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Introduction: This study aims to develop a novel co-delivery gefitinib and quercetin system
loaded with PLGA-PEG nanoparticles and evaluate their antitumor activity in vitro and
in vivo.

Methods: Gef/Qur NPs were prepared and characterized. The release of drugs, stability,
cellular uptake and cytotoxicity were evaluated in vitro. The antitumor effects and systemic
toxicity of different formulations were also investigated.

Results: Gef/Qur NPs displayed a smaller particle size and a PDI and zeta potential of 0.11
and —23.5 mV, respectively. The hydrophobic Gef and Qur content in NPs reached up to
65.2% and 56.4%, respectively, and their high entrapment efficiencies recorded 83.7% and
82.3%, respectively. The in vitro release of Gef/Qur from the NPs was sustained for 12 h.
Compared with control groups, Gef/Qur NPs showed higher cellular uptake and cell inhibi-
tion rates. In vivo studies identified the lungs as the target tissue and the region of maximum
drug release. Through pharmacodynamics analysis, we found that two drugs (Gef and Qur)
were incorporated into one nanoparticle carrier, which played a good role in generating
synergistic effect.

Discussion: It is concluded that PLGA-PEG is an ideal drug carrier for the co-delivery of
Gef/Qur to treat lung cancer.
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Introduction

A multi-step and multi-factorial disease, lung cancer has a variety of histological
subtypes, and is the most fatal cancer worldwide. It is estimated that 2.09 million
new cases of lung cancer occurred globally in 2018, ranking first among all cancer
types. In some developed countries such as Austria and Germany, lung cancer is
one of the most common cancers.! The incidence rate of newly diagnosed lung
cancer in China is over 1/3, inducing a heavy burden on patients, families, society
and the country as a whole. Lung cancer is the most common cancer in China and
the main cause of cancer-related death. The risk factors associated with it have been
well studied under limited conditions by medical staff engaging in lung cancer
prevention. However, diagnosis often occurs so late that about two-thirds of patients
would have lost the chance of radical surgery. These patients usually die within one
to two years. The 5-year survival rate in 2008 was very low. The age standardized
(World) mortality rate of lung cancer in China was 28.7/100,000, significantly
higher than the world average (19.4/100,000).> At present, systematic administra-
tion of chemotherapeutic drugs is still the main treatment for lung cancer, despite
the high incidence of side effects and insufficient drug exposure to the lungs.
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Gefitinib (Gef), as the first selective inhibitor of EGFR
tyrosine kinase domain, is widely used in chemical therapy
for many kinds of tumors.” It acts by inhibiting EGFR
tyrosine kinase and belongs to Biopharmaceutical
Classification System class II. Its low solubility (sparingly
soluble at pH 1) in upper gastric fluid affects the onset of
action, bioavailability, and therapeutic activity. The loga-
rithm P value of GFT is 4.15, which indicates that Gef has
strong hydrophobicity. The daily oral dose is 250 mg and
the bioavailability is 44%.> The most common adverse
drug reactions are hepatobiliary diseases, gastrointestinal
diseases, metabolism and nutrition disorders, skin and
subcutaneous diseases, etc.’ Therefore, it is necessary to
improve the oral bioavailability of Gef and reduce the
daily oral dose. Unfortunately, however, after a time per-
iod of drug exposure, some patients’ response to Gef will
be greatly reduced due to acquired resistance.” '’

Quercetin (Qur), or 3,3',4',5,7-pentahydroxyflavone, is
categorized as a flavonol, one of the six subclasses of
flavonoid compounds. It exhibits a wide range of biologi-
cal activities."' The significant antitumor, antiallergy and
anti-inflammatory effects of quercetin have been exten-
sively reviewed.'*'? There is evidence that Qur can target
different types of cancer cells, including leukemia, breast
cancer, esophageal cancer, colon cancer, prostate cancer,
nasopharyngeal carcinoma, endometrial cancer and lung
cancer.'*!3 Tt can inhibit the proliferation of these malig-
nant cells; however, the exact molecular mechanism of its
effect is not clear. In addition, Qur has low water solubi-
lity, poor absorption and rapid metabolism (bioavailability
of about 1-5%),'® all of which can generate in vivo results
that differ from the powerful in vitro efficacy of Qur.

