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Abstract: In this study, poly(lactic-co-glycolic acid) (PLGA) was used as a carrier to construct
disulfiram-loaded porous microparticle through the emulsion solvent evaporation method, using
ammonium bicarbonate as a porogen. The microparticle possessed highly porous surface, suitable
aerodynamic diameter for inhalation (8.31%1.33 um), favorable drug loading (4.09%0.11%),
and sustained release profile. The antiproliferation effect of release supernatant was detected
through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay using non-small-
cell lung cancer A549 as a model, with only 13.3% of cell viability observed for the release
supernatant at 7 days. The antiproliferation mechanism was elucidated to be associated with
the enhanced induction of cell apoptosis and cell cycle arrest at S phase through flow cytometry
and Western blotting analysis. Finally, wound healing and transwell migration assay showed
that they could efficiently inhibit the cell migration. These results demonstrated that disulfiram-
loaded porous PLGA microparticle could achieve favorable antitumor efficiency, implying the
potential of treating non-small-cell lung cancer in a pulmonary administration.

Keywords: disulfiram, poly(lactic-co-glycolic acid), porous microparticle, non-small-cell lung

cancer, antiproliferation, antimigration

Introduction
Non-small-cell lung cancer (NSCLC) is one of malignant diseases with 5-year survival
rate of ~15%, owing to its diagnosis at a late stage.' To date, its treatment is still highly
dependent on chemotherapy, in which platinum-based chemotherapy is the standard
first-line therapy for NSCLC patients.? Thus, there is an urgent need to develop novel
effective chemotherapeutics to overcome the limited therapeutic efficacy and strong
side effects in traditional treatment, thereby increasing the overall survival of NSCLC
patients. Disulfiram, a member of dithiocarbamate family, has been widely used as
an antialcoholism drug in the clinics for >60 years.> Recently, it has been demon-
strated to possess strong antitumor ability for various tumors, including NSCLC .3~
However, little progress has been achieved in in vivo antitumor studies of disulfiram,
especially for oral administration, which was mainly caused by its weak stability
under physiological conditions.!®!! Thus, it is of great significance to develop a carrier
system for enhancing the stability of disulfiram and further facilitating the appropriate
distribution to tumor tissues.

Up to now, several reports have successfully entrapped disulfiram through shell-
cross-linked micelle system or other formulations, which could achieve high in vitro
and in vivo antitumor efficacy.®!'> However, these systems could not realize the
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encapsulation of disulfiram with high drug loading, and
meanwhile, they were not suitable for treating lung cancers
owing to their low delivery ability to lungs in an oral or
intravenous administration. In contrast, inhalation systems
could directly deliver the chemotherapeutics to lungs, which
is beneficial for improving the distribution of therapeutic
agents in tumor tissues and decreasing the systemic level
of agents, thereby reducing the severity of side effects.!* !5
Polymer-based porous microparticle has been considered
to be an effective system for pulmonary administration
owing to its unique properties, such as low density, adaptive
aerodynamic diameter, and favorable lung deposition.!¢!8
Biodegradable polymers, such as poly(lactic-co-glycolic
acid) (PLGA), have been widely used in the construction of
porous microparticles for delivering many types of drugs to
lungs, such as small molecules, proteins, plasmid DNA, and
oligonucleotides.*%¢

Herein, disulfiram-loaded porous PLGA microparticle
was prepared through the emulsion solvent evaporation
method, in which ammonium bicarbonate was used as a
porogen. The antiproliferation and antimigration efficacy of
porous PLGA microparticle against NSCLC cell line, A549
and HCCS827, was then systematically evaluated to get a
deeper insight into the mechanism.

