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Abstract

Despite quercetin (QC) promising #at.r.s for cancer therapy, low solubility, poor permeability,
and short biological half-life time <ignificantly confine its application in cancer therapy. In this
study, a novel approach is ac ‘eloped to improve loading efficiency and attain quercetin
sustained-release concurrertly. !n this direction, hydrogel nanocomposite of agarose (AG)-
polyvinylpyrrolidone (P\'r, hydroxyapatite (HAp) was loaded with QC. Incorporating HAp
nanoparticles in the ~=-"\/" hydrogel improved the loading efficiency up to 61%. Also, the
interactions between nano»article, drug, and hydrogel polymers rendered the nanocomposite pH-
responsive at acidic conditions and controlled the burst release at neutral conditions. Then, QC-
loaded hydrogel was encapsulated into the water in oil in water nanoemulsions to further sustain
the drug release. As a result, the pH-responsive release of QC with prolonged-release over 96 h
was observed. In more detail, according to the Korsmeyer-Peppas mathematical model, the
mechanism of release was anomalous (diffusion-controlled) at pH 7.4 and anomalous
transport(dissolution-controlled) at pH 5.4. The presence of all nanocomposite components was
confirmed with FTIR analysis, and XRD results approved the incorporation of QC in the
fabricated nanocomposite. The homogeneous surface of the nanocomposite in FESEM images
showed good compatibility between components. The zeta potential analysis confirmed the good
stability of the nanocarriers. Besides, the fabricated AG-PVP-HAp-QC platform showed
significant cytotoxicity on MCF-7 cells compared to QC as a free drug (p<0.001) and to
quercetin-loaded AG-PVP (AG-PVP-QC) (p<0.001) with enhanced apoptosis induction after the



addition of HAp. Accordingly, this delivery platform ameliorated loading and sustained-release
of QC, as well as its anticancer activity by releasing the drug at an effective therapeutic level
over a long period to induce apoptosis. Thus, turning this drug delivery system into a potential
candidate for further biomedical applications.

Keywords: Quercetin, Hydroxyapatite, pH-responsive nanocarrier, sustained-release, anticancer
activity

Abbreviations

AG: Agarose

PVP: Polyvinylpyrrolidone

HAp: Hydroxyapatite

QC: Quercetin

PVA: Polyvinyl alcohol

PEG: Polyethylene glycol

TC: Tamoxifen citrate

ZNO: Zinc oxide

FBS: Fetal bovine serum

BSA: Bovine serum albumin

PBS: Phosphate buffer saline

DMSO: dimethylsulfoxide

EDTA: Ethylenediaminetetraacetic acid

DMEM: Dulbecco’s Modified Eagle’s Me 1ut 1

MTT: 3-(4, 5-dimethyl-thiazol-2-yl)-2, 5- u.'-nenyl-tetrazolium bromide

ATCC: American Type Culture Collec.:on

FESEM: Field Emission Scanning El-. o1, Microscope

FTIR: Fourier transform infrared

DLS: Dynamic light scattering

PDI: Polydispersity Index

XRD: X-ray diffraction

FWHM: Full width at ha'v .maxmum

PI: Propidium lodide

FITC: Fluorescein isothic cyanate

SEM: standard error of tne mean

1. Introduction

Over the last century, cancer cases have increased at an alarming pace. Among cancer cases,
breast cancer has increased drastically globally, with over 1.5-1.7 million new confirmed cases
worldwide every year [1]. Indeed, breast cancer is currently the second dominant cause of death
among females in the world. In the United States alone, breast cancer was responsible for more
than forty thousand deaths in 2019 [2]. Several therapeutics have been proposed, including
chemotherapy, to tackle this dismaying global challenge; nevertheless, the effectual application
of chemotherapy is restrained due to multiple drug resistance (MDR), toxicity, nonspecific
distribution, and poor physicochemical properties. Accordingly, the furtherance of treatment
methods at the movement is to develop safe methods based on natural compounds with less



toxicity and (or) fewer side effects as a requisite to overcome barriers faced in cancer drug
therapy [1]; to this end, the use of naturally derived polyphenols has attracted further attention
recently [3].

Quercetin (QC), a plant flavonol from the flavonoid group of polyphenols, is amply present in
various plants, foods, and drinks [1]. Quercetin has broad biological activities, namely antiviral
[4], anti-inflammatory [5], anti-tyrosinase [6], and antitumor effect through induction of ROS-
dependent pathway in MCF-7 cells [1]. It also presents a wide range of physiological activities,
like free radical scavenging and regulating the expression of pro-inflammatory cytokines [7].
Upregulation of the hemeoxygenase-1 pathway and downregulation of the nuclear factor kappa
B pathway are among other quercetin physiological activities. Also, impeding the mobility of
breast cancer cells to contain tumor progression through supnression of migration marker
proteins, such as matrix metalloproteinases (e.g., MMP-2 and MN.2-9) and vascular endothelial
growth factor (VEGF) are among other outstanding activit’es ‘'mputed to quercetin [8,9].
Moreover, quercetin is employed as a chemosensitizer alorg w:t chemotherapeutic drugs to
alleviate multidrug resistance of breast cancer cells thrount. inh.bition of P-glycoprotein (Pgp)
expression [10,11].

Despite the promising features described above, the *nllo ving intrinsic properties, such as low
solubility, poor permeability, and short biolog’cas half-life—which results in low
bioavailability—are some of the significant drawkac'.s that hinder the application of quercetin as
an anticancer drug [12]. Entrapment of querceti 1 1.t~ piodegradable polymeric carriers could be
an appropriate and beneficial approach to rvc cume these limitations. Hydrogels are one of the
ubiquitous tools prepared either by syi.thedc polymers (e.g., Polyethylene glycol (PEG),
Polyvinyl alcohol (PVA), and Polyvirvipyrroiidone (PVP)) or natural polymers (e.g., chitosan,
hyaluronic acid, gelatin, collagen, a!ninate, and agarose) to produce biodegradable,
biocompatible, non-toxic and non-im nur.2genic polymeric carriers [13]. Among many synthetic-
based hydrogel formers, Polyviny'y,treiidone (PVP) is a water-soluble polymer made from N-
vinylpyrrolidone monomers, anr 1. is recognized as safe for pharmaceutical applications by the
US Food and Drug Administratic (FDA) [14]. Also, PVP has been used as a stabilizer agent for
prepared nanocarriers or a cross.:nker of polymer networks [15]. It has recently been employed
for hydrogel nanocomposi= pieparation due to its biocompatibility [16]. Besides, among many
natural-based hydrog~.' fc mers, agarose (AG) is a biocompatible and non-toxic polysaccharide
with a porous nature de.ived from red algae [17]. It is made of d-galactose-3,6-anhydro-I-
galactopyranose repeat units. The physical crosslinking property of AG during hydrogel
formation leads to a lack of reactive chemistry and effectuation capability, making AG a more
attractive candidate than PEG and alginate, which both have these shortcomings. Furthermore,
agarose-based compounds have been used to provide pH-sensitive features to hydrogels [18].
These attributes contribute to the capability of agarose as a suitable substance for controlled drug
delivery applications.