Although literature has reported the efficacy of each of
these two drugs, beyond this, there has been no study on the
combinatorial therapeutic effects or on the co-encapsulation
of these drugs for systemic injection. Therefore, we envi-
sioned that nanomedicine approaches could significantly
improve pharmacokinetics and precisely tailor the intracel-
lular interplay of two drugs, thereby potentiating higher
synergistic efficacy compared with the oral administration
or either drug alone. PLGA has variable properties that give
different physicochemical characteristics to the polymer.
Surface-modified PLGA NPs with poly(ethylene glycol)
(PEG) have also been prepared using the copolymer of
PLGA and PEG to have nanoparticles (NPs) formulation
with enhanced long-circulating properties.'” ' The present
study aims to develop a co-delivery system of Gef and Qur
with PLGA-PEG nanoparticles (Gef/Qur NPs) that could be

efficiently internalized into lung cancer cells. Gef/Qur NPs
were prepared and characterized. The release of drugs,
stability, cellular uptake and cytotoxicity were evaluated
in vitro. The antitumor effects and systemic toxicity of
different formulations were also investigated.

Materials and Methods

Materials

Gef was purchased from DiBo Chemical Co., Ltd (Hubei,
China) and Qur from Changyue Co., Ltd (Xian, China).
PLGA-PEG diblock copolymer (50:50 PLGA attached to
mPEG 5000, 15%. wt) was obtained from Melo Biotech
Co., Ltd. (Shanghai, China). PC-9 lung cancer cell line
was provided by the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
All the other reagents used were of analytical grade and
were used without further purification.

Animals

The experiment was carried out on mice with a weight of 20 +
2 g. The animals were kept in cages in a room at a temperature
of 25+2°C, with a 12/12 light-dark cycle and free access to
food and water. All animal experiments were performed in
accordance with institutional guidelines, following a protocol
approved by the Ethics Committees of Shanghai Jiao Tong
University. The guide of the National Institutes of Health for
the care and use of laboratory animals was strictly followed.

Preparation of NPs

Gef/Qur NPs were prepared from PLGA-PEG diblock
copolymers by modified emulsification solvent evaporation
method.? Briefly, the polymer (0.5 mg) and an appropriate
amount of drug (Gef Smg; Qur 5Smg) were dissolved in ethyl
acetate (SmL) to obtain a solution of 10% (w/v) PLGA—
PEG, 1.0 mg/mL (w/v) Gef and 1.0 mg/mL (w/v) Qur,
which was then added to a solution of 2.5% (w/v) poly
(vinyl alcohol) (PVA). The mixture was then shaken vigor-
ously and treated with sonication (200 Hz, 2min). The
resulting nanosuspension was then left to stir for 2 h to
evaporate the organic solvent (45 + 2°C). After subsequent
ultracentrifugation/washing with distilled water, NPs were
obtained, resuspended in 1% sucrose aqueous solution and
lyophilized, and then kept at —20°C for further use.

Characterization
The particle size distribution, zeta potential and polydis-
persity index (PDI) of the NPs were measured by
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a dynamic light scattering analyzer.”' The transmission
electronic microscopy (TEM) observations were con-
ducted using a JEOL JEM-100CX2 TEM with an accel-
eration of 180 kV. The samples were pretreated with
negative staining using uranyl acetate on a copper grid.

The Gef/Qur NPs were dissolved in an assay solution
composed of 50% methanol, and incubated at 40 °C for 30
min. The Gef and Qur concentration were determined to
be at 254 nm using the HPLC method. The drug loading
coefficient (DL%) and encapsulation efficiency (EE%) of
the NPs were calculated by the following equations:

DL(%):\VE/\VL>< 100

where Wg was the drug amount encapsulated in NPs
and Wy was the total weight of NPs and

EE%= WE/WT x100

where Wg was the drug amount encapsulated in NPs
and Wt was the total amount of drug added.

Stability Study

The proposal of stability study was mainly revised accord-
ing to the guidelines of the Chinese Pharmacopoeia. The
NPs were placed in a stable chamber at room temperature
and saturated with sodium chloride solution with a relative
humidity of 75%+5%. In the 0, 1st, 2nd, 3rd month of
testing, they were assessed to determine whether the par-
ticle size, PDI, zeta potential, EE% and DL% had
changed.

In vitro Drug Release

The drug release in vitro was assayed using dialysis. The
Gef/Qur NPs or free drugs were placed in a dialysis bag
(MWCO 12 kDa) and dialyzed in 180 mL phosphate-
buffered saline (PBS, pH 7.4) containing 10% alcohol at
37 °C on a shaker (100 rounds per minute). At
a predetermined time-point, 1 mL of release medium was
removed and replaced with an equal amount of fresh
release medium. Experiments were performed in triplicate.