Materials and methods

Materials

PLGA-1.5A (50:50) was purchased from Lakeshore
Biomaterials (Birmingham, AL, USA), and disulfiram was
purchased from Meilun Biology Technology Co., Ltd.,
(Dalian, People’s Republic of China). Dulbecco’s Modified
Eagle’s Medium (DMEM) and fetal bovine serum (FBS) were
obtained from Gibco (Grand Island, NY, USA). Annexin
V-fluoresceine isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit and cell cycle detection kit were pur-
chased from Bestbio (Shanghai, People’s Republic of China).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Amersco (Solon, OH,
USA). LIVE/DEAD® Viability/Cytotoxicity kit was pur-
chased from ThermoFisher (Grand Island, NY, USA). The
antibodies against pro-caspase-3, pro-caspase-8 or caspase-8,
pro-caspase-9 or caspase-9 and B-actin, and horseradish per-
oxidase (HRP)-labeled goat anti-mouse Immunoglobulin G
were purchased from Abcam (Shanghai, People’s Republic
of China). Polyvinylidene fluoride (PVDF) membrane was
obtained from Millipore (Billerica, MA, USA). All other
reagents were of the highest grade commercially available
and used as received.

Preparation of porous PLGA

microparticle

Disulfiram (5 mg) and PLGA-1.5A (100 mg) were dissolved
in 2 mL of dichloromethane, and 0.1 mL of ammonium
bicarbonate solution (100 mg/mL) was added as a porogen.
The mixture was emulsified by homogenizer at 8,000 rpm
for 30 s in an ice bath and subsequently added to 100 mL of
poly(vinyl alcohol) solution (1.0%, w/v) and homogenized at
4,000 rpm for 2 min. Finally, the emulsion was subjected to
magnetic stirring for 3 h to remove dichloromethane, and the
porous microparticles were collected with 500-screen mesh,
washed with distilled water three times, and lyophilized. The
drug loading and encapsulation efficiency of disulfiram were
measured through high-performance liquid chromatography
(HPLC) on a Symmetry® C18 column (4.6x250 mm) at
room temperature, using the mobile phase of methanol and
monopotassium phosphate solution (6.8 g in 1,000 mL of
distilled water, pH of 7.0 adjusted by NaOH) at a ratio of
7:3 (v/v). The elution was monitored at 250 nm at a flow
rate of 1.0 mL/min. In the procedure, 5 mg of porous PLGA
microparticle was dissolved in 1 mL of acetonitrile and
diluted to 2 mL using the mobile phase, and the supernatant
was collected and applied in HPLC measurement.

Characterization of porous PLGA

microparticle

Scanning electron microscopy (SEM) images of porous
PLGA microparticles were taken with a JXA-840 scanning
electron microscope (JEOL, Japan) with an accelerating volt-
age of 3 kV, in which samples were mounted on the surface of
specimen stubs and coated with platinum under vacuum. The
particle size and zeta potential were determined by Beckman
Coulter laser scattering particle size analyzer (Brea, CA,
USA) and Malvern Nano ZS90 Zetasizer (Malvern, UK),
respectively. The aerodynamic diameter was determined
according to the guidelines for pulmonary drug delivery in
Chinese Pharmacopoeia (2010).

In vitro drug release

Briefly, 10 mg of porous PLGA microparticles were incu-
bated in 1 mL of phosphate-buffered saline (PBS; 0.01 M,
pH 7.4) in a rotary shaker at 37°C, and the concentration
of disulfiram in the supernatants was measured during the
drug release process through HPLC assay as described in
the section Preparation of porous PLGA microparticle.
Meanwhile, the porous microparticles were collected and
analyzed through SEM to observe the changes in sur-
face morphology.
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Inhibition of cell proliferation

The cell line (A549 and HCCS827 cells) was obtained from
Shanghai Institute of Cell Bank (Shanghai, People’s Republic
of China). The cells were seeded in 96-well plates at a
density of 8.0x10° cells/well. After 24 h, 20 UL of release
supernatants at 1, 3, 5, and 7 days were added into the wells,
and the total volume in each well was maintained to 200 uL
using 10% FBS-containing DMEM. After incubating for
24 h, 20 uL of MTT solution (5 mg/mL) was added into
each well, and the plates were incubated at 37°C for another
4 h. The medium was then gently removed, and 150 uL of
Dimethyl sulfoxide was added into each well. The plates
were agitated for 10 min to dissolve the formazan crystals,
and the optical density at 492 nm (OD,,,
recorded using GF-M3000 microplate reader (Shandong,
People’s Republic of China). The cell viability (%) was
calculated as the ratio of OD, , values of the sample wells

) of each well was

and control wells, respectively.