Regarding stimuli-responsive platforms as a promising option for targeted drug delivery, it is
known that several stimuli can be employed. For instance, pH-value is at the moment used for
such purposes. It is also known that cancerous tissues exhibit different pH than that of healthy
tissues [19]. Lower extracellular pH in tumor cells has been detected as a consequence of the
rapid proliferation of cancer cells that leads to an inadequate amount of oxygen and the
production of lactic acid through glycolysis. This effect, known as the Warburg effect, has
inspired the use of pH-responsive drug delivery systems [20]. pH-responsive hydrogels



contribute significantly to the controlled delivery of drugs and biomedical applications [18]. In a
recent study, a pH-sensitive agarose-PVA hydrogel nanocomposite incorporated with carbon
dots was developed for the delivery of Norfloxacin as an antibacterial agent [21]. Moreover, the
use of pH-responsive platforms is not confined to the release of drugs at acidic conditions. For
instance, electrosprayed hydrophilic nanocomposites coated with shellac were developed for
colon-specific delayed delivery of tamoxifen citrate (TC). Tamoxifen citrate is a poorly water-
soluble drug for recurrent metastatic breast cancer treatment. In the oral administration of this
drug, it is required to protect the drug from release in the acidic condition of the stomach. TC
controlled-release was attained by coating nanocomposites with a shellac layer which prevents
the drug release at the acidic conditions and quickly dissolves at neutral conditions to release TC
in the colon [22]. Also, the use of core-shell nanofibers fabricated by electrospinning is another
example of pH-sensitive release at the neutral conditions in the oral administration of
therapeutics [23].

Despite the discussed benefits of using hydrogels for druy aclivery, defects of hydrogel
systems like low homogeneity, lack of multiresponsiveness, cnu poor loading of hydrophobic
drugs in hydrogels due to their hydrophilic nature imp2u~ their extensive application. The
addition of nanoparticles to hydrogels addresses the menticed defects and paves the way for a
wider application of hydrogels for drug delivery [24]. Rea iced particle size, high surface area,
controlled shape, and ability to incorporate hydrophobi. mclecules along with magnetic, thermal,
and electrical properties that can be employed fc - rzsnonsive release of encapsulated drugs are
among reasons that render hydrogel nanoc-mpusites a promising candidate for stimuli-
responsive targeted drug delivery [25]. 'n i1is direction, hydroxyapatite (HAp), a calcium
phosphate derived mineral with morpholoy, and composition resembling human hard tissues,
well known for its high biocompatibiiity and drug-loading efficiency without immunogenic
response, is a desirable nanoparticle fur ‘nciusion in hydrogels to provide the mentioned features
to hydrogels. It is a prominent dr'a ‘®’ivery tool due to its biodegradability, which obviates
safety issues. It has been emplove ! for the delivery of hydrophobic drugs [26], and control burst
release from hydrogels [27]. "oreover, hydroxyapatite nanoparticles have demonstrated an
inhibitory effect on the prnlifei~tion of tumor cells through the activation of mitochondrial-
dependent apoptosis and cu2thated immune response [28].

In this study, ac. ns> 7nd polyvinylpyrrolidone polymers with hydroxyapatite (HAp)
nanoparticles were used 1 prepare a hydrogel nanocomposite loaded with quercetin. The polar
nature of PVP due to its carbonyl group and hydroxyl groups in agarose facilitates hydrogen
bonds forming between polymers, HAp nanoparticles, and the model drug [29-31]. These
interactions, along with affording high surface area by HAp nanoparticles leads to enhanced
loading of QC in the fabricated hydrogel. Furthermore, alteration of the mentioned molecular
interactions at acidic conditions bestows pH-responsive property to the fabricated hydrogel
nanocomposite. Indeed, at acidic conditions, the dissolution of HAp is accelerated [32]. This
dissolution, along with the protonation of carbonyl groups in PVP and hydroxyl groups in QC
and agarose, provides repulsive forces between components. This accelerated dissolution leads to
increased release at acidic conditions. In contrast, the physical and chemical interactions between
the drug and components maintain nanocomposite integrity and prevent burst release of the drug
at neutral conditions.

Afterward, a double nanoemulsion of water in oil in water (W/O/W) was produced according



to previously reported protocols in the literature [33] to prepare nanocarriers that contain drug-
loaded hydrogel nanocomposites. The incorporation of the drug-loaded hydrogels in these
nanoemulsions can prolong the release period. This is because, in W/O/W emulsions, the internal
and external aqueous phases are separated by an oil layer. This oil layer acts as a liquid
membrane to control the release of the hydrophobic drug quercetin from the internal phase to the
external phase [34]. The formation of this double emulsion with nano size is mainly relying on
the formation of water in oil primary emulsion, which is further emulsified in another aqueous
solution. The primary emulsion is formed using a lipophilic emulsifier to stabilize the interaction
between drug-loaded hydrogel nanocomposites and oil as a disperse phase (W/O). In the second
step, a hydrophilic surfactant maintains the interaction between the new interface of oil/water
(O/W).

Therefore, this study aimed to load quercetin into a hydrogel na:\>composite of AG-PVP-HAp
and incorporate it in the internal aqueous phase of a W/O/W dr,uu.» emulsion to develop a pH-
responsive drug delivery system with an enhanced drug loadira <.~ a sustained release profile in
order to investigate its in vitro antitumor effect on MCF-7 bre. st cancer cells as a method to
validate its efficiency as a drug delivery system to treat . ncer. To the best of our knowledge,
this is a novel approach to address prevalent drawbacks 01 (veating cancer cells with quercetin by
concurrently augmenting loading capacity, sustained-rex>e, and apoptosis induction effects of
QC compared to free QC as the model drug. M~reuver, despite the fact this novel approach
aimed to treat MCF-7 breast cancer cells, its vali Y'cy and utilization can lay far beyond, and its
prospective use even could be applied to treat ou er types of cancers and localized diseases.
Materials and methods
2.1. Materials

MCF-7 human breast cancer cell line was obtained from American Type Culture Collection
(ATCC) (Manassas, VA). Dulbecco’s ''oaified Eagle’s Medium (DMEM) High Glucose was
purchased from Hy Clone Therm~ S-icntific. Fetal bovine serum (FBS) was obtained from
Gibco-Life Technologies. Penilillin/streptomycin and 0.25% (w/v) trypsin—0.1% (w/v)
Ethylenediaminetetraacetic aci. (EDTA) were purchased from Solarbio (Beijing Solarbio
Science and Technology, Chira). 3-(4, 5-dimethyl-thiazol-2-yl)-2, 5- diphenyl-tetrazolium
bromide (MTT) and dimethy,>uifoxide (DMSO) were purchased from Sigma (USA). Culture
flasks and dishes were frcm Corning (Corning, NY, USA).