In vitro Cytotoxicity Assay

The cytotoxicity of Gef/Qur NPs was assessed in PC-9
lung cancer cell lines and compared to blank NPs, free
drugs and single drug NPs. Briefly, cells were seeded in
96-well plates followed by 24 h of incubation in RPMI-
1640 medium with 10% FBS and 1% streptomycin—peni-
cillin. Twenty-four hours later, cells were incubated with

a different sample of varying concentrations of blank NPs,
free Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur NPs
(from 0.05 pg/mL to 20 pg/mL) for 24 h and cell viability
was assessed with MTT (3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay in accordance
with the following procedure: 100 pL of complete growth
culture medium and 60 puL of MTT solution (5 mg/mL in
PBS) were added to each well for 4 h of incubation. The
absorbance, measured with a microplate reading instru-
ment, was 540 nm. The results were expressed as percen-
tages relative to the results obtained with a non-toxic
control.

Cellular Uptake

The cellular internalization of free Gef, free Qur, Gef NPs,
Qur NPs and Gef/Qur NPs was visualized by confocal
microscopy using DiR as the staining mark. PC-9 cells
were grown in RPMI 1640 medium supplemented with
10% (v/v) FBS and 5% antibiotics (100 IU/mL of peni-
cillin G sodium and 100 ug/mL of streptomycin sulfate).
PC-9 cells were inoculated in cell culture dishes with
1x10° cells per dish as the initial density. Cells were
then incubated with DiR labeled free Gef, free Qur, Gef
NPs, Qur NPs and Gef/Qur NPs (equivalent to 0.1 pg/mL
of DiR) for 2 h at 37°C+0.5°C.

Subsequently, cells were washed several times with
PBS, and fixed with 4% paraformaldehyde for 10 minutes
before observed under a confocal microscope. For quanti-
tative drug uptake estimates, the density of cells inoculated
in 24-well plates was 1x10° cells per plate. When they
reached 70-80% confluence, cells were incubated with
DiR labeled free Gef, free Qur, Gef NPs, Qur NPs and
Gef/Qur NPs (equivalent to 0.1 pg/mL of DiR) for 2 h and
then washed several times with cold PBS. Subsequently,
cells were dissolved by the addition of Triton X-100
(0.1%). Fluorescence intensities were measured by flow
cytometry at an excitation wavelength of 750 nm and an
emission wavelength of 782 nm.

In vivo Antitumor Activity

The PC-9 model was established as described previously.?*
The treatments were started on the day when the tumor
volume reached 100-150 mm, and this day was marked
as day 0. On the following day, the mice were randomly
and evenly divided into 6 groups (8 each): group 1 was
given a 5% glucose injection, group 2 and 3 were given
free Gef and free Qur, group 4 and 5 were given Gef NPs
and Qur NPs, and group 6 was given Gef/Qur NPs, all via
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the tail vein on day 1, 4, 7, 10 and 13 at a dose of 20 mg/kg.
The diameter of the tumor was measured with a digital
caliper. The tumor volume (mm?) was calculated using the
formula tumor volume=lengthxwidth?*x<0.5. Throughout the
study, the mice were weighed regularly to monitor potential
toxicities.

Statistical Analysis

One-way analysis of variance (ANOVA) was used to com-
pare the mean of different treatment groups. A P-value of less
than 0.05 was considered statistically significant, unless
otherwise stated.

Results and Discussion

Preparation and Characterization

In order to further effectively solubilize free hydrophobic Gef
and Qur molecules, Gef/Qur NPs were prepared by the emul-
sification solvent evaporation method. Amphiphilic copoly-
mers of PLGA and PEG spontaneously formed core—shell
structural NPs, and their particle size and zeta potential were
measured by DLS. It was estimated that the drug loading of
NPs was very high, and the parameters of NPs are shown in
Table 1. Compared with the blank nanoparticles (140 nm),
Gef/Qur NPs showed a smaller particle size (126.8 nm),
which may be due to the increased cohesive force that formed
smaller cores resulted from the interactions between Gef/Qur
and PLGA-PEG segments. The PDI and zeta potential of Gef/
Qur NPs were 0.11 and —23.5 mV, respectively. The low PDI
(<0.2) indicated that NPs have a narrow size distribution. The
negative charge as measured by zeta potential (<—20 mV)
confirmed the shielding effect of PEG on NPs surface,
which provided enough repulsion force among particles and
improved physical stability. The hydrophobic Gef and Qur
content in NPs reached up to 65.2% and 56.4%, respectively,

with entrapment efficiencies being 83.7% for Gef and 82.3%
for Qur. In addition, TEM was used to confirm the size and
morphology of Gef/Qur NPs (Figure 1A and B). The amphi-
philic copolymer assembled into a nearly spherical morphol-
ogy with a narrow size distribution and clear boundary,
confirming their self-assembly behavior.

