035-fold
improvement) compared to the drug suspension. dthan study, the potential of N-trimethyl chitosan-
palmitic acid (TMC-g-PA) surface-modified solidilipNPs for improving the oral delivery of Res was
examined [113]. The patrticle size and polydispgiisitiex were 258.28nm and 0.32, respectively. Zeta
potential and EE were 20.79mV and 95.45%, respalgtiWhein vitro release experiment demonstrated
the partial and negligible release of Res in sitealgastric and prolonged release in simulatedtints
conditions. It was shown that bioavailability of$e significantly higher (3.8 fold) frin TMC-g-Pgolid
lipid NPs compared to the Res suspension. Troshddsigned chitosan-coated lipid NPs for brain
delivery of Res [114]. The mean diameter of NPs atabe range of 68.5 to 84.5nm which is approgriat
for nasal delivery. Zeta potential of chitosan-eddtiPs was at the range of 24 to 44.6mV. It wasvsho
that nasal delivery of Res by these NPs remarkabhgase the concentration of Res in rat cerelmaspi
fluid (CSF) compared to the free Res. In anothadstthe mediation of cell uptake of Res by saliitll
NPs was evaluated [115]. The solid lipid NPs werdlsesized by the melt-emulsification mechanism.
The polydispersity index was about 0.3, showingeseptable homogeneity and zeta potential of -38mV
demonstrates physical stability. Also, solid liple®s showed high cellular uptake and distributidmese



nanocarriers induced no alteration in cell morppglanetabolic activity or cell cycle. Besides, Res-
loaded solid lipid NPs were concentrated aroundenueleasing Res in a prolonged pattern and tesul

in cytostatic impact with outstanding S-arrest@f cycle and a large drop of G2/M phase, showirg t
potential of these NPs for prevention of skin canktea study, Res and grape extract-loaded sipiid |

NPs were used to remedy Alzheimer's disease [T6].size of unloaded NPs was 142nm and adding
grape extract increased their size by 188nm. EEawvti®e range of 88 to 97%. It was shown that solid
lipid NPs functionalized with anti-tranferrin redepmonoclonal antibody (OX26mAb) have higher
cellular uptake by human-brain endothelial cellspared to the normal lipid NPs. Neves and coworkers
designed Res-loaded solid lipid NPs functionalizaét apolipoprotein E for targeting brain [117]. d3e
nanocarriers had excellent features such as aveizgéwer than 200nm, zeta potential of -13m\ghhi
EE (90%) and great biocompatibility. Permeabilisgay revealed that Res-loaded solid lipid NPs
functionalized with apolipoprotein E have highenetation ability (1.8-fold higher) compared to the
non-functionalized ones. Neves and colleagues sgited novel lipid NPs to improve the oral
bioavailability of Res [118]. The method which wased to synthesize lipid NPs, was a combination of
high shear homogenization and ultrasound methoelsd@ NPs demonstrated good characteristics in terms
of EE of 70%, average size of 150-250nm, polydisipemdex of 0.2, zeta potential of -30mV and good
stability. Thein vitro release study exhibited that the Res remainediyrasdociated with the lipid NPs
after their incubation in digestive fluids. Gokaelacoworkers assessed the anti-oxidant potentidest
loaded solid lipid NPs (Res-SLN) and nanostructliggd NPs (NLC) [119]. NPs were synthesized using
high shear homogenization. Particle size for Rel-8hd NLC was -15.3 and -13.8mV, respectively.
Overall, NLC are more effective for delivering Reghe epidermis due to their lower ROS production.
In another study, Montenegro et al showed thabtiotusion factor is beneficial to forecast thevivo

skin hydration resulting from topical applicatiohvarious lipid nanocarriers loading Res which has
inherent hydrating activity [120]. Shrotriya etsghthesized Res-loaded solid lipid NPs for skigdéing
[121]. Res-loaded solid lipid NPs were preparedgighe probe ultrasonication method utilizing Preti
ATO5 and Tween 20. These nanocarriers had meamsiae than 100nm and 68-89% of EE. Also, they
showed controlled drug release up to 24h. In \d&position experiment demonstrated that these NPs
remarkably target skin without making any irritatid he in vivo study provided a result about the
efficacy of Res-loaded solid lipid nanopatrticle geinhibiting ear swelling. Serini et al examinid
antineoplastic activity of omega-3 PUFA loaded #sfbased solid lipid NPs [122]. The average particl
size and polydispersity index were at the rangg7dfto 1000nm and 0.198 to 0.22, respectively. The
nanocarriers were prepared using a microemulsticmique at moderate temperature according to gasco
procedure [123]. It was found that encapsultionroega-3 PUFA into Res-loaded solid lipid NPs
remarkably enhance their incorporation in human29Tcolorectal cancer cells and also their growth



