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ARTICLE INFO ABSTRACT

Keywords: A hydrogel nanocomposite comprising polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and titanium oxide

TiO, (TiO2) was prepared and encapsulated in a double emulsion as a pH-triggered delivery vehicle for quercetin

Nanocarrier (QQ), an antitumor drug. Dynamic light scattering (DLS) was used to estimate the size and confirm the stability of

]C);E(‘iefetl}llﬁ?;y QC-loaded nanoparticles. The interactions between the nanocomposite components, its crystalline structure and

Quercetin the morphology of the nanoparticles were characterized through Fourier transform infrared (FTIR) spectroscopy,
X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM), respectively. Drug loading
and encapsulation efficiency significantly improved after incorporation of TiO,, which corroborates the bene-
ficial effect of this component. In vitro release experiments indicated the pH-responsivity of the nanocarrier, with
higher amount of QC released in an acidic medium than at neutral pH. Due to the presence of a double emulsion,
the release pattern was sustained and gradual in both environments. Cellular experiments including MTT assay
and flow cytometry were conducted using U87 cell line to compare the anticancer activity of free QC and QC-
loaded nanoparticles. MTT assay was also performed on a noncancerous cell line (L929) to assess potential
side effects of the drug release system. The results obtained herein confirm the suitability of the developed
nanocarrier as an efficient drug delivery vehicle for tumor therapy.

1. Introduction

According to statistics, cancer is the second most fatal disease in the
USA. A total of 1.9 million new cancer cases and 609,360 deaths
occurred in 2022, which is about 1670 deaths a day [1]. Traditional
approaches towards cancer therapy such as chemotherapy suffer
drawbacks like drug resistance, low bioavailability, non-specific tar-
geting, uncontrolled release, and insufficient solubility. One solution
that has been widely explored to tackle these problems is the use of
smart nanoplatforms for drug delivery [2,3]. In particular, natural
nanomaterials are being widely investigated as they demonstrate less
side effects [4].

Flavonoids are natural polyphenolic compounds with confirmed
antitumor activities. Their capability in modulating cell replication and
apoptosis has been validated. Quercetin (QC) belongs to this group and
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is found in fruits and vegetables. Its potential to inhibit interactions
between free radicals and low-density lipoproteins has been proven.
This feature makes QC a potential medicine for cancer treatment. Other
beneficial properties of QC include antiviral, antidiabetic, and anti-
inflammatory activity [5-9]. Despite the advantages of natural prod-
ucts like QC for cancer therapy, drawbacks such as low aqueous solu-
bility and bioavailability hinder their efficient antineoplastic activity
[4]. Tackling these issues through encapsulation of the drug in poly-
meric nanocarriers have been extensively investigated in the last two
decades [10].

Hydrogels are networks made of crosslinked polymers with hydro-
philic functional groups that enable to absorb large amounts of water.
Polymeric hydrogels as drug carriers offer several benefits including low
cytotoxicity and favorable biocompatibility. High swelling capacity,
softness, and flexible structure allows hydrogels to mimic structural

E-mail addresses: mohammadeshagi3782@gmail.com (M.M. Eshaghi), mehrabpourmadadi@gmail.com (M. Pourmadadi), a.rahdar@uoz.ac.ir (A. Rahdar), am.

diez@uah.es (A.M. Diez-Pascual).

https://doi.org/10.1016/j.jddst.2023.104304

Received 8 November 2022; Received in revised form 9 February 2023; Accepted 22 February 2023

Available online 28 February 2023

1773-2247/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:mohammadeshagi3782@gmail.com
mailto:mehrabpourmadadi@gmail.com
mailto:a.rahdar@uoz.ac.ir
mailto:am.diez@uah.es
mailto:am.diez@uah.es
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2023.104304
https://doi.org/10.1016/j.jddst.2023.104304
https://doi.org/10.1016/j.jddst.2023.104304
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jddst.2023.104304&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.M. Eshaghi et al.

properties of body components [11-14]. Regarding the choice of
building blocks for the polymeric hydrogel, natural polymers like chi-
tosan show advantages like biocompatibility and biodegradability.
However, low mechanical properties can compromise their role as drug
carriers in vivo. Synthetic polymers such as polyvinyl alcohol (PVA) and
polyvinylpyrrolidone (PVP) are a suitable alternative to natural mac-
romolecules owed to their good chemical and physical properties [15],
including biocompatibility, water-solubility, thermal and chemical sta-
bility, making them ideal candidates for developing hydrogel nano-
carriers [16]. The combination of PVA and PVP leads to a new hydrogel
structure with improved features compared to the pure components due
to synergistic effects. The interconnected network comprising both
polymers is the result of hydrogen bonds formed between hydroxyl
groups of PVA and carbonyl groups of PVP, which increase polymer
stability and prevents PVA degradation [17]. Further, an interlocked
network of PVP and PVA contributes to decrease burst release.