Phosphate buffer saline \?BS) was obtained from the Iranian Research Organization for Science
and Technology (IROST,. Polyvinylpyrrolidone (PVP K90, 1,200,000 Daltons), agarose (AG)
pharmaceutical grade type | low EEO (suitable for hydrogel preparation), hydroxyapatite (HAp)
(Cazo (PO4)s (OH),, 1004.6 g/mol), and quercetin (QC) (3,3,4",5,7- pentahydroxyflavone) were
purchased from Sigma-Aldrich. Span 80 and paraffin oil were obtained from Merck and Carlo
Erba Reagents, respectively. Glyoxal and Polyvinyl alcohol (PVA) were obtained from Sigma-
Aldrich.

2.2. Preparation of AG-PVP-HAp hydrogel

Initially, polyvinylpyrrolidone (PVP) was gradually added to 30 mL of deionized water under
magnetic stirring (~500 rpm) at room temperature to obtain a 5% wi/v solution. Then, 2.5% w/v
of agarose (AG) was added to the PVP solution, and vigorously stirred. Hydroxyapatite (1% wi/v)
was added to the AG-PVP hydrogel in this step. The addition of HAp to the prepared hydrogel of
AG-PVP results in physical entanglement and formation of non-covalent bonds between
polymers functional groups and HAp as well as QC added in the next step [25]. These



interactions improve quercetin loading as a hydrophobic drug.
2.3. Quercetin loading and entrapment in the AG-PVP-HAp hydrogel

Quercetin (QC) was initially dissolved in ethanol due to its hydrophobic nature prior to
loading into the prepared AG-PVP-HAp hydrogel nanocomposite. Then, the dissolved quercetin
(100 pg mL™) was added to the hydrogel. It was carried out by a drop-by-drop loading of
quercetin under vigorous stirring. After the addition of the drug, glyoxal with 0.1% v/v
concentration was used as a gelator (crosslinker) to form a homogenous AG-PVP hydrogel that
incorporates nanoparticles and quercetin within itself. Finally, a hydrogel incorporating
nanoparticles bonded to the polymers and quercetin within this structure is formed, as shown in
Fig. 1.
2.4. Preparing double emulsion

After preparing the QC-loaded hydrogel nanocomposite, the narocomposite was loaded into
the internal phase of a W/O/W double emulsion to improve tfe s.'stained-release further. The
primary emulsion was formed by emulsification of the aquer.- y:use, including hydrogel in an
oil phase. 20 mL of the quercetin-loaded hydrogel nanocoi *oovite was gradually added under
high-speed stirring to the hydrophobic phase containing 20 L of paraffin oil with 20% v/v Span
80 as surfactant agent. After 10 min, the hydrophilic { Yase containing 30 mL PVA 1% v/v was
slowly added to the produced primary emulsion under .tir,ing. After 10 min, the suspension was
removed from the stirrer, and phases were s:purated. Due to the lower density of the
hydrophobic phase than the hydrophilic phase, *1e 1., drophobic phase was separated from above
the hydrophilic phase. After removing the nyt ropaobic phase, the remaining hydrophilic phase
containing prepared double emulsions was ¢ itrifuged (Hermle-Labnet) at 4500 rpm for 5 min to
separate the fabricated double emulsio,s. In Fig. 2, the schematics of oil in water (O/W) and
water in oil in water (W/O/W) douFic en.ulsions encapsulating hydrogel nanocomposites are
presented. The nanocomposite hydrng I, preparation steps and its encapsulation in the double
nanoemulsion are depicted in Fia. 3.
2.5. Quercetin loading and entionment efficiency determination

The efficiency of drug loau'™ng and entrapment for quercetin was calculated to assess the
impact of incorporating F..*n anoparticles in AG-PVP hydrogel. Lyophilized nanocarriers of
AG-PVP-QC (1 mg) ~nd AG PVP-HAp-QC (1 mg) were dispersed in 1 mL of PBS, next 1 mL
of organic solvent ethyl ~cetate was added. The mixtures were agitated, and the ethyl acetate
phase was separated. Th.. free content of QC in the ethyl acetate phase was determined for each
sample using a UV-Vis spectrophotometer at 370 nm [35]. The percentages of quercetin
entrapment (or encapsulation) efficiency and loading efficiency were calculated by equations 1
and 2 [36], respectively. The tests were conducted in triplicate for each group (with or without
HAD).

Entrapment Efficiency (%) =

(Total amount of Quercetin) - (Free amount of Quercetin)

qu

(Total amount of Quercetin)
_ (Total amount of Quercetin)-(Free amount of Quercetin)

Loading Efficiency (%) = Eq>

(Total amount of Nanocomposite)

2.6. Characterization of the fabricated platform

The average size distribution of nanoemulsions and their surface charge (zeta potential) were
determined by Dynamic light scattering (DLS) analyzer and zeta potential measurement,
respectively, using a Horiba SZ-100 Zeta analyzer (HORIBA Scientific, Kyoto, Japan). The




nanocomposite's surface morphology was observed using Field Emission Scanning Electron
Microscope (FESEM) (TESCAN, MIRA 111 model, Czech Republic) at an accelerated voltage of
30 kV. The experiments were performed at a scattering angle of 90° after probe sonication of
solution. To confirm the addition of all components in the fabricated hydrogel nanocomposite,
the potential interactions between components was analyzed by Fourier transform infra-red
(FTIR) spectroscopy at room temperature by a KBr pellet method. 1 mg of each sample was
grounded in a mortar pestle along with KBr to make a small pellet of a thickness of 0.1 cm. KBr
pellet was used as blank. The scanning range of the spectrum was between 400 to 4000 cm ™.
The spectra of PVP, AG-PVP, AG-PVP-HAp, and AG-PVP-HAp-QC were recorded on
lyophilized samples using a PerkinElmer Spectrum Version 10.03.06. The crystalline structure of
the nanocomposite after the addition of each component were analyzed to affirm the
complexation of hydrogel polymers with nanoparticles and the r.odel drug. This analysis was
performed by X-ray diffraction (XRD, PHILIPS, PW1730, Net'ieri.nds) in the 20 range from 5
to 80° using a Cu Ka source with A=1.54056. The step size v.2~ ¢.Co deg, and a time per step of
1second was selected. HighScore plus 3 was used to analyz2 .¥RI diffractograms.

2.7. In vitro drug release study

The release of quercetin from nanocarriers was sci 'tini..ed using the dialysis method [37] at
two different phosphate buffer mediums (pH 7.4 and F.4, 'n a water bath at 37 °C to assess pH
responsive attribute of the delivery platform ar'd sustained-release of QC. Nanocarriers
containing AG-PVP-HAp-QC and AG-PVP-QC (. mL for each) were transferred into dialysis
bags (Mw cutoff 12000 g mol™) and immersc 1. 50 mL of phosphate buffer containing ethanol
20 % v/v (pH 7.4 and pH 5.4) at 37 °C. T. a%sess the double emulsion impact on the sustained-
release at pH 5.4, quercetin release frcm AG-"VP-HAp hydrogel not incorporated in the double
emulsion was also studied.