inhibitory effects via decreasing cell proliferatidn another study, Wang and colleagues investibtte
antitumor effects of Res-loaded solid lipid NPs4[LZ he emulsification and low-temperature
solidification method was used to synthesize tmes®carriers. The Res-loaded solid lipid NPs showed
good properties in terms of small size, negativer@h, and narrow size distribution. It was shovat th
Res-loaded solid lipid NPs have higher potentiahhibiting the proliferation, invasion and migaii of
breast cancer cells (MDA-MB-231 cells). Also, westblot analysis demonstrated that these nanocsrrie
are able to increase the ratio of Bax/Bcl-2, butréase the expression of cyclinD1 and c-Myc. Rigon

al examined the efficacy of Res-loaded solid lidiéls in treatment of skin disorders [125]. The agera
particle size and polydispersity index were atrdmgge of 137.6 to 194.9nm and 0.14 to 0.23. Alsta z
potential was from -1.54 to -2.66mV. MTT assay @onéd the biocompatibility of these nanocarriers.
Up to 45% of Res permeated through the skin atarghd it was found that Res-loaded solid lipid
nanocarriers remarkably inhibit tyrosinase andlmaronsidered as potential agents in treatmerdinf s
disorders. Neves et al examined the efficacy afidigid NPs (SLNs) and nanostructured lipid casie
(NLCs) in delivery of Res [126]. These nanocarrigiewed great features such as mean diameter
between 160 and 190nm, high negative zeta pot@iti&@0mV and Res EE of 80%, making them
appropriate for Res oral delivery. MTT assay shotiedbiocompatibility of these nanocarriers, sd tha
SLNs or NLCs had no negative effect on the cebiiy and integrity of Caco-2 cell monolayers. Blee
nanocarriers remarkably increased the intestinaheability of Res, suggesting their potential fasR

oral administration.



Table 3: Studies supporting the efficiency of lipid NPs émlivery of resveratrol.

Carrier Cédl line/Animal modd Major outcomes Refs

Solid lipid NPs Male Wistar rat Prolonged release of Res and improved | [112]
bioavailability

m N -trimethyl chitosa-g -palmitic | NIH/3T3 mouse embryonic fibroblast ce Improved oral delivery of Res and prolong| [113]

acid surface-modified solid lipid release

NPs

Chitosal-coated lipid microparticle | NCM460 cell line High biocompability, specific brain deliver| [114]

ease of administration and non-invasiveness

Solid lipid NP Human keratinocyte cell line (NCTC25- High cellular uptake and improved effects| [115]

Res on cellular fate




2.3 Gold and silver nanoparticles

Metallic nanostructures, particularly gold nanojoéets (Au NPs) possessing several physic-chemitél a
biological features widely investigated for bionwadi applicationsincluding biosensing, molecular
imaging, drug carriers. Biocompatible Au NPs carebsily synthesized via several physical, chemical
and biological techniques in various sizes and ehiapich as spherical, rod-like, and hollow strastur
The unique optical properties provide them as thestic agents. These nanomaterials can be targieted
surface functionalization by aptamers, antibodies ather targeting ligands for drugs and gene dgfiv
[127]. Gold and silver NPs are biocompatible wat@luble nanocarriers which are suitable choices for
delivery of Res.

In an attempt in line with this strategy, Kamaheinvestigated the anti-tumor activity of Res-leddyold
NPs [128]. NPs were synthesized by surface coaifnBes on gum arabic stabilized gold NPs. Zeta
potential and particle size were8.9-11.2mV and @0r3, respectively. These NPs were radiolabeled with
Tc-99m and labeling efficiency was more than 90%e Tytotoxicity of Res-loaded gold NPs against
HT29 colon cancer cell was more than 70%. Alsopredlmor bearing rats were used to determine the
efficacy of these nanocarrieins vivo and it was found that Res-loaded gold NPs (intraus injection)
are remarkably absorbed and low reticuloendothepigdke and slow clearance of NPs from blood pool i
associated with increased bioavailability of ReatkRet al examined the antibacterial property o$-Re
loaded gold and silver NPs [129]. NPs were syn#eeksby a green synthetic route which Res was applie
as a reducing agent to chemically reduce gold dvel $ons. These NPs were spherical and had addize
8.32 to 21.84nm. Zeta potentials were at the rarig0.58 to -48.54mV. It was shown that Res-loaded
gold and silver NPs have higher antibacterial &gteompared to the free Res and greatest antibialkcte
effect was detected against Streptococcus pneumohiso, it was found that addition of sodium dodec
sulfate during the preparation of Res-loaded siNEs increase the antibacterial activity. Kumaalet
investigated the potential of bacterial gold NPsdelivery of Res [130]. These NPs were synthesized
using the culture supernatant of Delftia sp. stk@M-006. The resulting NPs had excellent properiie
terms of good average size (11.3nm), photolumimesc@nd crystalline nature, great zeta potential (-
25mV) with mono-dispersed, spherical shape. heitro release experiment showed the significant
release of Res (95%) under acidic condition. Gabnity assay was performed on the human lung eanc

