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ABSTRACT: Nanoscale drug carriers play an important role in regulating the delivery,
permeability, and retention of the drugs. Although various carriers have been used to
encapsulate anticancer drugs, natural biomaterials are of great benefit for delivery and
controlled release of drugs. We used the electrospray deposition system to synthesize gliadin
and gliadin-gelatin composite nanoparticles for delivery and controlled release of an anticancer
drug (e.g, cyclophosphamide). The size profile and synthesis of nanoparticles was
characterized by dynamic light scattering and X-ray diffractometry. Cyclophosphamide was
gradually released from the gliadin nanoparticles for 48 h. In contrast, the gliadin-gelatin
composite nanoparticles released cyclophosphamide in a rapid manner. Furthermore, we
demonstrated that breast cancer cells cultured with cyclophosphamide-loaded 7% gliadin
nanoparticles for 24 h became apoptotic, confirmed by Western blotting analysis. Therefore,
the gliadin-based nanoparticle could be a powerful tool for delivery and controlled release of

anticancer drugs.

B INTRODUCTION

Drug carriers play an important role in controlling the
nonspecific toxicity of free drugs, which are poorly soluble
and instable. To reduce nonspecific toxicity, anticancer drugs
can be loaded into a nanoparticle that delivers the drug into
malignant cells.' Various types of therapeutic agents (e.g,
cyclophosphamide, doxorubicin, paclitaxel, and cisplatin) have
been used in cancer therapy. Cyclophosphamide, a cyclic
phosphamide ester of mechlorethamine, cross-links DNA and
prevents cell division.” Cyclophosphamide has been used to
treat retinoblastoma, neuroblastoma, lung cancer, and breast
cancer.>~> Although cyclophosphamide is effective for cancer
therapy, it damages the tissues."® To overcome this problem,
cyclophosphamide has been loaded within carriers, which safely
deliver the drug to the target. Butylcyanoacrylate spheres
containing cyclophosphamide have been used to treat ocular
inflammation in the inner cavity of the eye.”'® It demonstrated
that cyclophosphamide was incorporated in butylcyanoacrylate
spheres for ocular drug delivery, showing the treatment of
severe ocular inflammation without any corneal irritation. Rat
gliomas have also been treated using cyclophosphamide-loaded
biodegradable polymers.'' In vitro study demonstrated the
effect of cyclophosphamide-loaded polymers on treating
medulloblastoma cells, showing that the tumor was reduced
by cyclophosphamide-loaded polymers.

In the past few decades, various drug-loaded carriers (e.g.,
micelle, liposome, and polymer—drug conjugate) have been
developed to enhance tumor targeting, drug delivery, and
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controlled release."*™'* In particular, polymeric particles are of
great interest in targeting the tumors for cancer therapy
applications.">'® Natural polymers (e.g., polysaccharides,
polypeptides, and lipids) are less toxic and safer than synthetic
polymers.'"”'® In addition, natural polymers are promising
carriers for delivery and controlled release of drugs, because
they are biodegradable, nontoxic, and stable.'”?° The hydrogel
nanoparticles have also been used to analyze their drug delivery
potential. The hydrogels, which are water-soluble polymers,”*
are of great interest in drug delivery applications. Various
hydrogel-based nanoparticles have recently been developed
using natural and synthetic polymers. The natural polymers
(e.g., chitosan, alginate, and gelatin) have extensively been used
to create hydrogel nanoparticles. The synthetic polymers (e.g.,
poly(vinyl alcohol), poly(ethylene oxide), poly(ethyleneimine),
poly(vinyl pyrrolidone), and poly-N-isopropylacrylamide) have
been employed for drug delivery applications.”” The porosity of
hydrogels enabled the control of the drug loading into the gel
matrix and released the drug in a temporal and spatial
manner.”> In particular, the polymeric implants of gelatin
cross-linked with glutaraldehyde have previously been inves-
tigated to demonstrate safety and biocompatibility.**~>* For
instance, the pro-angiogenic characteristics of a cross-linked
gelatin matrix have been examined.”® The cross-linked gelatin
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sponge stimulated the blood vessel formation (e.g, angio-
genesis) without the release of toxic components. Implantation
of gelatin sponges onto the chorioallantoic membrane of
fertilized chicken eggs induced robust attraction of endothelial
cells and formation of blood vessels. The three-dimensional
(3D) gelatin hydrogel structures have been used to repair
traumatic brain injury.”” 3D gelatin hydrogel structures were
implanted into cortical defects in rat brains, showing good
biocompatibility in brain tissue repairs. Furthermore, the gelatin
and gelatin/chitosan implants have been used in rat liver
tissues.”® It demonstrated that the gelatin gel showed a faster
biodegradation rate and relatively low antigenic response. It was
also revealed that the gelatin/chitosan gel induced fibrin
formation and vascularization at the implant—host interface.