At specified time intervals of 0, 17, 13, 24, 48, 72, and 96 hours, 300 puL of samples were
taken out and replaced with an equ.vle. . volume of fresh PBS containing ethanol 20 % v/v. The
released quercetin content in bi:hor was determined by UV-Vis spectrophotometrically (U.V-
T60U; PG Instrument, England) ¢t a wavelength of 370 nm. All tests were performed three times
and the amount of released ctierc2tin was calculated using equation 3:

Quercetin relr ase (%) = % *100 Eds
Where in, [Quercetin]loa 1s the amount of quercetin loaded in the nanocomposite incorporated
in nanoemulsions, and [Zuercetin]rel is the amount of quercetin released from the nanocarriers.
To affirm the fabricated platform's pH-responsive release behavior, the statistical analysis
(ANOVA) was conducted by comparing the release percentage of QC from AG-PVP-HAp-QC
at pH 5.4 with all other groups.
2.8. Kinetics of drug release in various pH conditions

After investigating the release behavior of QC by the dialysis method, the drug release data
were fitted to several release kinetic models to figure out the underlying drug release mechanism
in pH 7.4 and 5.4. GraphPad 7 was used to fit the data to zero-order, first-order, Higuchi,
Hixson—Crowell, and Korsmeyer—Peppas. The R square for each model was determined, and the
release mechanism based on the parameters of the best-fitting regression model was ascertained
in both neutral and acidic conditions. Also, only parameters likely to be a meaningful addition to
the models were retained.



2.9. Cell culture

The breast cancer cell line, MCF-7, was purchased from American Type Culture Collection
(ATCC) and cultured in DMEM media supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U mL™), streptomycin (100 pg mL ™) at 37 °C in a humidified incubator
supplemented with 5% carbon dioxide.
2.10. In vitro cytotoxicity assay

The cytotoxicity of samples, including free QC, QC-loaded in AG-PVP, and AG-PVP-HAp
hydrogel nanocarriers, as well as nanocarriers containing AG-PVP-HAp without the model drug
against MCF-7 cell line was inspected using 3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were grown in the culture media and kept
at 37 °C with 5 % CO, in a tissue culture incubator. A growth medium containing 2x10” cells
was placed in each well of a 96-well plate and incubated overn.ght to allow cell attachment.
After 24 h, when the cells had adhered with 70 % confluercy, the cells were treated with
mentioned samples at a concentration equal to 60 pg mL™. This i, the concentration of QC in
nanocarriers containing the drug-loaded AG-PVP-HAp hvd.nge.s after considering the loading
efficiency of QC (61%). Comparing samples at equal co.centrations leads to investigate the
effect of the fabricated nanocarrier on cytotoxicity th-ouc™ alteration in the release behavior.
Control cells were cultured simultaneously in a basic n~2dicm (DMEM containing 10 % FBS and
1 % antibiotic penicillin/streptomycin) without cur.cstin for the same period. After 72 h, the
supernatants were removed, and 50 pL of freca LI.iEM was added to each well, followed by
adding 50 pL of 5 mg mL™ of MTT solutiun, anu the plates were incubated for a further 3-4 h.
The media was then elicited, and 150 pL L"4SO was added to each well while shaking for 15
min to dissolve the formazan crystai. Optical density was read on a multi-well scanning
spectrophotometer (ELISA reader) <« 57¢ nm. All tests were performed in triplicate. The
viability of the treatment groups was (xr.ressed as the percentage of control, which was put on
100%. The mean and the standai:' errur of the mean (SEM) of cell viability for each treatment
was determined. The statistical «nalysis between groups was performed by GraphPad InStat 3 by
comparing the mean, standard «-ror of the mean, and the number of replicates (N=3) in each
group.
2.11 Cell apoptosis a“..y

The apoptosis and t.2crosis analysis induced by different groups were determined after
Annexin V-FITC and Fropidium lodide (PI) double staining according to the manufacturer's
protocols (ApoFlowEX® FITC Kit obtained from Exbio, Czech Republic). First, MCF-7 cells
were treated for 72 h with free QC, nanoemulsions containing quercetin-loaded AG-PVP and
AG-PVP-HAp hydrogels, and AG-PVVP-HAp without the drug. Here again, the cells were treated
with the mentioned samples at a concentration equal to 60 pg mL™ due to the same reason
mentioned in the previous section. By the end of the treatment, cells were harvested, washed
with cold PBS, suspended in 500 pL binding buffer, and stained by five pL. Annexin V-FITC and
five uL PI. The cells were incubated in the dark for 15 minutes and then measured by a flow
cytometer (Mindray, China). The cells were scanned for fluorescence intensity in FL-1 (FITC)
and FL-3 (PI) channels. The fraction of cell populations in different quadrants was analyzed
using quadrant statistics. The values shown in the lower left, lower right, upper left, and upper
right quadrants of each panel represent the percentage of viable (Q4), early apoptotic (Q3),



necrotic (Q1), and late apoptotic (post-apoptotic necrotic, Q2) cells, respectively. All the above-
mentioned procedure was repeated three times to investigate the improved apoptosis induction of
AG-PVP-HAp-QC, owing to the sustained-release of QC and the use of nanoparticles along with
QC.
3. Results and discussion
3.1. Characterization
3.1.1. Fourier transform infrared (FTIR) spectroscopy
FTIR was performed to confirm the inclusion of all components in the nanocomposite through
analysis of the observed peaks denoting interactions between polyvinylpyrrolidone (PVP),
agarose (AG), hydroxyapatite (HAp), and quercetin (QC) as the model drug. In the FTIR
spectrum of PVP, the broad peak at 3461 cm™* could be attributer to the O-H stretching present
in PVP. The peak at 2954 cm™* could be assigned to C-H stretct.~q vibration. The strong and
sharp band detected at 1666 cm * is assigned to C=0 stretchinr,, a 1 1s aligned with the former
reported spectrums of PVP [38]. Other peaks at 1494, 1461 24,7, 1373 cm ™ are characteristic
for the C-H deformation of the cyclic CH, group and are ir «arer.ment with former IR spectra of
PVP in literature [38]. The band at 1286 cm* was due tu ©-N stretching vibrations [38]. The
stretching vibration peaks attributed to C-N group of P*/P & e detected at 1019 and 1073 cm % in
PVP and are in agreement with the FTIR spectrum of ?Vv." in previous studies [39]. To confirm
the addition of AG, the FTIR spectrum of AG PYP was studied. This spectrum showed an
additional peak at 3740 cm™* that denotes O- givups present in AG, which is in accordance
with the reported results of AG FTIR spe.trum 1 the literature [40]. Also, the C-N attributed
peak at 1019 cm* was not detected, but th. intensity ratio of the peak at 1073 cm ™ increased.
This is attributed to the contribution o1 ~-O stretch in AG as reported in the literature [41] with
the C-N stretching vibration in PVP. i e Lioad peak at 3461 cm™* in PVP was shifted to 3441
cm !, probably due to changes in mnle.w/'ar interactions between AG and PVP. The peak at 2954
cm* showed reduced intensity pc-sibiy due to the same reason. The observed peak at 1660 cm ™
denoting C=0 stretching in the ~necarum of PVP was observed again in AG-PVP spectrum. In
the spectrum of AG-PVP-HAp, *he intensity ratio of the peak in the range of 1162-1168 cm™*
increased compared to AC PP spectrum. This increase is due to the contribution of P=0
phosphate group pres..t 1> hy droxyapatite with C-O stretch in AG, which affirms the addition of
HAp to the component ar.1 the presence of AG. Also, the peak at 1660 cm™* in the spectrum of
pure PVP was observed again. The peak at 605 cm™* in AG-PVP-HAp is expressing the presence
of phosphate ion due to the addition of HAp. This peak and the peak at 472 cm™ in the
nanocomposite spectrum is consistent with the HAp reference spectrum [42]. Also, the peak at
3441 cm™* showed increased intensity ratio. This could be assigned to the overlapping of two
contributions: O-H stretching in PVP and O-H stretching in HAp [42]. Here again, the peak
observed at 1660 cm in the spectrum of pure PVP and the peak at 3740 cm™* denoting O-H
groups present in AG were also observed in AG-PVP-HAp with almost the same intensity to
confirm the presence of AG, PVP, and HAp in AG-PVP-HAp nanocomposite.