Cytotoxicity assay of blank porous

PLGA microparticle

The human hepatocyte L-02 was obtained from the Cell
Bank of Chinese Academy of Sciences (People’s Republic of
China) and cultured in DMEM supplemented with 10% FBS
at 37°C in a humidified atmosphere of 5% CO, (v/v) in air.
The cells were seeded in 96-well plates at a density of 8.0x103
cells/well, incubated for 24 h and subsequently treated with
different concentrations of blank porous PLGA microparticle
(0-100 pg/mL) for 24 h. The treatment with MTT solu-
tion and determination of cell viability were conducted as
described in the section Inhibition of cell proliferation.

Live/dead staining

The A549 cells were seeded in 6-well plates at a density
of 2.5x10° cells/well and incubated at 37°C for 24 h.
Afterwards, 300 UL of release supernatants at 1, 3, 5, and
7 days was added into the wells, and the total volume in
each well was kept to be 2.0 mL using 10% FBS-containing
DMEM. After incubating for 24 h, the medium was gently
removed, and the cells were harvested and washed with PBS
twice. Finally, the cells were stained with the live/dead assay
reagents (calcein AM and ethidium homodimer) for 20 min,
washed with 1 mL PBS and observed under Olympus [X71
fluorescence microscopy (Tokyo, Japan).

Cell apoptosis analysis
The A549 cells were seeded in 6-well plates at a density
of 2.5x10° cells/well and incubated at 37°C for 24 h.

The medium was then removed, and the cells were incubated
with 2 mL medium containing 300 pL of release supernatants
at 1, 3, 5, and 7 days. After 24 h, the cells were harvested,
washed with PBS twice, and suspended in binding buffer
provided in the Annexin V-FITC/PI apoptosis detection kit.
According to the manufacture’s protocols, the cells were
mixed with Annexin V-FITC and PI and incubated in the
dark at room temperature for 10 min, and the cell apoptosis
was analyzed by FACSCalibur (BD Biosciences, Mountain
View, CA, USA).

Cell cycle arrest analysis

The A549 cells were seeded in 6-well plates at a density of
2.5x10° cells/well and incubated at 37°C for 24 h. Afterwards,
the release supernatants at 1, 3, 5, and 7 days (300 uL) were
added into the wells, and the plates were incubated at 37°C
for another 24 h. The cells were harvested, washed with
PBS twice, and treated with 0.5 mL solution containing
10 uL RNase A (25 pug/mL) and 10 pL PI (50 pg/mL)
in the cell cycle detection kit at 37°C for 30 min in the
dark. The cell cycle arrest was measured by FACSCalibur
(BD Biosciences).

Western blotting analysis

Briefly, the A549 cells were collected, washed with PBS
twice, and lysed in the buffer solution (50 mM Tris buffer
at pH 8.0, 150 mM NaCl, 0.1% sodium dodecyl sulfate,
1.0% NP40, 0.5% sodium deoxycholate, and 1 mM phenyl-
methanesulfonyl fluoride) on ice for 2 h. The supernatants
were collected through the centrifugation at 12,000 rpm for
10 min. An equal amount of protein was applied in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to PVDF membrane by electroblotting. The
membrane was blocked with PBS containing 5% nonfat
milk and 0.1% Tween-20 (PBST) at room temperature for
1 h. After incubating with corresponding antibodies at 4°C
overnight, the membrane was washed with PBST twice and
incubated with HRP-labeled secondary antibody at room
temperature for 1 h. The proteins were detected by Chemi-
Scope 3600 chemiluminescence imaging system (Clinx Sci-
ence Instrument, Shanghai, People’s Republic of China).

Wound healing assay

The A549 cells were seeded into 6-well plates at a density
of 3.0x10° cells/well in 2 mL 10% FBS-containing DMEM
and cultured to 90% confluence. The release supernatants
at 1, 3, 5, and 7 days (300 uL) were added into the wells,
and a mechanical scratch wound was produced using
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a sterile pipette tip. The digitized images of wound area
were recorded at 0, 6, 12, and 24 h using IX71 fluorescence
microscopy (Olympus).