In general, conventional drug delivery methods (e.g,, oral or
intravenous delivery) have limitations to deliver anticancer
drugs to the target.29 Furthermore, the acidic environment of
the alimentary tract rapidly degrades anticancer drugs. To
overcome these limitations, it is important to engineer a drug
delivery system that can tolerate the acidic environment. The
gliadin, a natural glycoprotein, can adhere to the mucus layer of
the stomach due to its mucoadhesive property, which is a result
of various interactions (e.g., hydrogen bonding, van der Waals
force, and mechanical penetration).>® Gliadin contains neutral
amino acids, which enhance hydrogen bonding with the mucus
layer, and lipozphilic amino acids that support hydrophilic
interactions.>”** Furthermore, the gliadin, a plant protein, does
not contain prions,”> which are misfolded proteins found in
animals.** Gliadin particles have previously been generated for
drug delivery and controlled release applications. For example,
gliadin particles have been used to control the release of
retinoic acid.>® The gliadin particles had low solubility in water
due to their hydrophobicity and were highly stable in buffer
solution. The stability of gliadin nanoparticles increased when
chemically cross-linked with glutaraldehyde. The gliadin
particles containing amoxicillin have also been created to
treat Helicobacter pylori.”® Gliadin particles containing amox-
icillin were synthesized by desolvation method. The mucoad-
hesion of the gliadin particles increased with gliadin
concentrations. Although various drugs have been loaded into
gliadin particles for delivery and controlled release, gliadin
nanoparticles loaded with anticancer drugs have not yet been
fully explored.

To generate polymeric particles, various methods (e.g,
desolvation, emulsification, precipitation, and electrospray
deposition) have been used.>"*** Although the gliadin article
can be synthesized using the desolvation method, 1393638 it has
some limitations, such as low drug loading efficiency and
inability to separate particles from the aqueous phase.”” The
electrospray deposition system, which uses liquid atomization
by means of electrical forces, has several advantages over
conventional methods, such as high drug loading efficiency and
self-dispersion. Furthermore, nanoparticles synthesized by
electrospray deposition systems do not require any template
or surfactant.** The electrosprayed gliadin nanoparticles
enabled the physical entrapment of the drug, showing that
cyclophosphamide could disperse in the polymeric matrix of
nanoparticles, as previously described.'” The lipophilic amino
acid, one of the components in gliadin protein, bound to
cyclophosphamide due to hydrophilic interactions. As a result,
the gliadin-based nanoparticles could bind to a cyclo-
phosphamide anticancer drug, as previously described.””
Here, we created gliadin-based nanoparticles loaded with
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cyclophosphamide using an electrospray deposition system.
The gliadin-based nanoparticles controlled the release of an
anticancer drug to induce apoptosis in breast cancer cells.
Therefore, gliadin-based nanoparticles could be useful for
regulating the delivery and release of anticancer drugs in a
controlled manner.

B MATERIALS AND METHODS

Gliadin Extraction and Purification. Gluten was extracted from
wheat flour, freeze—dried, ground in an electrical grinder, and defatted
by two extractions with dichloromethane for 2 h at 20 °C (gluten/
solvent ratio: 1/10). After filtration, the residual solvent was
evaporated from the gluten at 20 °C. Samples of dried gluten powder
(100 g) were gently stirred in an ethanol/water mixture (70/30 v/v;
gluten/solvent ratio: 1/ 10) for 4 h at 20 °C. The suspension was
centrifuged at 4600 rpm. The soluble fraction, primarily gliadin with
some glutenin proteins, was freeze—dried again. To completely
remove the glutenins, the freeze—dried gliadin was washed with
distilled water. After filtering, it was treated with 0.05 M acetic acid and
freeze—dried.