Stimuli can significantly enhance the therapeutic efficiency of drug
carriers as they aid to release their payload at the site of interest and not
toward healthy tissues. Among factors that can trigger drug release are
light, pH, temperature, sound waves, magnetic field, etc. To be consid-
ered stimuli-responsive, the nanocarrier structure needs to change upon
modification of one of the mentioned factors. These structural changes
can facilitate the release of the cargo at the required site and prevent its
accidental release in other parts of the body [18-20]. One of the most
suitable stimuli for cancer therapy is pH, since the pH of tumor micro-
environment is noticeably lower than that of healthy tissues; therefore,
using pH-triggered nanocarriers is a smart approach for enhancing
therapeutic effects of antitumor drugs [21,22]. Several works have been
reported regarding the successful development of pH-responsive drug
carriers for improving drug delivery efficacy. Madhusudana and co-
workers [23] developed a pH-sensitive polymeric nanogel loaded with
curcumin, which released higher amount of the drug in a neutral envi-
ronment than in an acidic one. However, stimuli-responsive hydrogels
have the limitation of lengthy response time which compromises de-
livery efficacy [24]. Also, they suffer from low mechanical strength
which causes structural collapse [25], large pore size [26], and high
swelling degree [27], leading to burst release of the payload. Moreover,
hydrophobic drugs cannot be loaded in hydrogels in large quantities due
to the aqueous nature of the hydrogels [27]. Incorporating inorganic
nanoparticles such as metal oxides within the hydrogel network can
improve its mechanical strength, biocompatibility, biodegradability,
swelling rate and provide it with more functions [28]. Literature reports
have revealed the potential of titanium oxide (TiO3) nanoparticles as a
pH-responsive carrier for drugs. Zhang and coworkers [29] reported the
fabrication of a pH-sensitive nanocomposite composed of TiO2 nano-
particles and daunorubicin drug. Their release studies indicated that
protonation of daunorubicin molecules at acid pH along with shifting of
TiO, surface charge to positive values led to dissociation of the drug
from the inorganic nanocarrier. Features such as pH-sensitivity and high
surface area of TiOy nanoparticles can lead to higher drug uptake,
increased loading capacity for hydrogels, and improved performance of
the therapeutic cargo [30-32].

In this study, a hydrogel nanocomposite comprising PVP, PVA, and
TiO5 nanoparticles for QC delivery has been synthesized. Successful
incorporation of QC within the PVP/PVA polymeric network can be
associated with the hydrogen bonds formed between phenolic groups of
the drug with C=0 groups of PVP and O-H groups of PVA, as reported in
the literature [33,34]. Moreover, interactions between PVA and TiO,
nanoparticles have been reported by Ahmad et al. [35] which proves
feasibility of incorporating TiO2 nanoparticles within PVA network.
These interactions along with the large surface area of TiO, nano-
particles improve the encapsulation efficiency of QC. At lower pH
values, the protonation of C=0 groups of PVP, O-H groups of PVA, and
O-H groups of QC disrupts the abovementioned interactions and creates
a repulsive electrostatic force between the molecules. Hence the struc-
ture of the nanocomposite is compromised and higher amounts of QC
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are released compared to neutral conditions [36].

Following the synthesis of the hydrogel nanocomposite, a water-in-
oil-in-water double emulsion was prepared according to the method
reported by Chouaibi and colleagues [37]. Multiple layers of the double
emulsion system can increase the release time and develop a sustained
release profile for QC. Slow and sustained release profile is of paramount
importance for drugs such as QC that have low bioavailability. The oil
layer that separates the two water layers controls the release rate of the
drug [38,39]. A hydrophobic and hydrophilic surfactant are used in the
two respective steps of preparing the emulsion to facilitate interactions
between the initial aqueous interface and the oil interface, and the in-
teractions between the dispersed oil phase and the outer aqueous phase
[36].

To sum up, the purpose of this study was to prepare a hydrogel
nanocomposite of PVP/PVA/TiO loaded with QC and entrapped in the
inner aqueous layer of a double emulsion system. To the best of our
knowledge, no previous study has used such formulation for drug de-
livery purposes. The nanocarrier displayed high loading efficiency and
pH-sensitivity feature, which would facilitate controlled release of the
therapeutic payload. The cytotoxicity of the developed system on U-87
cell line was investigated to evaluate its therapeutic efficiency for can-
cer. The same study was conducted on L929 cell line to assess potential
side effects induced by the nanocarrier.

2. Materials and methods
2.1. Materials

Phosphate-buffered saline (PBS), PVA (C4HgO2)n, 87-90% hydro-
lyzed, dosoc = 1.19-1.31 g/cm3, average Mw = 30000-70000), PVP
((CgHgNO),, dosec = 1.20 g/cm3, average Mw = 40000), TiO nano-
particles (10% wt. in ethanol, <150 nm particle size), QC drug
(C15H1907, Mw = 302.24 g/mol, >95% (HPLC), solid) and ethyl acetate
(anhydrous, 99.8%) were purchased from Sigma Aldrich Co. SPAN 80
(C24H4406, Mw = 428.60 g/mol) was obtained from Merck Co.