Transwell migration assay

The cell culture and further treatment with release super-
natants were performed as described in the section Wound
healing assay, and the cell migration assay was conducted
using Transwell chamber (Costar, Corning, NY, USA). The
serum-free DMEM (200 uL) containing 2.0x10* cells and 1%
bovine serum albumin were added into the upper chamber
of transwell with 8§ um pores, whereas 600 UL of 10% FBS-
containing DMEM was added in the lower chamber. After
the cell migration at 37°C for 24 h, nonmigrating cells on
the top of membrane were carefully removed by mechanical
wiping. The cells that have migrated to the lower surface of
membrane were fixed with 75% ethanol at 4°C for 20 min
and stained with 0.2% crystal violet for 15 min. After washing
with PBS three times, the cells were detected in a random
objective field (200x magnification) using an Olympus [X71
fluorescence microscopy.

Results and discussion

Disulfiram-loaded porous PLGA microparticle was
prepared through the emulsion solvent evaporation method,
using ammonium bicarbonate as a porogen. The porous
microparticles exhibited uniform sphere morphology with
considerable surface porosity through SEM observation
(Figure 1A and B), owing to the addition of ammonium
bicarbonate, which could be decomposed into ammonia
and carbon dioxide. The particle diameter of microparticles
was measured to be 47.83+13.21 wm using laser scattering
particles size analyzer, which was consistent with SEM
images. Nevertheless, the aerodynamic diameter of
microparticle was determined to be 8.31£1.33 um (<10 um),
which meant that it could achieve the goal of alveolar deposi-
tion if well aerosolized and properly inhaled.'®'*?* In addition,
the porous microparticles exhibited a negative zeta potential
of —14.9+4.7 mV. Through HPLC analysis, drug loading
and encapsulation efficiency of disulfiram were determined
to be 4.09%=x0.11% and 81.84%%2.35%, respectively. To
date, disulfiram was usually entrapped in the carrier system
with relatively lower drug loading (<5.0%), and the highest
value was achieved by Song et al (7.80%).!" Thus, porous
PLGA microparticle in the present research could realize the
entrapment of disulfiram in a relatively ideal loading. Subse-
quently, the drug release profile of porous PLGA micropar-
ticles was studied, and a sustained release behavior of

disulfiram could be clearly observed owing to the degradation
of PLGA in PBS (Figure 2). After 7 days, ~90% cumulative
release of disulfiram could be detected. Meanwhile, the cor-
rosion of microparticles’ surface and the further collapsed
backbone could be clearly observed during the drug release
process (Figure 1C—F). The release supernatants at different
days were then used for investigating the antiproliferation
and antimigration effects on A549 cells.

Using human hepatocyte L-02 as a model, no obvi-
ous cytotoxicity was observed for blank porous PLGA
microparticle with cell viability of >90% in the selected
concentration (0—100 ng/mL; Figure S1). The antiprolif-
eration effect on A549 and HCCS827 cells induced by the
release supernatants from porous PLGA microparticle was
evaluated through MTT assay. As shown in Figure 3A, the
release supernatants at 1, 3, 5, and 7 days could obviously
inhibit the proliferation of A549 cells. With the increasing
concentration of disulfiram in the release supernatant, the cell
viability exhibited a decreasing tendency with only 13.3%
of cell viability achieved using the release supernatant at
7 days. Similarly, the release supernatants could also inhibit
the cell proliferation of HCC827 cells (Figure 3B). However,
the sensitivity of HCC827 cell was not so sensitive to the
release supernatants as A549 cells. Meanwhile, we detected
the cell death induced by release supernatants through live/
dead assay (Figure 4), in which live cells are dyed green by
the intracellular enzymatic hydrolysis of calcein AM and
dead cells are stained red by the intercalation of ethidium
homodimer to DNA.?’ Clearly, compared to the control
group, more cells were dyed red in the treatment groups of
release supernatants, especially for those at 5 and 7 days,
indicating the strong tumor cell-killing ability of supernatants
from porous PLGA microparticle. In addition, cell numbers
in the treatment groups showed a decreasing tendency, which
could also be attributed to the cell death from the antiprolif-
erative effect of released disulfiram.