Synthesis of Gliadin or Gliadin—Gelatin Composite Nano-
particles. To synthesize gliadin nanoparticles, 7% gliadin was
dissolved in 70% ethanol. The solution was stirred at room
temperature for 2 h and then aged for 2 days. After filtering, gliadin
nanoparticles were synthesized using electrospray deposition system
(Figure 1A). The electrospray deposition system consisted of a syringe
pump (Nano NC, Korea), high-voltage supply, and grounded
collector. The gliadin polymer solution was loaded in a 10 mL syringe
and continuously infused using the syringe pump (flow rate of 0.5 mL/
h) and a stainless steel nozzle with a diameter of 32 GA, which was
connected to the high-voltage power supply. The high-voltage power
supply generated a 12—14 kV potential difference between the nozzle
and the ground stainless steel sheet. To generate composite
nanoparticles, gelatin was dissolved in 90% acetic acid and gliadin
was dissolved in 70% ethanol. The solutions were mixed at a 1:1 ratio.
The gliadin—gelatin composite nanoparticles were cross-linked with 2
g glutaraldehyde per 100 g polymer and were subsequently incubated
at 25 °C for 60 min. To prepare the cyclophosphamide-loaded gliadin
or gliadin—gelatin composite nanoparticles, cyclophosphamide (1 mg
cyclophosphamide/1 mL polymer solution) was mixed in the polymer
solution and the mixture was subsequently electrosprayed to generate
anticancer drug-loaded gliadin or gliadin—gelatin composite nano-
particles.

Morphological Characterization of Nanoparticles. The
morphology of gliadin or gliadin—gelatin composite nanoparticles
was characterized by scanning electron microscopy (SEM, TESCAN
model: VEGA/SBH Motorize). The nanoparticles were coated with
platinum (S wt % on activated carbon) using a turbo sputter coater
(EMITECH: K575X/Carb Peltier Cooled). SEM images were
obtained at 20 kV. The morphologies of gliadin or gliadin—gelatin
composite nanoparticles were confirmed by transmission electron
microscopy (TEM, JEM-2100F) at 200 kV, 95 pA dark current, and
126 pA emission current.

Size Profile Distribution and Zeta Potential Measurement.
To determine the size profile distribution and zeta potential,
nanoparticles were dispersed in deionized water and sonicated using
a tip sonicator (Sonics: Vibracell) at 20% amplitude for 3 min. The
size profile distribution and zeta potential of nanoparticles were
measured with dynamic light scattering using a Zetasizer 4 (Malvern
Instruments Ltd., U.K.). To measure the size profile distribution of
gliadin or gliadin—gelatin composite nanoparticles, samples were
placed in polystyrene cuvettes at 25 °C and 90° angle. The zeta
potentials of gliadin or gliadin—gelatin composite nanoparticles were
measured by a laser-based multiple angle particle electrophoresis
analyzer (Malvern Zetasizer, DTS v 4.10, Malvern Instruments Ltd.,
UK.). For zeta potential measurements, the ultrasonicated nano-
particles were placed in the electrophoretic cell with an electric field of
1524 V/cm.
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Figure 1. (A) Schematic of the electrospray deposition system to
synthesize gliadin-based nanoparticles. (B) Scanning electron micros-
copy images of nanoparticles produced with 7% gliadin and 7%
gliadin/4% gelatin. (C) Transmission electron microscopy images of
nanoparticles produced with 7% gliadin and 7% gliadin/4% gelatin.

X-ray Diffraction Analysis. The synthesis of gliadin—gelatin
composite nanoparticles was analyzed by X-ray diffractometer (Rigaku
Corporation, Japan). A diffracted beam monochromator and a copper
target X-ray tube (40 kV, 30 mA) was used to observe the diffraction
pattern of gliadin or gliadin—gelatin composite nanoparticles. The
diffraction patterns were recorded with 26 values, ranging from 10° to
40°.