2.2. Preparation of PVP/PVA/TiO2/QC nanocomposite

Firstly, 0.4 g of PVP was added to 20 mL of 2% (v/v) acetic acid
solution and the resulting mixture was placed on heater stirrer at room
temperature until a homogenous PVP solution of 2% (w/v) was ach-
ieved. This was followed by addition of 0.2 g PVA powder to the ob-
tained mixture. After mechanical stirring and complete homogenization,
the resulting solution of PVP and PVA was placed in an ultrasonic bath
for 10 min. In the next step, 20 mg of TiO5 nanoparticles were added to
the magnetically stirred solution until the nanoparticles were
completely dispersed in the polymeric network [37]. The amount of QC
loaded on the hydrogel was chosen in order to attain a final concen-
tration of the drug in the hydrogel of 5 pg/mL. After 30 min on the
heater stirrer, a uniform PVP/PVA/TiO5/QC hydrogel was obtained.

2.3. Preparation of PVP/PVA/TiO2/QC double emulsion

The double emulsion system was prepared following a procedure
similar to that reported earlier [22]. Firstly, 20 mL of the QC-loaded
hydrogel was extracted using a syringe. The extract was added drop-
wise to 60 mL of nigella sativa oil containing 2% (v/v) SPAN 80 under
continuous stirring. Thus, spherical QC-loaded nanocarriers were
formed within the lipophilic phase. After 10 min of stirring, 20 mL of
distilled water was added to the nigella sativa oil which acted as the
outer hydrophilic layer. The resulting emulsion system was stirred for
another 10 min and then the solution was kept undisturbed for 10 min so
that the layers separated from each other. Finally, a sampler and a
centrifugation (4500 rpm, 10 min) were used to remove the lipophilic
and aqueous phase, respectively. Drying of the samples was performed
using a freeze dryer. The samples were first frozen at —20 °C and then
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dried by means of a freeze dryer.

2.4. Characterization of the nanocomposite

The surface morphology of the developed nanocarrier was examined
using a field emission scanning electron microscopy (FESEM: Quanta,
FEG 250, Japan), operating at a voltage of 20 kV. The size and stability
of the nanoparticles was measured by means of dynamic light scattering
(DLS) technique and zeta potential measurements using a Zetasizer
Nano (Malvern, UK). Fourier transform infrared (FTIR) spectroscopy
was used to get insight about the interactions between the nano-
composite components. Spectra were recorded using an Alpha Platinum
FTIR spectrophotometer (Bruker, MA, USA) equipped with an attenu-
ated total reflection (ATR) accessory, in the wavenumber range of 4000-
500 cm ™. The crystalline nature of the nanocomposite and the modi-
fications of its structure after addition of each component were studied
using X-ray diffraction (XRD) analysis with a D2 Phaser diffractometer
(Bruker, MA, USA) in the 26 range from 5 to 80°.

2.5. Drug loading and encapsulation efficiency

The loading and encapsulation efficiency of both PVP/PVA/QC and
PVP/PVA/TiO2/QC nanoparticles were determined to assess the impact
of incorporating the inorganic nanoparticles in the polymeric structure.
For such purpose, the samples were added to PBS. Next, ethyl acetate
was added to the mechanically agitated solution until a homogenous
mixture was obtained. The organic phase was then removed and its
quercetin content was measured using a UV-Vis spectrophotometer. A
linear correlation between optical density and amount of free drug was
obtained. Equation (1) and were used to calculate loading efficiency and
encapsulation efficiency, respectively.

_Total QC quantitiy — Free QC quantitiy

Loadii ficiency (%) = 1
oading efficiency (%) Total nanocarrier quantity M

Total QC quantitiy — Free QC quantitiy

2
Total QC quantity 2

Encapsulation efficiency (%) =

2.6. In vitro drug release

The release profile of the payload was simulated in vitro through
dialysis bag method [36]. In this regard, a beaker was filled with water
(37 °C) to mimic the thermal conditions of the body. The beaker was
placed on a stirrer to ensure uniform temperature throughout the
beaker. Two Falcon test tubes were filled with PBS containing 20% (v/v)
ethanol at pH values of 7.4 and 5.4 which correspond to the microen-
vironment of healthy and tumor-containing tissues, respectively. After-
wards, the tubes were immersed within the water-containing beaker.
Next, two dialysis bags containing QC-loaded nanoparticles were placed
within the Falcon test tubes. While the PBS containing tubes are meant
to represent tissue environment, the porous dialysis bags represent veins
in which nanoparticles flow. Samples were taken from the test tubes 0,
0.5, 1, 2, 3, 6, 12, 24, 48, 72, and 96 h after the beginning of the
experiment. In each turn of sample extraction, proportional quantity of
fresh PBS was added to the tubes. The portion of released QC was then
measured by means of UV-Vis light and the release percentage was
calculated using equation (3).

Released QC

Loaded QC x 100 3

Released QC percentage =

In equation (3), “Loaded QC” is the initial amount of drug loaded on
the nanoparticles and “ReleasedQC” is the amount of drug within the
extracted samples, which was measured using a UV-Vis
spectrophotometer.
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2.7. Cell culture

U87 cell line (cancerous cell line, human glioblastoma) was cultured
in RPMI-1640 medium (deprived of folate) at 37 °C, containing 0.5%
COs. This cell line was used in MTT assay and flow cytometry test to
assess the antitumor activity of the nanoparticles. L929 fibroblast cell
line was cultured in RPMI-1640 medium under the same conditions as
U87 cells. Cellular tests were performed using L929 cells estimate the
potential cytotoxic effect of nanoparticles on healthy cells. Both cell
lines were provided by Pasteur Institute (Tehran, Iran).