cell line (A549) and these nanocarriers showeddriglytotoxicity (65% more effective) compared te th



free Res. Mohanty et al indicated the anti-tumaivig of Res-DOX-loaded gold NPs [131]. The
average size and zeta potential of these nanastescivere 35nm and -21.2mV, respectively. These NPs
demonstrated the biocompatibility and non-toxicifthese nanocarriers. The cytotoxicity study agfain
glioma carcinoma cell line (LN229) showed the ptitdranti-tumor activity of Res-DOX-loaded NPs. In
another study, the anti-cancer property of Res-D@led gold NPs was evaluated [132]. These NPs
exhibited excellent properties such as high stgbitjood average diameter (20nm) and zeta poteftial
20.7mV). The effects of Res-DOX-loaded gold NPstlon cell viability of HeLa and CaSKi cells were
assessed and showed high cytotoxicity against hugaarical carcinoma cell lines with high apoptosis-

inducing activity, showing the efficacy of thesennearriers in cancer treatment.

v ;t “.i ; = Rosv h -Oﬁ"
S R, P i &
P 4

e »

TEM TEM

Figure 5: Res-loaded gold nanoparticles [132].

2.4 SilicaNPs

Mesoporous silica NPs (MSNs), as a promising tobirinovative oncotherapy demonstrate a number of
great properties compared to other inorganic namiofes. They are biocompatible in vivo and havgéa
surface areas with pore volumes which are suitidvldelivery of poorly water-soluble drugs [133-137
The porous structure provides a great drug loadamgcity and a prolonged drug release. The thetigpeu
agents can also be absorbed to the surface of MB8&l.stimuli-responsive nano-carriers can be easily
functionalized with different ligands for targeteaincer therapy [47].

Summerlin et al prepared colloidal MSNs for enhagcihe biological activity of Res [138]. These
nanocarriers increased the saturated solubilityRe$ by 95% and also enhancediitsvitro release
kinetics than free Res. Res-loaded MSNs showed gregerties in terms of high loading capacity (2%
w/w) and excellent EE (100%). The MTT assay wadgagpared on HT-29 and LS147T colon cancer cell
lines and it was found that Res-loaded MSNs haghkériinhibitory effect on the viability of cancezlis
compared to the free Res, mediated by the PARPCGIA®1 pathways. Besides, these nanocarriers
demonstrated improved anti-inflammatory activity hibiting lipopolysaccharide-induced NF-kB
stimulation in RAW?264.7 cells. Li et al investigdtthe efficacy of MSNs in improving the dissolutioh



Res [139]. The MSNs were prepared using fluid-beatting technique which showed higher drug loading
and more complete dissolution. The particle siz# @ng loading were at the range of 91.23 to 10%.6n
and 14 to 33.7%. These nanocarriers appropriat¢lipited the recrystalization of Res by loading Res
into their pore channel and/or on the surface. Aitlseas found that pore volume and pore diameter o
the MSNs have more significant impacts than spedfirface area on the drug loading anditro
dissolution effects. Overall, it was found that thixture of fluid bed and MSNs is a potential sttt to
promote the drug loading and dissolution of Resrelet al examined the dissolution, permeability an
anti-inflammatory properties of Res-loaded MSNSO[L4 he particle size was from 90 to 300nm. It was
shown that the saturated solubility relies on eithe the pore size or particle size of NPs. The dmum
colon carcinoma cell monolayer (Caco-2) was usatktermine the permeability of Res and it was found
that these Res-loaded MSNs remarkably increaseptreneability of Res compared to the Res
suspension. Also, these nanocarriers did not chidmgbioactivity of Res and it was found that avéo
concentration (Jug/ml), Res encapsulation provides higher anti-mfi@atory activity compared to the

Res solution and suspension, showing their polentialelivery and improving the properties of Res.
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Figure 6: Res-loaded MSN [138].

3. Conclusion

Although Res has many beneficial properties, thare drawbacks including low solubility, high
photosensitivity and low oxidative stability whicsult in its restricted use in clinical trials.i¥heview
demonstrated that nanostrategies for delivery of €& overcome to these drawbacks. It has beemshow
that in most of the studies, better pharmacologicglacts of Res were observed with various nano
delivery systems. Improved toxicity against tumetlss was achieved via polymeric and lipid-based

nanocarriers. Also, silica NPs significantly proesbthe biological activity and loading capacityRxés



and gold and silver NPs improved antibacterial antitumor activities of Res. However, more studies

are needed to approve the usefulness of thesedsdimery systems in clinics.
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