In the spectrum of AG-PVP-HAp-QC, the intensity ratio of the peak in the range of 1162-
1168 cm™* reduced, which indicates the probable electrostatic interactions between the drug and
polymer, which ends up in the improvement of the drug complexation with nanocomposite.
Furthermore, the addition of QC to the composite is confirmed by an increase in the intensity



ratio of the peak at 1660 cm* in the spectrum of AG-PVP-HAp-QC. This could be due to the
characteristic peak of quercetin around 1660 cm* assigned to C=0O stretching [43] which
overlaps with the former peak observed at 1660 cm ™ in the PVP spectrum. Other characteristic
peaks like peaks around 1494, 1461, 1427, and 1375 cm* that are assigned to C-H deformation
of cyclic CH, group showed reduced intensity. The observed peaks around 734-737 cm™* and
843-845 cm ' in the spectra of samples are attributed to the C-H bond in QC an in agreement
with the spectrum of QC reported before [43]. The observed peak at 3740 cm™* that denotes O-H
groups present in AG was observed again in the AG-PVP-HAp-QC spectrum. The presence of
the characteristic peaks of each component and the shift of the peak demonstrating O—H and
phosphate ion peak to lower wavenumbers confirm the presence of all components in the final
nanocomposite and interaction of the drug with other cnmponents in the produced
nanocomposite. The FTIR spectra of mentioned samples is present.. in Fig. 4.
3.1.2. X-ray diffraction analysis

The change in the crystalline structure after the ~d-.cn of each component and
incorporation of the crystalline QC into the nanocomposite wa', analyzed by XRD. The XRD
patterns of PVP, AG-PVP, AG-PVP-HAp, and AG-PVP-4Ap-QC are displayed in Fig.5. As
seen from XRD diffractograms, the X-ray diffraction ¢ * pui2 PVP shows two diffuse halo peaks
close to 20 equal to 10.135°0 and 20.533°60, which is ir ag: ~ement with the values reported in the
literature for pure PVP and can be attributed to t'ie amorphous nature of pure PVP [44]. In the
XRD pattern of AG-PVP, the broad peak at 20.253°0 was observed. Agarose has a semi-
crystalline structure owing to the hydroge.1 b)yna.ag formation with a broad hump around 18-
29°0 [45]. The presence of the broad peak a. ~0.533 °0 in AG-PVP indicates the great miscibility
and complexation between the two po. 'mers. In the XRD pattern of AG-PVP-HAp, a peak at
32.2 °0 was detected. In the XRD pat*e: ~ tui the standard hydroxyapatite phase (JCPDS card no.
09-432), this peak (32.2 °0) is a charh »eak, while in the spectrum of the AG-PVP-HAp the
intensity ratio of this peak is red.~ed. Thus, the presence of this peak confirms the addition of
HAp to the composite and its 1oduced intensity ratio shows complexation with the amorphous
structure of AG-PVP. Also, the (~tensity ratio of the broad peak detected in the AG-PVP pattern
has decreased in the AS-PViT-HAp pattern and indicates the formation of an amorphous
structure. As reporter. in *he literature, quercetin has a crystalline structure with characteristic
diffraction peaks [35]. Tt.2 successful incorporation of QC in the amorphous nanocomposite is
observed since the XRD pattern of AG-PVP-HAp-QC exhibits none of the crystalline peaks of
QC as a result of complexation with other components of the fabricated nanocomposite. In
addition, the FTIR results proved the presence of QC in the nanocomposite.
3.1.3. Morphology observation

Morphology observation of freeze-dried hydrogel nanocomposites loaded with quercetin
was performed via FESEM (Fig. 6). From the images, it is evident that most of the
nanocomposites have a spherical shape with a solid, dense structure. The best shape of
nanoparticles in drug delivery application is spherical shape [46]. Good compatibility between
nanocomposite components was evident from the homogeneous surface of the nanocomposite.
Polydispersity and size of nanocarriers were determined using DLS analysis. The nanocarriers'
particle size distribution ranged from 440 nm to 536 nm, with a PDI index of 0.4. As reported in
the literature, this value for polydispersity is acceptable for drug delivery applications [47].



Besides, the zeta potential values can confirm the stability of nanocarriers. In this regard, the
Zeta potential values of the nanocarriers were between -28.1 to -29.5 mV confirming the
nanocarriers' good stability[48].

3.2. HAp nanoparticles impact on quercetin loading and entrapment efficiency

As stated before, one of the main challenges for the application of QC is its poor solubility
(2 ng mL™), which results in its low bioavailability [49,50]. Thus, ameliorating the loading
efficiency of QC is a challenge. In this study, the loading and encapsulation efficiencies of AG-
PVP-QC and AG-PVP-HAp-QC were measured using equations Eq; and EqQp, respectively, to
investigate the impact of HAp nanoparticles on these parameters. The loading efficiency for QC-
loaded AG-PVP hydrogel without HAp was 48 %. This efficiency increased to 61 % in AG-
PVP-HAp-QC. This increase is attributed to the contribution of HAp nanoparticles to enhanced
loading capacity in the AG-PVP hydrogel. Indeed, the bond.n3 between components like
hydrogen bonding between the carbonyl group of PVP and hydrox,' groups of AG, HAp, and
QC leads to forming a high interpenetrating biopolymeric netw.rk. This interlocked structure of
the crosslinked interpenetrating polymer network results in fiu~oinent of the model drug in the
structure and improves the loading capacity [51]. The >hcnr: in the FTIR spectrum when
quercetin combined with the hydrogel containing HAp rancnarticles confirmed these interplays
between drug and nanocomposites. Furthermore, the ir:-odu ction of HAp into AG-PVP hydrogel
affords more surface interactions between polymers, HFAL, and the drug due to the high surface
area of HAp nanoparticles.