To further elucidate the mechanism of antiprolifera-
tion effect, the cell apoptosis and cell cycle arrest induced
by the release supernatants from disulfiram-loaded porous
PLGA microparticles were systematically evaluated by
flow cytometry. As shown in Figure 5, the ratios of early
apoptotic cells in different treatment groups were measured
using Annexin V/PI staining followed by flow cytometric
analysis. In the control group, large viable cell population
could be observed with few cells in the early apoptotic
stage (0.45%). Nevertheless, cell populations exhibited
increasing number of cells at the stage of early apoptosis
when the cells were treated with the release supernatants
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Figure | SEM images of disulfiram-loaded porous poly(lactic-co-glycolic acid) microparticle.
Notes: The porous surface (A and B) and the surface changes during drug release at | (C), 3 (D), 5 (E) and 7 (F) days.

Abbreviation: SEM, scanning electron microscopy.

from disulfiram-loaded porous PLGA microparticle. For
instance, the apoptotic ratio could achieve to 49.18% using
the release supernatant at 7 days, implying the high ability of
cell apoptosis induction from the released disulfiram. As the
apoptosis and its related signaling pathway play an impor-
tant role in the progression of cancer,? the induction of cell
apoptosis of tumor cells will be significant for the prevention
and intervention of tumors, including NSCLC. Herein, the
expression levels of proteins associated with cell apoptosis

were assayed through Western blotting (Figures 6 and S2).
The expression level of pro-caspase-3 could be observed to be
decreased in A549 cells treated with the release supernatants,
indicating the activation of pro-caspase-3 to produce
active executive caspase-3 (an effector caspase) during the
disulfiram-inducing cell apoptosis. Meanwhile, the release
supernatants at 5 and 7 days could decrease the expression
level of pro-caspase-3 at the highest level. Notably, the
expression levels of pro-caspase-8 and pro-caspase-9 also
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Figure 2 The cumulative release of disulfiram in porous poly(lactic-co-glycolic acid)
microparticle.
Note: The data were expressed as mean value + standard deviation, n=3.

decreased to produce active caspase-8 and caspase-9 after the
treatment with release supernatants but mainly in the groups
with high concentration of disulfiram. These results indicated
that disulfiram in the release supernatants could induce the
early apoptosis through the activation of both mitochondria-
mediated pathway and death receptor-mediated pathway in
A549 cells. Furthermore, the cell cycle arrest of A549 cells
induced by the release supernatants was monitored by PI
staining and flow cytometry (Figure 7). Almost no cell cycle
arrest was observed for the groups using the release superna-
tants at 1 and 3 days due to the lower concentration of disul-
firam, whereas the release supernatants at 5 and 7 days could
obviously realize the cell cycle arrest at S phase. For instance,
50.81% of S phase could be achieved using the release
supernatant at 7 days. This phenomenon was consistent

A
100 -
:
I
X 80
>
=
‘S 60
8
> I
= 401
© 1
20 -
0 T T T T T T T |
1 3 5 7
Time (days)

with the previous reports on the cell cycle arrest using
disulfiram-loaded PLGA nanoparticle,?*3° which showed
that disulfiram increased the number of cells accumulated in
G0/G1 phase in short time and improved the number of cells
accumulated in S phase after long-time incubation. As there
are three checkpoints in S phase (the replication checkpoint,
the S/M checkpoint, and the replication-independent intra-
S-phase checkpoint), the disulfiram-mediated cell cycle arrest
was probably caused by reactive oxygen species production
and the further breakage of DNA strand.?"!