Stability

The stability data of Gef/Qur NPs is also summarized in
Table 1. In the stability test, NPs maintained a good round
shape, and none of Gef/Qur NPs demonstrated significant
changes in physicochemical characteristics. In addition, no
aggregation or precipitation of NPs was observed during
the 3-month storage period. The stability study indicates
that a proper formulation (lyophilized liposomes) may
increase the storage time of the drug.

In vitro Drug Release

The in vitro release kinetics exhibited by the Gef/Qur NPs and
free drugs were evaluated via dialysis. Free Gef and Free Qur
were rapidly released and reached a cumulative release of
95% of the total drug within 4-6 h. In comparison with free
drugs, a longer time was required for the release of Gef or Qur
from Gef/Qur NPs. Figure 2 demonstrates that the encapsu-
lated drugs underwent a sustained release. The release curve in
PBS could be divided into two phases: the initial phase of fast
release and a later phase of stable release. After the initial
phase, the drug was released stably at a lower speed in the later
phase through diffusion resulted from the continuous degra-
dation of the polymer. As shown in Figure 2, during the entire
study period, a sustained Gef (Qur) release to a total of about
72% (64%) was found in the group of Gef/Qur NPs. It showed
that Gef/Qur NPs could be used as a lasting and effective drug
delivery system. Meanwhile, the release curve of the stable

Qur (56.4£4.9)

Qur (55.6+4.7)

Qur (54.9£5.2)

Table | The Characteristics and Stability Data of Gef/Qur NPs. (n=3)
Parameters Gef/Qur PLGA-PEG NPs
0Om I m 2m 3m
Particle size (nm) 126.8 £ 10.2 127.1 £ 9.6 128.6 £ 1.4 130.2 £ 9.3
Drug loading (%) Gef (65.245.7) Gef (64.826.2) Gef (63.746.3) Gef (62.416.5)

Qur (53.5%5.1)

Encapsulation efficiency (%) Gef (83.7+6.3)

Qur (82.35.1)

Gef (82.6+6.5)
Qur (82.1+5.4)

Gef (80.1%5.2)
Qur (80.2+4.6)

Gef (79.9+5.3)
Qur (80.1%4.2)

Polydispersity index 0.11

0.12

0.11

0.13

Zeta potentials (mV) —23.5%£2.3

—23.6%2.1

—23.7£2.7

—23.6%3.2
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Figure | (A) The nanostructure of Gef/Qur PLGA-PEG NPs; (B) The transmission electron microscope of Gef/Qur PLGA-PEG NPs (Magnification % 100,000).
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Figure 2 The accumulative release of Gef/Qur PLGA-PEG NPs and other formulations in the medium at pH=7.4 containing 10% alcohol at 37 °C. The results were

expressed as mean * SD (n=3).

samples after 3 months showed no significant difference com-
pared with that of the initial samples.

In vitro Cytotoxicity Assay

Figure 3 shows the antiproliferative effect of Gef/Qur NPs
on PC-9 lung cancer cells. The cells were treated with
different formulations, and the cytotoxicity was measured
by MTT 24 hours later. All the preparations showed time-
and concentration-dependent cytotoxicity to PC-9 cells.
The negative control was blank NPs and the cell survival
rate was 100%. This result shows the safety of the unloaded
vector. Gef (Qur) NPs and free Gef (Qur) have similar
cytotoxicity characteristics as expected. With the increase

of drug concentration, more cell death was observed. Gef/
Qur NPs were the most potent among all the formulations
with respect to cell growth inhibition. These results showed
that the co-delivery system had obvious synergistic effects.
As summarized in Table 2, the IC 50 was 4.12, 3.89, 2.57,
2.12 and 0.65 pg/mL for free Gef, free Qur, Gef NPs, Qur
NPs and Gef/Qur NPs, respectively.

Cellular Uptake

Free Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur NPs
were labeled by DiR staining marks. As shown in Figure 4,
the nucleus showed red fluorescence, indicating that it was
stained by DiR. After PC-9 cells were treated with Gef/Qur

Drug Design, Development and Therapy 2020:14
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Figure 3 The cellular viability of PC-9 cells cultured with blank NPs, free Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur NPs in the incubation time of 24 hours at the five
different concentrations. The results were expressed as mean  SD (n=6). *p < 0.05, compared with blank NPs; °p < 0.05, compared with free Gef; °p < 0.05, compared with

free Qur; dp < 0.05, compared with Gef NPs; ep < 0.05, compared with Qur NPs.