2.8. MTT assay

An MTT assay was applied to evaluate cytotoxic behavior of free QC,
PVP, PVP/PVA, PVP/PVA/TiO,, and PVP/PVA/TiO,/QC against both
U87 and 1929 cell lines. Culture mediums containing 10* cells were used
to fill wells of a 96-well plate. Following one day of incubation to ach-
ieve desirable cell adhesion, both cell lines were treated with each of the
mentioned samples for 24 h. The reason for testing the mentioned
samples was to inspect the cytotoxic effects of each component on the
cells. Also, a control group of cells were prepared using the same me-
dium (RPMI-1640). Optical density values were measured through an
ELISA reader and the cell viability percentage was calculated with
respect to the control group. All the experiments were repeated three
times and the results are presented as mean =+ standard error of the mean
(SEM).

2.9. Flow cytometry test

To further verify the results of MTT assay, flow cytometry test was
performed using U87 cell line to determine the share of apoptotic and
necrotic death induced by free QC, PVP, PVP/PVA, PVP/PVA/TiO,, and
PVP/PVA/TiO2/QC. The cells were treated with each sample for 24 h,
and then washed with PBS. A suspension of cells was then formed in a
binding buffer and the cells were stained using Annexin V-FITC. By
analyzing the fluorescence intensity using a flow cytometer, the share of
cells with necrotic death (Q1), late apoptotic death (Q2), early apoptotic
death (Q3), and viability (Q4) were determined. Each test was repeated
three times.

3. Results and discussions
3.1. DLS

The size and zeta potential of PVP/PVA, PVP/PVA/TiO, and PVP/
PVA/TiO2/QC nanoparticles was assessed by means of DLS technique,
and the results for each of the abovementioned formulations are shown
in Figs. 1-3. PVP/PVA nanoparticles have and average size of 119 nm
and average zeta potential of 31 mV (Fig. 1). The addition of TiOq
nanoparticles increases the average size to 300 nm and the zeta potential
by 7 mV (Fig. 2). Once QC is entrapped in the nanocarrier, the average
size rises to 330 nm and mean zeta potential reaches 51 mV (Fig. 3). The
size of the nanoparticles increases with the addition of each component
within the polymeric network, which is reasonable and validates the
effectiveness of the synthesis protocol. According to literature, zeta
potential values above 30 mV are indicative of good particle stability
[40]. A high value of zeta potential indicates large surface charge of the
particles that hinders their aggregation through repulsive electrostatic
forces.

Regarding DLS tests over time at different pH (7.4 and 5.4), a pre-
vious work by El-Rehim et al. [42] has proven the pH-sensitivity of PVP
involved in a copolymer network. Also, the studies of Liu and coworkers
[43] using DLS verified the pH-sensitivity of PVA in copolymeric
nanoparticles. In both studies, the copolymer comprised either PVP or
PVA and poly acrylic acid. To verify the pH-sensitivity of PVP/PVA/TiO,
nanoparticles, DLS test was replaced herein by a dialysis bag experiment
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Fig. 1. Size and zeta potential distribution of PVP/PVA nanoparticles determined by DLS. Average size: 119 nm, Average zeta potential: 31 mV.
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Fig. 2. Size and zeta potential distribution of PVP/PVA/TiO, nanoparticles. Average size: 300 nm, Average zeta potential: 38 mV.

to mimic the thermal conditions of the body (37 °C), and the nano-
particles were separated from the simulated tissue microenvironment
(PBS solution) using a porous dialysis bag (as blood vessels). Our
experiment confirmed the pH-sensitivity of the nanoparticles.

3.2. FE-SEM

FESEM was used to get insight about the surface morphology and
state of dispersion of the nanoparticles in the nanocomposite, and
representative micrographs at two different scales (20 pm and 500 nm)
are shown in Fig. 4. These images illustrate an interconnected structure
comprising the polymeric fibers of the synthesized nanocomposite
loaded with QC. As can be visualized in the micrographs, the polymeric
fibers have a uniform size distribution and a smooth surface, indicating
good compatibility between the building units of the nanocomposite
(PVP, PVA, and TiO,), which can be attributed to strong chemical in-
teractions between these components that lead to the formation of an
integrated network. These interactions are discussed in more detail in
section 3.3.

Measurements in different sections of the image revealed sizes in the
range of 110-75 nm. There are significant differences between the sizes

obtained by FESEM and DLS. The lower particle size obtained by SEM
imaging can be attributed to the fact that DLS relies on Rayleigh scat-
tering from nanoparticles dispersed in a liquid that undergo Brownian
motion. By illuminating the sample with a laser source to estimate the
diffusion speed of the particles, the hydrodynamic diameter of the
nanoparticles can be calculated. However, it includes hydration layer,
polymer shells or other possible stabilizers, leading to a larger particle
size. It also assumes that there is no interaction between particles that
are treated as uniform isotropic non-interacting single scattering
spheres. On the other hand, SEM is a powerful technique to resolve
different particle sizes in the solid state. When comparing the results
from the SEM images, it has to be taken into account that the hydrated
polymeric shell collapses during drying and in the high vacuum chamber
of the SEM.