The achieved loading was higher than ot’ier ! i-responsive systems developed so far. For
instance, Rahimi et al. developed rod-like v itucan—quinoline nanoparticles as pH-responsive
nanocarriers with 9.6 % drug loading efi.~iracy [52]. Tiwari et al. synthesized functionalized
graphene oxide (GO)- polyvinylpyrrol’done (+ */P) for dual delivery of quercetin and gefitinib to
ovarian cancer cells. In this developed v al delivery system, 20 % of quercetin and 46 % of
gefitinib were loaded on GO-PVP 1 anc.arrier [53]. In a study to formulate quercetin within
liposomes for skin delivery, the d.u2 wading efficiency was 2.58% [7]. Kumar et al. prepared
solid lipid nanoparticles (SLN) a1 nano lipidic carriers (NLC) with a loading efficiency of
16.65 % and 17.98 %, respective'v [54]. The attained drug loading in this study shows a drastic
increase compared to previc''s si.dies [55,56].

Also, the encapsulatiui. erniciency of quercetin was 85 % in AG-PVP hydrogel and 93 % in
AG-PVP-HAp hydr.y=l n=210composite, which proved the high affinity of QC to the
nanocomposite owing tc the same reason discussed above. Likewise, the encapsulation
efficiency in this study was higher than reported efficiencies like quercetin encapsulation
efficiency in rod-like chitosan—quinoline nanoparticles [52], quercetin entrapped in quantum dots
[57], solid lipid nanoparticles, and nano lipid carriers [54]. The drug loading and encapsulation
efficiencies in AG-PVP and AG-PVP-HAp with the percentage of the increase due to the
addition of HAp nanoparticles are summarized in Table. 1. Moreover, in Table. 2, the
encapsulation and loading efficiencies reported in former studies and the current study are
summarized.

3.3. Release of quercetin from the nanocarriers

The objective of analyzing the release behavior was to affirm the fabricated platform's pH-
responsive and sustained-release behavior. For this purpose, the release of QC from nanocarriers
was examined by the dialysis method as mentioned before at two different buffer mediums (pH
7.4 and 5.4) at 37 °C (the normal temperature of the human body), throughout 96 h (Fig. 7). As



can be seen, the cumulative release of QC from nanoemulsions containing AG-PVP-HAp, and
AG-PVP at pH 7.4 after 24 h was 28% and 33%, respectively. On the other hand, the cumulative
release after 24 h at pH 5.4 (acidic media) reached 54 % for AG-PVP-HAp and 40% for AG-
PVP, respectively. The cumulative release from AG-PVP-HAp at pH 7.4 is less than AG-PVP
due to the effect of HAp nanoparticles. Indeed, the interactions between nanoparticles, polymers,
and the model drug maintain the integrity of the nanocomposite structure, which leads to a
decrease in cumulative release for AG-PVP-HAp-QC compared to AG-PVP-QC at pH=7.4.
After 96 h, 93.5 % of quercetin was released at pH 5.4, while only 76 % of quercetin was
released at pH 7.4. Besides, a primary gradual release preceded the sustained release of quercetin
at pH 7.4 as it can be seen in Fig. 7.

This slow-release and retention behavior at basic conditicns retains the drug when the
nanocarrier passes to reach the tumor cells to release the drug at thc target site. The difference in
the release behavior at pH 5.4 and 7.4 for the groups contairiny HAp demonstrates the pH-
responsive behavior of the fabricated nanocarrier. This prorc-ty I, ascribed to the accelerated
dissolution of HAp (calcium phosphate) at acidic conditiors Jue .0 the protonation of HAp. This
protonation along with the protonation of carbonyl grouns n PVP, hydroxyl groups in QC and
AG leads to a repulsive force between the adjacent [ 9sit ve charge in Ca®* (HAp) and other
protonated groups, which intensifies the repulsive fc.ce ~nd facilitates the dissolution of the
nanocomposite, thereby increasing the amount of ir.g released. Thus, an increase in drug release
rates for AG-PVP-HAp-QC at pH 5.4 could e w:iocated to the pH sensitivity of HAp and
protonation of polymers at low pH [32] Tie s.atistical analysis performed between groups
showed significant difference between pH Z 4 with HAp as control group and all other groups
with p< 0.001. The values of QC cumu.~tive release percentage in each time point for all groups
are shown in Fig. 10. The significant i “ereace between pH 5.4 with HAp and all other groups at
all time points is also shown in Fig 8.

Also, the release profile of OC \rom AG-PVP-HAp hydrogel not encapsulated in double
emulsions at pH=5.4 represen. the effect of the double emulsion on the sustained release
compared to the group encaosu.~ted in the double emulsion at pH=5.4. As can be seen, more
than 80 % of the drug was 1 'ewsed at acidic condition after 24 h. This amount decreased to 54 %
for the group incorpo’.*ew in ~he double emulsion. This is due to the effect of the intermediate oil
layer in water in oil in w.ter double emulsion. After the dissolution of the nanocomposite, this
layer acts as a membrane to control the release of QC and prolongs the release period. Moreover,
the presence of PVA as a surfactant in the aqueous phase of the secondary emulsion further
stabilizes the nanocarrier and prolongs the release period. The same result was observed in a
nanocarrier of Chitosan-carbon quantum dot- aptamer complex [36]. Therefore, the double
emulsion prolongs the release from the fabricated pH-sensitive hydrogel at acidic conditions.
The effect of double emulsions on prolonging the release time can be seen by comparing the
release behavior of quercetin-loaded chitosan-cellulose hydrogel with zinc oxide nanoparticles
fabricated by George et al [58]. The fabricated platform was pH-responsive owing to the pH-
sensitivity of chitosan [59]. At acidic condition (pH 5), approximately 40 % of quercetin was
released during one hour, whereas in this study, 40 % of QC was released during 12 h at pH 5.4,
which shows the sustained-release of QC. Also, calcium phosphate nanocomposites developed
by Patra et al. showed 57 % drug release within the first 8 h [60], whereas in the current study,



57 % of the drug was released in more than 24 hours.
3.4. Kinetic modeling of drug release

The drug release kinetics was evaluated using the drug release data acquired through the
dialysis method [37]. The release data at neutral and acidic pH were fitted to zero-order, first-
order, Higuchi model, Hixson-Crowell model, and Korsmeyer-Peppas model to determine the
release mechanism for each pH. Fitting the release data to the mentioned models showed that
based on the R square values of the models with only meaningful parameters, the release data
best fit the Korsmeyer-Peppas model with a higher R* value at pH 7.4. The parameters of
regressions were tested by p-value< 0.05, and as stated parameters without a meaningful effect
on the models were omitted.