Analysis of Controlled Drug Release. To measure controlled
drug release from nanoparticles, nanoparticles were loaded with the
anticancer drug, cyclophosphamide. Drug-loaded nanoparticles were
dispersed in 100 mL deionized water. Five milliliters of sample was
removed from the bulk solution and replaced with S mL deionized
water to maintain 100 mL volume. The sample was centrifuged at
4600 rpm and the amount of drug in the supernatant was measured.
Drug release was measured at 1, 4, 8, 12, 24, and 48 h using a UV—vis
spectrophotometer. The calorimetric method, which is based on
measuring the nitroso derivative of cyclophosphamide, was used. Ina §
mL sample, 1 mL of 5% hydrochloric acid was added to 1 mL of 20%
sodium nitrite and heated in a 65 °C water bath for 20 min. The
solution was then cooled and S mL of 15% sulfamic acid was added
under vigorous stirring. The solution was cooled again and 2 mL of
20% sodium hydroxide was added. After adding the sodium hydroxide,
the resulting solution was diluted with deionized water to maintain 20
mL volume. The cyclophosphamide concentration was calculated from
a calibration curve (20—80 pg/mL) at 325 nm using a UV—vis
spectrophotometer. To calculate the total drug loading in gliadin-based
nanoparticles, the cyclophosphamide-loaded nanoparticles were
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dispersed in 70% ethyl alcohol and were subsequently stirred for 24
h. The suspension was centrifuged at 4600 rpm for 10 min, and the
supernatant was analyzed to measure the drug amount. As gliadin is
soluble in 70% ethyl alcohol, gliadin polymer was dissolved in 70%
ethyl alcohol to release the cyclophosphamide. The drug release
experiments were performed three times. All data were presented as
means =+ standard deviations and were statistically compared using
Student's t test. p-values less than 0.05 or 0.01 were considered
statistically significant. All error bars illustrated standard deviations.
The drug release from 7% gliadin/8% gelatin composite nanoparticles
was statistically compared to the drug released from 7% gliadin and 7%
gliadin/4% gelatin composite nanoparticles.

Breast Cancer Cell Culture and Apoptosis Assay. MCF7
breast cancer cells were cultured with Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS). Cell
culture medium was changed every 2 days. An apoptosis assay
(Invitrogen, USA) was used to determine the apoptotic cells (stained
by Annexin V, green) and necrotic cells (stained by propidium iodide,
red).

Western Blot Analysis. MCE7 cells were treated with 3.5 mg
gliadin nanoparticles loaded with 3.5 mM cyclophosphamide.
Harvested cells were disrupted in cell lysis buffer (0.02 M Tris—HCI
pH 7.4, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM phenylmethylsulfonyl fluoride, 0.25 M sucrose, protease, 0.5%
sodium deoxycholate, and phosphatase inhibitor cocktail (Roche,
USA)) for 30 min on ice. The homogenates were sonicated for 30 s on
ice and centrifuged at 13 000 rpm for 10 min at 4 °C. Total protein
concentration in the extracts was determined using Bradford reagent
(Sigma, USA). Equal amounts of protein (S0 ug) were resolved by
15% SDS-polyacrylamide gel electrophoresis and then transferred to
nitrocellulose membrane (Pall Corporation, USA). The membranes
were soaked in blocking buffer (5% skim milk in phosphate buffered
saline) for 1 h at room temperature and incubated overnight with
primary antibodies, such as Bcl-2 (Santa Cruz, USA) and f-actin
(Sigma, USA). Immunoreactivity was detected using the chemilumi-
nescence system (AB frontier, Korea).

BrdU Incorporation Assay. Cells were treated with 3.5 mg gliadin
nanoparticles loaded with 3.5 mM cyclophosphamide for 12 and 24 h.
The cell damage induced by cyclophosphamide-loaded 7% gliadin
nanoparticles was analyzed using a BrdU proliferation kit (Roche
Molecular Diagnostics, Germany).