Similar differences in size using SEM and DLS techniques have been
previously reported for other nanocomposites such as carboxymethyl
cellulose (CMC)-based hydrogels designed for QC delivery [44]. Overall,
SEM seems a more reliable technique to assess the state of dispersion of
the nanoparticles in the nanocomposite, and according to the observed
images, there is a uniform distribution of the synthesized fibers loaded
with QC.



M.M. Eshaghi et al.

40

Relative frequency (%)

- - ~N N w w
o o o o o o
1 1 L 1 L 1

o
1

0+——
0 50

* T T w T " T i !
100 150 200 250 300 450

Particle size (nm)

350 400

Journal of Drug Delivery Science and Technology 81 (2023) 104304

0 5 101520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
Zeta potential (mV)

Fig. 3. Size and zeta potential distribution of PVP/PVA/TiO5/QC nanoparticles. Average size: 330 nm, Average zeta potential: 51 mV.
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Fig. 4. FESEM images of PVP/PVA/TiO,/QC nanomulsions with two scales: 20 pm, 500 nm (from left to right).

3.3. FTIR

FTIR analysis was performed for get information about the functional
groups of the different samples and the interactions between these
functional groups upon mixing the components, and the results are
shown in Fig. 5. Regarding the spectrum of neat PVA, the peak at 3379
em™! is related to the O-H stretching and those at 2940 cm™* and 956
em™! correspond to C-H asymmetric and CO symmetric stretching,
respectively. The characteristic C=0 stretching appears at 1715 cm ™.
The peak located at around 1570 cm™! corresponds to C-H and O-H
bending vibrations, and the C-H bending of the CH, groups appear at
1242 cm™! (wagging) and 848 cm™! (rocking). In the FTIR spectra of
PVP, the O-H stretching is observed at 3461 cm™*. Moreover, C-N and
C=O0 stretching appear at 2127 cm ™! and 1666 cm™!, and the CH,
rocking at 875 cm™!. In the crosslinked network composed of PVP and
PVA (PVP/PVA), hydrogen bonds are formed between C—=0 groups of
PVP and O-H groups of PVA. The O-H stretching appears at 3496 cm ™ *,
the asymmetric C-H stretching of CH2 at 2924 cm ™! and the symmetric
stretching of C=0 at around 948 cm ™. Further, peaks located between
1600 and 1700 cm ™! can be assigned to C=C stretching vibrations of
polaronic states, in agreement with previous literature reports [41].

PVP/PVA/TIO2/QC
PVP/PVA/TIO2

s
[} &
g \f Tio2
s
€
g PVP/PVA
o
=

PVP

PVA
T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm?)

Fig. 5. FTIR spectra of PVA, PVP, PVP/PVA, TiO,, PVP/PVA/TiO,, and PVP/
PVA/TiO,/QC.
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Regarding TiO, spectra, the peak observed at 605 cm ™! corresponds to
the vibration of Ti-O bond, in agreement with results reported earlier
[42]. Upon incorporation of TiO, within the polymeric network of
PVP/PVA, all the characteristic peaks of the components can be iden-
tified. Moreover, the intensification of the peak located at around 3500
em™! can be associated with the interaction between O-H groups of
PVA, C=O0 groups of PVP, and TiO, nanoparticles. Similar interactions
related with the corresponding peak have been reported in the literature
[43]. It is evident from Fig. 5 that loading QC within the nanocomposite
network hardly modifies the position or the intensity of the peaks found
in the neat nanocomposite. A slight increase in the peak located at
around 1600 cm ™! can be associated with the overlapping of the C=0
stretching for both QC and PVP which results in increased peak in-
tensity. Also, the interactions between hydroxyl groups of QC and TiO,
nanolparticles lead to slightly increased intensity of the peak at 3500
cm

3.4. XRD

XRD analysis was employed to determine the crystalline structure of
each component of the nanocarrier. The diffractograms for PVA, PVP,
PVP/PVA, TiOy, PVP/PVA/TiO, and PVP/PVA/TiO2/QC are shown in
Fig. 6. In the pattern of PVA, an intense peak is observed at 19.75°,
corresponding to (110) plane [47], and the semi-crystalline nature of
polymer is corroborated. Regarding PVP, two weak peaks located at
around 10.2 and 24.15° are indicative of the amorphous structure of the
polymer [44]. The significant decrease in the intensity of PVA peak upon
crosslinking of PVA and PVP and the formation of a broader peak in-
dicates the good miscibility of the two polymers. Regarding TiOo,
several peaks are located at around 25, 36, 37, 38, 48, 53, 55, and 62°, in
agreement with literature reports on XRD analysis of TiO5 nanoparticles,
and confirm its anatase crystalline structure [45]. It is evident from
Fig. 6 that all the peaks of TiO; either vanish or lose intensity upon
incorporation of TiO, nanoparticles within the polymeric network. This
result confirms the successful incorporation of the inorganic nano-
particles within the polymeric hydrogel and the reduced or vanished
intensities represent the formation of a complex between TiO» and the
amorphous network of PVP/PVA. QC has a crystalline structure [46].
However, the diffractogram for the QC loaded-nanocomposite does not
show any additional peak related to QC, which is an indication of the
effective loading of QC within the PVP/PVA/TiO2 nanocomposite and
the formation of a complex between QC and the nanocomposite.