NPs, there was a strong red fluorescence in the perinuclear
region, indicating that there were enough Gef/Qur NPs
entering the cytoplasm. In contrast, red fluorescence was
rarely seen in PC-9 cells treated with free drugs. In addition,
PC-9 cells pretreated by Gef NPs/Qur NPs also showed
slight red fluorescence, which may be attributed to their
weak ability to cross cells. The cellular uptake ratio of the
NPs, detected by flow cytometry, was 21.242.9%, 23.5
+2.7%, 43.4+£5.2%, 45.6+4.9% and 73.4+6.4% for free
Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur NPs treated
PC-9 cells, respectively. These results demonstrate that the
Co-delivery Gef/Qur strategy can facilitate highly efficient
uptake of PLGA-PEG NPs by PC-9 cells.

In vivo Antitumor Activity

As shown in Figure 5A, the free Gef and free Qur groups
showed some ability to inhibit tumors, but did not deliver
outstanding performance. Meanwhile, both Gef NPs and

Table 2 IC50 Values of All Formulations in PC-9 Cells Following
24-Hour Treatments, Respectively (n=6)

Formulations PC-9 IC50
(ng/mL)
Free Gef 4.12+1.19*
Free Qur 3.89+1.32%
Gef NPs 2.57+1.12%
Qur NPs 2.1240.67*
Gef/Qur NPs 0.65+0.21

Note: *p<0.05 vs the group of Gef/Qur NPs.

Qur NPs significantly inhibited the growth of the PC-9
tumors in mice. However, Gef/Qur NPs started to more
effectively inhibit tumor growth than single drug NPs
on day 13. The tumor volumes of the Gef/Qur NPs
group were smaller than those in others. At the end of
the experiment, the tumor volume was 7.2-fold, 6.3-fold,

Qur NPs

Gef/Qur NPs

100%
80%
60%
40%
20%

0%

Free Gef Free Qur Gef NPs Qur NPs Gef/Qur
Fluorescence Intensity s

Free Qur

Gef NPs

Figure 4 Cellular uptake of DiR-loaded NPs, free Gef, free Qur, Gef NPs, Qur NPs
and Gef/Qur NPs for 2 h by PC-9 cells. Quantitative results of cellular uptake of
different groups. The bar was 10 um.
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Figure 5 In vivo antitumor of blank NPs, free Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur NPs PC-9 tumor-bearing mouse model. (A) The tumor volume (mm?) change
is presented as a function of time after drug treatment. (B) Body weight profiles of mice upon treatment. *p < 0.05, compared with blank NPs; °p < 0.05, compared with free
Gef; °p < 0.05, compared with free Qur; 9p < 0.05, compared with Gef NPs; °p < 0.05, compared with Qur NPs.

5.6-fold, 4.3-fold, 3.6-fold and 2.2-fold as much as that at
the beginning of the experiment for the group of blank
NPs, free Gef, free Qur, Gef NPs, Qur NPs and Gef/Qur
NPs. Changes in body weights of tumor-bearing mice
were presented in Figure 5B. The body weights of mice
recorded throughout the study were fairly constant, indi-
cating that the preparation was not significantly toxic.

Conclusions

This study aims to develop a novel co-delivery gefitinib
and quercetin system loaded with PLGA-PEG nanoparti-
cles and evaluate their antitumor activity in vitro and
in vivo. Gef/Qur NPs displayed a smaller particle size
and the PDI and zeta potential of Gef/Qur NPs were 0.11
and —23.5 mV, respectively. The hydrophobic Gef or Qur
content in NPs reached up to 65.2% and 56.4%, respec-
tively, with high entrapment efficiencies of 83.7% for Gef
and 82.3% for Qur. The in vitro release of Gef/Qur from
the NPs was sustained for 12 h. Compared with control
groups, Gef/Qur NPs showed higher cellular uptake and
cell inhibition rates. In vivo studies identified the lungs as
the target tissue and the region of maximum drug release.
Through pharmacodynamics analysis, we found that two
drugs (Gef and Qur) were incorporated into one nanopar-
ticle carrier, which played a good role in generating syner-
gistic effect. At last, PLGA-PEG was an ideal drug carrier
for the co-delivery of Gef/Qur to treat lung cancer.
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