B RESULTS AND DISCUSSION

Synthesis of Gliadin-Based Nanoparticles. Nanopar-
ticles derived from natural sources are of great benefit for drug
delivery, controlled release, and cancer therapy. To synthesize
nanoparticles from a natural polymer, we extracted gliadin from
wheat flour. Wheat gluten is viscoelastic and has a high tensile
strength and excellent gas barrier property.*® The gliadin was
extracted from gluten, which consisted of gliadin, glutenin,
albumin, and globulin. Albumin and globulin are water-soluble
and can be removed through water extraction. However, gliadin
shows higher solubility in 70% ethyl alcohol. We extracted
gliadin using 70% ethyl alcohol and removed the glutenin by
acetic acid extraction. After extraction of the gliadin from wheat
flour, we created gliadin nanoparticles using electrospray
deposition system (Figure 1A). The electrospraying system is
similar to the electrospinning process. Electrosprayed nano-
particles can be created when the viscosity of the liquid is
sufficiently low. It has been known that nanofibrous nonwoven
meshes were generated at high concentrations of polymers.*' In
contrast, nanoparticles were created at low concentrations of
polymers because the viscosity was proportional to polymer
concentrations, as previously described.*” The electrospray
deposition system generated a plume of droplets by charging
the liquid at a high voltage. The charged droplets were sprayed
from the tip of the nozzle.** We generated gliadin-based
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Figure 2. Size profile distribution of nanoparticles using dynamic light scattering: (A) 7% gliadin, (B) 7% gliadin/4% gelatin, and (C) 7% gliadin/8%

gelatin.

nanoparticles using 7% gliadin and 4% gelatin concentrations.
SEM images showed that the nanoparticles were spherical
(Figure 1B). TEM images also showed gliadin-based nano-
particles (7% gliadin, 7% gliadin/4% gelatin) that were
homogeneous in shape and size, showing that the size of
gliadin—gelatin composite nanoparticles was larger as compared
to the gliadin nanoparticles (Figure 1C).

Characterization of Gliadin-Based Nanoparticles. We
measured the size of gliadin or gliadin—gelatin composite
nanoparticles using dynamic light scattering (Figure 2, Table
1). At 7% gliadin, the nanoparticles had a uniform size (218.7 +

Table 1. Characterization of Gliadin-Based Nanoparticles

average size  zeta potential  drug loading
number polymer (nm) mV) (%)
1 7% gliadin 218.66 + 5.1 18.46 + 8.3 72.02 + 5.6
2 7% gliadin/4% 398.56 + 4.2 19.00 + 3.6 64.23 + 89
gelatin
3 7% gliadin/8% 450.10 + 9.7 1420 + 3.7 52.77 £ 12.6
gelatin

5.1 nm average diameter) (Figure 2A) and positive charge
(18.5 mV), confirmed by zeta potential analysis. The particles
were homogeneous in size and have a narrow distribution.
Although gliadin nanoparticles have previously been prepared
using emulsification and desolvation techniques,*"*%3>3%3%
their sizes were larger as compared to the electrosprayed
gliadin nanoparticles. The gliadin—gelatin composite nano-
particles were created using various ratios of gliadin and gelatin
concentrations, such as 7% gliadin/4% gelatin, 7% gliadin/8%
gelatin, 14% gliadin/4% gelatin, and 14% gliadin/8% gelatin.
The nanoparticles made from 7% gliadin/4% gelatin and 7%
gliadin/8% gelatin had an average diameter of 398.6 + 4.2 nm
(Figure 2B) and 450.1 + 9.7 nm (Figure 2C) with an average
zeta potential of 14.2—19 mV. It was observed that the size
distribution of 7% gliadin/4% gelatin and 7% gliadin/8% gelatin
composite nanoparticles was larger as compared to the 7%
gliadin nanoparticles containing homogeneous size distribu-
tions. The nanoparticles made from 14% gliadin/8% gelatin did
not have a uniform shape and fibrous structures were
prominent, suggesting that high concentrations of gliadin and
gelatin were not suitable for creating composite nanoparticles
(data not shown). In contrast, particles with 7% gliadin/4%
gelatin had a uniform shape without fibrous networks (Figure
1B,C). A quantitative analysis of the size distribution
demonstrated that the nanoparticle size was directly propor-
tional to the concentrations of gliadin and gelatin polymers.
When the gliadin concentration was constant, the particle size
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increased with the gelatin concentration. The viscosity
increased with polymer concentrations, resulting in creating
larger particles at higher polymer concentrations.**** There-
fore, the optimal concentration of gliadin and gelatin to create
uniform nanoparticles was 7% gliadin and 4% gelatin. To
confirm whether the gliadin was cross-linked with gelatin in
composite nanoparticles, we analyzed the synthesis of
composite particles using X-ray diffractometer (Figure 3).
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Figure 3. X-ray diffraction pattern of the gliadin—gelatin composite
nanoparticle.