—r N PVP/PVA/TIO2/QC
et~ PVP/PVATTIO2
= Tio2
=
S A L_M A an Ao
z ) N PVP/PVA
(2]
§ | rm——m—— PVP
=
PVA
T x T ¥ T * T i T % T ¥ T * T
10 20 30 40 50 60 70 80

Diffraction angle (26)

Fig. 6. Diffractograms obtained from XRD analysis for PVA, PVP, PVP/PVA,
TiO,, PVP/PVA/TiO, and PVP/PVA/TiO,/QC.
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3.5. Loading and encapsulation efficiency

As mentioned earlier, low solubility of QC causes its biological half-
life to be very short which compromises its therapeutic efficiency. In
light of this fact, improving loading and encapsulation efficiency of QC
in nanocarriers is one of the major fields on which the research is
focused. Herein, the loading and encapsulation efficiency for PVP/PVA
hydrogel and TiO»-containing PVP/PVA hydrogel were calculated to
assess the effect of including inorganic nanoparticles within the poly-
meric network. For PVA/PVP, the calculated values were 44 and 85%,
respectively (Table 1). Upon incorporation of TiO;, these values
increased to 48 and 89%. As explained in FTIR analysis section, the
improvement in loading and encapsulation efficiency percentages after
adding inorganic nanoparticles to the system can be associated with
strong interactions between the O-H groups of PVA and QC, C=0
groups of PVP, and TiO2 nanoparticles. These intense interactions form
an interconnected network, well suited for loading the drug. Besides the
chemical interactions, the high surface area of TiO; is another factor
contributing to an improved loading and encapsulation of QC. This high
surface area provides more space for interactions between the nano-
composite components and QC.

3.6. In vitro release profile

Dialysis experiment was performed to examine the release profile of
QC in both acidic and neutral environments and determine the pH-
responsivity of PVP/PVA/TiO, nanocarriers. Fig. 7 shows the curves
for cumulative released amount of QC from the synthesized nano-
particles in a 96 h-long experiment at 37 °C. PBS with acidic (pH = 5.4)
and neutral (pH = 7.4) pH values were prepared to simulate the
microenvironment of tumor-bearing and normal tissues, respectively.
After 12 h, the cumulative release percentage of QC in acidic and neutral
medium were 45 and 33%, respectively. Comparing with other litera-
ture reports on QC [47-49], this was a more sustained release pattern,
which is crucial for the applicability of this nanocarrier for QC delivery.
This is because the QC-loaded nanocarriers will pass through several
neutral microenvironments before reaching the cancerous tissue site.
Taking this into account, retaining a major amount of the therapeutic
payload by the nanocarrier prior to reaching tumors is of paramount
importance for guaranteeing therapeutic efficiency and reduced side
effects of QC. The interconnected network (discussed in section 3.5) that
the components of the designed nanocomposite create for QC are
responsible for preventing undesired release of the drug in neutral
environment.

Moreover, the obvious difference between the amount of QC released
at different periods proves the pH-sensitivity of the drug delivery sys-
tem. After 10 h, the amount of QC released in an acidic medium is higher
than that released in a neutral medium at any time period until 96 h.
Within the first 24 h, 43 and 57% of QC was released in neutral and
acidic media, respectively. At low pH values, protonation of carbonyl
and hydroxyl groups which form the hydrogen bonds between PVP,
PVA, and QC leads to dissociation of these bonds and enhanced release
of the drug [50]. By the end of the monitoring period (96 h), 91 and 96%
of QC was released from the nanoparticles in neutral and acidic solu-
tions, respectively.

Furthermore, entrapping the QC-loaded nanoparticles within the
water-in-oil-in-water emulsion further contributes to preventing burst
release and obtaining a gradual profile. The oil layer of the emulsion

Table 1
Loading and encapsulation efficiency of the nanocarriers before and after
including TiO, nanoparticles within the polymeric network of PVP/PVA.

Hydrogel structure Encapsulation efficiency (%) Loading efficiency (%)

PVP/PVA 85 44
PVP/PVA/TiOy 89 48
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Fig. 7. Cumulative release curve for QC in acidic and neutral environments.

system (as a controlling membrane) along with SPAN 80 surfactant (as a
stabilizing agent) help to tailor the release of QC, even after dissociation
of nanocomposite structure.

3.7. Drug release kinetic modeling

The drug release data obtained from the dialysis method were fitted
to different models in order to identify the best kinetic model to describe
the release of QC from nanoparticles. The tested kinetic models were
zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixson-
Crowell. By comparing R? values for the different models (Table 2), it
was found that Higuchi and first-order model best describe the drug
release kinetics in neutral and acidic medium, respectively. Figs. 8-12
show the drug release data fitted to the five abovementioned models.

According to R? values, Higuchi model is recognized as the best
descriptive model for QC release in neutral environment (R? = 0.9928).
In this model, the porous environment of the nanocarrier is divided in
two regions: inner and outer region. While the drug is dissolved in the
outer region, the opposite is true for the inner region. The following
assumptions are appliable when Higuchi model is considered accurate:
(1) Drug particles diameter are negligible compared to thickness of the
surrounding walls (2) Drug diffusivity is constant (3) Swelling and
dissociation of porous network is insignificant (4) The initial

Table 2
Equations and R squared values for different kinetic models of drug release data.