Finally, the inhibition of cell migration by the release super-
natants from disulfiram-loaded porous PLGA microparticle
was evaluated by wound healing and transwell migration
assay. As shown in Figure 8, the control group could rapidly
repair the wound through cell migration, while the wound
repair was obviously blocked after treating with the release
supernatants, especially at higher concentration of disulfiram
(5 and 7 days). These results indicated that disulfiram-loaded
porous PLGA microparticles could achieve the goal of inhibit-
ing the cell migration of NSCLC. Transwell migration assay
was used to further detect the antimigration effect, in which
crystal violet staining was used to capture the representa-
tive images of migrated cells at the bottom of membrane
(Figure 9). Compared to the control group, the number of
migrated cells was much lower in the cells treated with the
release supernatants, and the inhibitory effect showed a high
dependence on the concentration of released disulfiram. Thus,
disulfiram-loaded porous PLGA microparticles could success-
fully inhibit the cell migration and exhibited great potential in

solving the metastasis-related recurrence of lung cancers.
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Figure 3 The antiproliferation assay of A549 (A) and HCC827 (B) cells treated with the release supernatants at |, 3, 5, and 7 days from disulfiram-loaded porous poly(lactic-
co-glycolic acid) microparticles for 24 h. The data were expressed as mean value + SD, n=3.

Abbreviation: SD, standard deviation.
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Figure 4 Live/dead assay of A549 cells after the 24 h treatment with the release supernatants from disulfiram-loaded porous poly(lactic-co-glycolic acid) microparticles:
(A) control; (B-E) treatment with the release supernatants at I, 3, 5, and 7 days, respectively. Living and dead cells exhibited green and red fluorescence, respectively.

Conclusion achieve efficient antiproliferation and antimigration effects
In summary, disulfiram-loaded porous PLGA microparticle ~ on NSCLC. Thus, it can be potentially used as a promising
was successfully prepared and characterized with highly  delivery system for lung cancer treatment through pulmo-
porous surface, favorable aecrodynamic diameter, excellent  nary administration, even for solving the metastasis-related
drug loading, and release profile. Meanwhile, it could recurrence of tumor.
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Annexin V

Figure 5 Flow cytometric analysis for the cell apoptosis of A549 cells induced by the release supernatants from disulfiram-loaded porous poly(lactic-co-glycolic acid)
microparticles after 24 h treatment: (A) control; (B—E) treatment with the release supernatants at I, 3, 5, and 7 days, respectively.
Abbreviation: Pl, propidium iodide.
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Figure 6 Western blotting analysis for the expression levels of pro-caspase-3, pro-caspase-8, and pro-caspase-9 in A549 cells treated with the release supernatants from
disulfiram-loaded porous poly(lactic-co-glycolic acid) microparticles for 24 h: lane I: control; lanes 2-5: treatment with the release supernatants at |, 3, 5, and 7 days,

respectively.
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Figure 7 Cell cycle arrest (A) and relative distribution of cell population (B) in A549 cells treated with the release supernatants from disulfiram-loaded porous poly(lactic-
co-glycolic acid) microparticles for 24 h: (a) control; (b—e) treatment with the release supernatants at |, 3, 5, and 7 days, respectively.
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Figure 8 Wound healing (A) and quantitative assay (B) of A549 cells treated with the release supernatants from disulfiram-loaded porous poly(lactic-co-glycolic acid)
microparticles for 24 h: (a) control; (b—e) treatment with the release supernatants at |, 3, 5, and 7 days, respectively.

Figure 9 Transwell migration assay for the antimigration effect in A549 cells treated with the release supernatants from disulfiram-loaded porous poly(lactic-co-glycolic acid)
microparticles for 24 h: (A) control; (B-E) treatment with the release supernatants at I, 3, 5, and 7 days, respectively.
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Figure S| In vitro cytotoxicity analysis of blank porous poly(lactic-co-glycolic acid) microparticle in L-02 cells. The cell viability of 100% was set as no treatment of
microparticle, and the data were expressed as mean value + SD of three experiments.
Abbreviation: SD, standard deviation.
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Figure S2 Western blotting analysis for the expression levels of pro-caspase-3, caspase-8, and caspase-9 in A549 cells treated with the release supernatants from disulfiram-
loaded porous poly(lactic-co-glycolic acid) microparticles for 36 h: lane |: control; lanes 2-5: treatment with the release supernatants at |, 3, 5, and 7 days, respectively.
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