The Korsmeyer—Peppas model is applied to analyze the release of the drug from the dosage
form, mainly when the release mechanism is complex and invol* es more than one type. In this
model, n is the diffusional exponent representing the mechanism of '*ug release. For pH 7.4, the
n value for this model was 0.6044. According to the classifice tion. for this model, the release
mechanism is anomalous transport [61,62]. In addition, the c."u.ent n in the range 0.43-0.59
corresponds to a primarily diffusion-controlled release mech.nis'n [63]. This release mechanism
is aligned with the structure of the fabricated nanocarnct and the interactions between the
components. Indeed, the physical and chemical intere-tior.s between the drug and components
maintain nanocarrier’s integrity and prevents the d’ss.'ution of the nanocarrier at neutral
conditions. Hence, the release mechanism at neutrai zondition is mainly based on diffusion. The
same result was reported by Zhao et al. in pr2p.rirg a composite hydrogel as the carrier of
apigenin [64].

Also, the release data at pH 5.4 wer. fit.ed to the mentioned models. The R? values of the
fitted models showed the Korsmeyer-Pappas 1.:odel fitted better than other models to release data
(Fig. 9). The n value of the Korsmeyer-+ ~opas model was 0.8155 at pH=5.4. According to the
Korsmeyer-Peppas model for n valirs vetween 0.43 and 0.85 the mechanism of release is
anomalous transport (non-fickian) A: tius pH, the increase of the n value from 0.6044 to 0.8155
denotes transition of the principal 1.'ease mechanism from diffusion to dissolution. This change
in the major release mechanis: 1s due to the accelerated dissolution of HAp in acidic condition
which releases positive chaae in Ca** (HAp). Also, the protonation of other mentioned
functional groups in the 1 ano:omposite produces a repulsive force between the adjacent positive
charges and accelerates e uissolution of the nanocomposite. Therefore, at acidic condition, the
dissolution occurs faster *.an diffusion.

In addition, other kinetic models regressed from the release date confirm the results
described above. For instance, zero order model does not fit both conditions since in this model
release is independent of concentration. The release date fit first-order model better, which
shows the release is concentration dependent [65]. Besides, the Higuchi model is used for the
release of a drug from a dosage which involves both diffusion and dissolution. The release data
at pH 7.4 and 5.4 fit this model with R square 0.9824 and 0.9871, respectively. The good fitting
of the release data to this model represents the occurrence of diffusion and dissolution during
release, which is in accord with the results from the Korsmeyer-Peppas model. Furthermore, the
Hixson-Crowell model, which is used for dissolution-controlled release, is fitted better with the
release data at pH 5.4 and confirms dissolution is more dominant in release at pH 5.4 due to the
increased repulsive forces between components after protonation at acidic pH [65]. Accordingly,
the release mechanism is anomalous according to the Korsmeyer-Peppas model as the best fitting



model with transition from diffusion to dissolution as predominant mechanism at pH 7.4 and 5.4,
respectively.

Drug release data fitted to mathematical models of drug release are represented in Fig. 9.
The results of kinetic modeling of the drug release are also summarized in Table. 3.

3.5. In-vitro cytotoxicity study

MTT analysis was conducted to assess the cytotoxicity of the prepared QC-loaded
nanocarriers to examine whether the prepared nanocarriers can be adopted for the delivery of QC
with significant growth inhibitory effects compared to free QC. The cytotoxic effects of free QC,
nanocarriers of AG-PVP-QC, AG-PVP-HAp-QC on MCF-7 cells after 72 h incubation were
evaluated using the MTT assay presented in Fig. 10. Also, the viability of cells treated with AG-
PVP-HAp was studied to evaluate the nanocarrier's cytotoxicity. According to the literature,
hydrogels of PVP and agarose have not shown significant cyt.ioxic effects even at higher
concentrations of this study [66,67]. Therefore, the observed decrecse in the viability of cells in
AG-PVP-HAp sample accounts for the in vitro cytotoxicity 2% F.%p. A similar reduction in the
viability percentage is reported for the cytotoxicity of HAp ¢ M CF-7 cells with a concentration
equal to the concentration in this study. [68,69]. Thereture, the reduction in the viability of
control cells with p< 0.01 confirmed the in vitro cytcaxic'ty of HAp. Besides, the viability of
cells treated with free QC is less than AG-PVP-HAp c.ou, with p< 0.01, which shows QC with
applied concentration has more cytotoxic effect or. the cells than HAp. The reduction in the
viability of cells treated with free QC is con~iste,.c with the results of former studies in the
literature [70].

The viability of cells treated with free 7/C is less than cells treated with AG-PVP-QC with
p< 0.05. This could be due to the fact *hat QC is a hydrophobic drug and is expected to have
direct interaction with cells through | ~ne:ration into lipid membranes without fulfilling the
release process from AG-PVP nanocrrier. Moreover, the viability of cells treated with the
fabricated nanocarrier of AG-P\'?-H,\p-QC is less than free QC and AG-PVP-QC with p<
0.001. This result represents sig. ificant cytotoxicity of AG-PVP-HAp-QC on cancer cells based
on the antiproliferative effert o1 4Ap nanoparticles along with anticancer activity of QC as well
as improved release behewior oi the nanocarrier. Indeed, the enhanced sustained-release of QC
from AG-PVP-HAp-,~ (e .0 HAp nanoparticles and nanoemulsions leads to the sustained and
time-dependent release o1 QC, which reduces viability through improving apoptosis induction on
the cells. Flow cytometry assay was performed to study the cytotoxicity of the carrier further and
verify this explanation.

3.6. Cell apoptosis assay

To further analyze the biological property of the prepared nanocarrier and figure out the
impact of sustained-release due to the use of HAp and double emulsions on improved QC
cytotoxicity, cell apoptosis assay was used to study the apoptotic and necrotic induction effect of
QC loaded in AG-PVP, AG-PVP-HAp, free QC, and blank AG-PVP-HAp (without drug
loading). The reduction in the percentage of Q4, denoting viable cells, in blank AG-PVP-HAp
compared to the control group was less than other groups. This result is aligned with the MTT
results discussed before. Besides, the percentage of apoptotic cells in AG-PVP-HAp increased
compared to the control group. This result represents the apoptosis induction feature of HAp
reported in the literature [71]. According to Fig. 11, the percentage of viable cells in free QC is



less than AG-PVP-QC, which is again in agreement with the cytotoxicity results. Also, as
mentioned before, since cells have been directly exposed to free QC, the percentage of necrotic
cells in free QC (51.8%) is higher than AG-PVP-QC. This reduction in the percentage of
necrotic cells in AG-PVP-QC can be attributed to nanoemulsions for incorporating AG-PVP-QC
that has gradually released QC compared to free QC and led to less necrosis. Thus, the higher
cytotoxicity of free QC than AG-PVP-QC observed in the MTT results is mainly due to necrosis.
The percentage of early and late apoptotic cells in AG-PVP-HAp-QC is higher than other
samples with the lowest percentage of viable cells (6.55%). This result represents the improved
cytotoxicity of QC through further apoptosis induction by the sustained release owing to the use
of nanoparticles and double emulsion along with the apoptotic effects of nanoparticles.