Model Equation R?
First-order (pH = 7.4) Ln(l _ %) — 45694 — 0.0218t 0.9604
First- H = 5. .

irst-order (pH = 5.4) Ln(l - %) — 45047 — 0.0316¢ 0.9888
Zero-order (pH = 7.4) C; = 0.9054t+ 10.139 0.9359
Zero-order (pH = 5.4) C; = 0.9675t+ 17.85 0.8578
K P H=7. M, .

orsmeyer-Peppas (pH = 7.4) Ln(M—‘) =1.6926+ 0.6391 Ln(t) 0.9604
K P H = 5. .

orsmeyer-Peppas (pH = 5.4) Ln(}%) = 2.3815 + 0.5135 Ln(t) 0.9453
Hixson-Crowell (pH = 7.4) ” 1 0.9771

_\3 _
(1 Mm) 4.5286 — 0.0242t
Hixson-Crowell (pH = 5.4) Iy 1 0.9742
t
)3 = _
(1 Mm) 4.3995 — 0.0308t

Higuchi (pH = 7.4) Q = 9.2744t%5 — 2.5558 0.9928
Higuchi (pH = 5.4) Q = 10.254t%° + 3.0081 0.9761
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concentration of the drug is higher than its soluble capacity (5) Diffusion
of drug molecules takes place in one dimension. The mathematical
formulation for this model is as follows: Q = A\/D(2C — C;)C;t. In this
equation, Q, D, C, A, and C stand for the amount of released drug at time
t, the diffusion coefficient of the drug molecules in the matrix substance,
the drug initial concentration, the area and the drug solubility, respec-
tively [51,52].

On the other hand, the first-order model had the highest R? value in
acidic medium. This indicates that the best kinetic model for QC release
in acidic medium differs from that in neutral medium. First-order model
is used to describe the dissolution of drug particles in pharmaceutical
dosage forms such as those containing water-soluble drugs within
porous networks. The mathematical formulation of this model is as
follows: ‘é—f = — KC, where K is the first-order rate constant [51].

3.8. Mechanism of cellular internalization

In section 3.1, an average zeta potential value of 51 mV was calcu-
lated for our final formulation. Although such polar nature might inhibit
our highly charged nanoparticles from penetrating the lipid-based
cellular membrane, possible electrostatic affinity between positively-
charged nanoparticles and negatively-charged phosphate groups of
phospholipids in the cellular membrane could increase residence time of
nanoparticles within the membrane and provide enough contact time for
Clathrin-Caveoun independent endocytosis. Also, previous studies on
mechanism of cellular uptake of PLGA nanoparticles by U87 cells has
verified clathrin-mediated endocytosis of polymeric nanoparticles by
these cells [53]. Since our nanocomposite and PLGA nanoparticles are
both copolymers with similar functional groups, it is expected that
clathrin-mediated endocytosis is also the responsible for cellular inter-
nalization. However, no practical tests were carried out to verify these
claims.

3.9. MTT assay

MTT assay was applied to assess the cytotoxicity and antineoplastic
efficacy of PVP, PVP/PVA, PVP/PVA/TiO,, PVP/PVA/TiO2/QC against
U87 cell line and compare its performance with the free drug. For this
purpose, the different samples were incubated with the cancerous cell
line for 24 h and the cell viability percentage was calculated (Fig. 13).
Similar experiments were carried out with non-cancerous L929 fibro-
blast cell line to estimate potential side effects of the prepared samples
and get insight about their biocompatibility. Moreover, a negative
control group was incubated for both cell lines to confirm natural
behavior of cell lines.

Cell viability percentages for the control group of both cell lines was
almost 100% which verifies their quality. Except for this group, all the
tested materials induced more cytotoxic effects on cancerous cells
compared with fibroblast cells. It is evident from Fig. 13 that cross-
linking of PVP and PVA partially ameliorates cytotoxicity of PVP for
both cell lines. The final formulation of the nanoparticles (PVP/PVA/
TiO2/QC) decreases cell viability of U87 cells to 61%, whereas for free
QC is 74%. This result is an obvious indicator of the superior antitumor
activity of our drug delivery system compared to the free drug. High
encapsulation efficiency offered by the nanocomposite and prolonged
release time arising from the double emulsion has led to enhanced
therapeutic efficiency of entrapped QC compared to its free form.

Regarding 1929 cells, none of the synthesized samples showed a
significant reduction of cell viability when compared with the control,
which corroborates their good biocompatibility. Thus, 96% of these cells
survived 24 h of incubation with QC-loaded nanoparticles. This is in
agreement with previous studies that indicated good biocompatibility of
positively charged nanoparticles [57,58]. Furthermore, high positive
surface charge can result in electrostatic affinity between nanoparticles
and negatively charged cellular membrane. Hence, cellular uptake of
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Fig. 10. QC release data fitted to Hixson-Crowell model.

nanoparticles will be improved. The pH-responsivity of the PVP/PVA/
TiO2 nanocomposite is responsible for this behavior, as lower amount of
QC is released in the neutral environment of L929 cells compared to the
acid environment of U87 cells. This result is highly suitable as it proves
reduced side effects of the fabricated nanocarriers. Also, L929 cell
viability for free QC is 13% lower than that of QC-loaded nanoparticles

which further validates the effectiveness of the designed drug delivery
system.