Besides, the percentage of necrotic cells in AG-PVP-HAp-QC reduced compared to free
quercetin, which shows the majority of cells are in the early or late cnoptotic phase, while in free
QC most of the cells are in the necrotic phase (Q1). The same es.'t was observed in the study
gold nanoparticles-conjugated quercetin on apoptosis ir'wion in MCF-7 cells. Gold
nanoparticles-QC treated cells had more early and late apch.ntic cells than free QC treated cells
[72]. The achieved value of apoptosis by quercetin-loadeu AG-PVP-HAp is much higher than
the cotreatment of MCF-7 cells with rhTRAIL and que: cet’ reported to be 25% [73]. Therefore,
the enhanced apoptosis induction of QC can be attr’ou.>d to the improved sustained-release
behavior of the fabricated nanocarrier by the in*eraction between HAp nanoparticles with
anticancer activity and the drug as well as the rc e . uouble emulsion that released QC gradually
and induced apoptosis in more cells *vitt tnae. Consequently, this system provided a
considerable antitumor effect.

4. Conclusion
Despite the promising features of quaietni as an anticancer drug, its targeted delivery over a
period of time is a challenge due to »oor solubility and short biological half-life time. Thus,
developing a platform with stir;ili-iasponsive property for targeted delivery, enhancing its
loading, and extending the .~lease time is necessary. In this work, a pH-responsive
nanocomposite encapsulaten in nanoemulsions was developed to simultaneously enhance the
loading and sustained-relra.~ 01 quercetin with the use of HAp nanoparticles and nanoemulsions.
In conclusion, incorrcoracno HAp nanoparticles into nanocomposites ameliorates the loading
efficiency and provides |.H-responsive release behavior. The use of nanoparticles controls the
drug's burst release due to its interactions with the drug and polymers in the nanocomposite
structure to retain the drug at pH 7.4 and release it at the tumor site with lower pH. Also, the
incorporation of nanocomposites in nanoemulsions prolonged the release time further by the oil
layer of W/O/W emulsion, acting as a membrane to control the release of QC. Besides, the
prepared nanocarriers with this approach significantly enhanced the apoptosis induction activity
of QC compared to free QC or QC-loaded AG-PVP hydrogel. Hence, the prepared nanocarrier
can be used as a potential pH-sensitive nanocarrier for the controlled release of quercetin to
address the mentioned defects attributed to QC as an anticancer drug.
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Figure legends

Fig 1. Formation of a quercetin-'o.dea hydrogel nanocomposite with non-covalent interaction of
nanoparticles and hydrogel.

Fig 2. Emulsion-based nancstruw.:ures as potential carriers in drug delivery. Oil in water (O/W)
nanoemulsion (left) and »vawr in oil in water (W/O/W) double emulsion (right) for the delivery
of quercetin.

Fig 3. Preparation of the ranocomposite hydrogel and its encapsulation in the water in oil in
water (W/O/W) double emulsion.

Fig 4. The FTIR spectra of PVP, AG-PVP, AG-PVP-HAp, and AG-PVP-HAp-QC.

Fig 5. The XRD patterns of PVP, AG-PVP, AG-PVP-HAp, and AG-PVP-HAp-QC.

Fig 6. FESEM image of freeze-dried hydrogel nanocomposites of AG-PVP-HAp loaded with
quercetin.

Fig 7. Quercetin release profile for AG-PVP-HAp hydrogel at pH=5.4 and for nanocarriers
encapsulating quercetin-loaded AG-PVP-HAp hydrogel nanocomposite and AG-PVP without
HApatpH5.4and 7.4

Fig 8. Cumulative release percent of quercetin at each time point for each group. Difference
between pH 5.4 with HAp and all other groups is significant at p < 0.001(").

Fig 9. Drug release data fitted to mathematical models of drug release.

Fig 10. In vitro cell cytotoxicity of free quercetin, quercetin loaded in AG-PVP and AG-PVP-



HAp, and AG-PVP-HAp against MCF-7 after 72 h incubation. Data are represented as mean +
SEM of three independent experiments in duplicate. Difference between control and AG-PVP-
HAp is significant at p<0.01 (). Difference between control and other groups is significant at p
< 0.001("™). Difference between free quercetin and AG-PVP-QC is significant at p< 0.05(%).
Difference between free quercetin and AG-PVP-HAp is significant at p< 0.01(*). Difference
between free quercetin and AG-PVP-HAp-QC is significant at p < 0.001 (**). Difference
between AG-PVP-QC and AG-PVP-HAp-QC is significant at p < 0.001 (**).

Fig 11. Flow cytometric analyses of apoptosis and necrosis in MCF-7 cells induced by free
quercetin, quercetin loaded in AG-PVP and AG-PVP-HAp, and AG-PVP-HAp, using Annexin
V-FITC and PI double staining. Quadrant analysis of fluorescence intensity of non-gated cells in
FL1 (Annexin V) vs FL3 (PI) channels was from 5000 events. The values shown in the lower
left, lower right, upper left, and upper right quadrants of each par..' represent the percentage of
viable, apoptotic, necrotic, and late apoptotic (post-apoptotic necrou ) cells, respectively.
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Table 1. Effect of HAp on quer etin, drug loading and encapsulation efficiencies.

| AC-PVP AG-PVP-HAp Effect of HAp (%)
Loading (%) 48 61 +13
Encapsulation (%) T 85 93 +8

Table 2. Encapsulation and loading efficiencies reported in former studies and the current study

Drug delivery platforms for quercetin Loading % | Encapsulation % | Reference
delivery
Chitosan—quinoline nanoparticles 9.6 77 [52]
Graphene oxide (GO)- polyvinylpyrrolidone 20 | e [53]
(PVP)

Quercetin liposomes 2.58 68.2 [7]
Solid lipid nanoparticles (SLN) 16.65 83.27 [54]
Nano lipidic carriers (NLC) 17.98 89.91 [54]
Shell-sheddable micelles 23.4 30.6 [74]
Cationic nanostructured lipid carriers 3.95 89.3 [55]

A 4



Quercetin conjugated Fe3O4 nanoparticles 6.08 81.6 [56]
(QCMNPs)
QC-loaded AG-PVP-HAp nanocomposite 61 93 This work
encapsulated in double emulsion
Table 3. Kinetic modeling of drug release.
Model Equation R?
Zero-order Ci=0.9108 0.9764
First-order In (1-274)=4.6168 - 0.0155 t 0.9910
— : ; 1 N
pH=7.4 Higuchi Q= 7.4206 &z 0.9824
- 1 [—
Hixson-Crowell 1- %)5 - 1.2139-0.0185 t 0.9663
Korsmeyer-Peppas In(%): 0£044 'nt +1.3795 0.9937
Zero-order C=1.2502" 0.9181
First-order b, 1-M0=45371 - 0.0302 t 0.9500
Mo
_ : : i 1
pH=5.4 Higuchi | 0=10.393 ¢z 0.9871
- - T
Hixson-Crew Ml 1- %)5 — 4.4875 - 0.0285 t 0.9851
Korsme,r-teppas 0.9903

In(24)= 0.8155 In t +1.3267
Moo
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