Regarding in vivo studies, previously published works on polymeric
nanocarriers for QC delivery showed the potential of this class of
nanostructures for improving its therapeutic efficiency. El-Gogary et al.
[54] developed PEG-conjugated PLGA nanocapsules for QC delivery. In
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Fig. 12. QC release data fitted to first-order model.

vivo tests using tumor-bearing mice model demonstrated noticeable
accumulation of the drug at the tumor site. However, significant accu-
mulation of QC in the lung was observed as well. In another study, Pang
and colleagues [55] developed bioconjugates of QC and hyaluronic acid
and conducted in vivo experiments using tumor-bearing mice model. The
percentage of reduction in tumor size was much higher in the group
treated with the new formulation (62%) compared to the control group
treated with free QC (25%). In vivo studies with PVP/PVA/Ti02/QC will
be carried out in the future prior to their potential use in biomedical
applications.

3.10. Flow cytometry

To confirm the results obtained from MTT assay and further analyze
the antineoplastic activity of the nanocarrier, flow cytometry test was
performed using U87 cell line. The test was performed for PVP, PVP/
PVA, PVP/PVA/TiO,, PVP/PVA/TiO2/QC, and free QC (Fig. 14). As
mentioned in the experimental section, the four quadrants in Fig. 14
stand for necrotic death (Q1), late apoptotic death (Q2), early apoptotic
death (Q3), and viability of cells. In case of PVP, severe cytotoxic effects
were observed with less than 50% of cells surviving incubation. Cross-
linking of PVP and PVA attenuated the cytotoxicity of PVP significantly
and the cell viability increased to 75.1%. This result was consistent with
MTT assay findings. However, the incorporation of TiO2 nanoparticles

within the polymeric structure caused a significant rise in early
apoptotic death rate which is an evident indicator of cytotoxic property
of TiOs. This finding is consistent with former literature reports [56].
The experiment with the final formulation consisting of double
emulsion-entrapped QC-loaded nanocomposite (PVP/PVA/TiO2/QC)
demonstrated the highest level of early apoptosis death rate among the
incubated samples. While the early apoptosis death rate for QC-loaded
nanocarrier was 60.9%, for free QC was about 14.6%. Moreover, late
apoptotic death share of QC-loaded nanocarriers was also higher than
that of free QC (5.31% and 2.08%, respectively). This outcome can be
attributed to the gradual release profile of QC, which is associated with
the double emulsion and the broad chemical interactions of QC and
building components of the nanocomposite. These factors contribute to
extend the release period of QC. The higher effectiveness of QC-loaded
nanoparticles compared to free QC in destroying U87 cells is in agree-
ment with MTT assay results.

4. Conclusion

Low bioavailability, unstable form, and non-specific therapeutic
behavior limit the efficiency of QC as an antineoplastic agent. In light of
this fact, drug delivery systems fabricated for QC need to have a gradual
release profile, high capacity for encapsulating the necessary amount of
the drug, and sensitivity towards a stimulus in order to release QC on
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Fig. 13. MTT assay results after 24 h for L929 and U87 cells. Experiments were
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demand. Since pH values for cancerous and normal tissues are mean-
ingfully different, the use of a pH-responsive formulation is a smart
approach towards targeted QC delivery. Herein, a QC-loaded nano-
composite composed of PVP/PVA/TiO, entrapped in a double emulsion
of water-in-oil-in-water was synthesized. The use of TiO3 nanoparticles
with high surface area contributes to improve the loading and encap-
sulation efficiency of the nanocarrier. FTIR analysis revealed strong
chemical interactions between QC and the nanocomposite components.

Journal of Drug Delivery Science and Technology 81 (2023) 104304

These interactions together with the use of double emulsion provided a
sustained release profile for the therapeutic cargo. Moreover, the com-
parison of the release patterns at pH values of 7.4 and 5.4 revealed that
protonation of carbonyl (PVP) and hydroxyl (PVA and QC) groups of the
QC-loaded nanocomposite at low pH causes disruption of the nano-
carrier structure and better release of the drug. In vitro release experi-
ments revealed that this formulation perfectly leverages the difference
between the pH value of normal and cancerous tissues to control the
release of its cargo. The gradual release profile and pH-responsiveness of
the nanocarrier can resolve issues such as insufficient biological half-life
and inefficient biodistribution of QC. MTT assay using U87 cell line
demonstrated superior antitumor activity of QC-loaded nanoparticles
compared to free QC, attributed to a gradual release of QC resulting from
the double emulsion system that induced more apoptosis, and was
further confirmed using flow cytometry test. MTT assay with L929 cell
line showed that the fabricated drug-loaded nanoparticles have less
cytotoxic effects against the fibroblast cells than the free QC, thus
proving their high biocompatibility. Overall, the developed nanocarrier
successfully circumvented many issues which limit QC therapeutic
efficiency.
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