Gelatin had a peak at 20° whereas pure gliadin particles
showed two peaks at 12° and 18°. We observed minor and
major peaks at 12° and 18-20° in the gliadin—gelatin
composite nanoparticles, because the gelatin was bound to
the gliadin surface. We also found that gliadin—gelatin
composite nanoparticles had higher intensity peaks than gliadin
nanoparticles. This result revealed that the gliadin extraction
and electrospray deposition process did not change any
physical structure of gliadin proteins.

Controlled Drug Release from Gliadin-Based Nano-
particles. Polymeric nanoparticles are of great interest in
regulating the delivery and controlled release of drugs. We used
cyclophosphamide, an anticancer drug, to confirm the delivery
and controlled release from gliadin or gliadin—gelatin
composite nanoparticles. Various parameters (e.g., wettability,
particle size, degradation rate, molecular weight, and binding
affinity between the polymer and drug) play an important role
in controlling drug release.*> Biocompatible polymeric particles
could release anticancer drugs in a controlled manner. We
quantified the amount of cyclophosphamide released from the
nanoparticles using a colorimetric assay and UV-—visible
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spectrophotometry. The concentration of released cyclo-
phosphamide could be measured as based on a nitroso
derivative of cyclophosphamide. We observed higher percent-
age of drug loading in gliadin nanoparticles as compared to the
gliadin—gelatin composite nanoparticles (Table 1). Higher
percentage (72.02%) of drug loading in the gliadin nano-
particles was attributed to the adhesive properties of gliadin
polymers as compared to the drug loading efficiency (52.77—
64.23%) of gliadin—gelatin composite nanoparticles. We also
measured the cyclophosphamide released from nanoparticles
synthesized with 7% gliadin, 7% gliadin/4% gelatin, and 7%
gliadin/8% gelatin for 48 h (Figure 4). Cyclophosphamide was
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Figure 4. Drug release analysis of cyclophosphamide from gliadin or
gliadin—gelatin composite nanoparticles. Data of 7% gliadin/8%
gelatin composite nanoparticles were statistically compared to 7%
gliadin nanoparticles (*p < 0.05).

released from gliadin or gliadin—gelatin composite nano-
particles in two steps. In the first step, cyclophosphamide was
rapidly released (46%) from 7% gliadin/8% gelatin composite

nanoparticles within 1 h. In contrast, 7% gliadin and 7%
gliadin/4% gelatin nanoparticles released 25% and 30% of
cyclophosphamide within 1 h, respectively. The rapid release of
cyclophosphamide from gliadin or gliadin—gelatin composite
nanoparticles might be due to a fraction of the cyclo-
phosphamide adhering to the surface of the nanoparticles*
or the high aqueous solubility of gelatin.*’ During the initial
period of the drug release, the drug on the surface of the
nanoparticles reacted with the aqueous medium, resulting in
burst release. In the second step, cyclophosphamide was
steadily released from the nanoparticles for 48 h. At 48 h, 80%,
90%, and 95% of the cyclophosphamide was released from 7%
gliadin, 7% gliadin/4% gelatin, and 7% gliadin/8% gelatin
nanoparticles, respectively. The second step was probably due
to the drug diffusion from the nanoparticles, as previously
described.*® The rate of drug release was significantly affected
by the surface wettability. Composite nanoparticles containing
hydrophilic gelatin released drugs in a rapid manner as
compared to hydrophobic gliadin nanoparticles. This result
suggests that the hydrophobicity of gliadin nanoparticles could
manipulate the drug release in a controlled manner.
Apoptosis of Breast Cancer Cells. Natural polymeric
nanoparticles have been considered as a safe drug carrier.'*°
Although gliadin—gelatin composite nanoparticles enabled the
release of 89—91% drug at 24 h, we used 7% gliadin
nanoparticle (79% release at 24 h) (Figure 4) due to its
small size (218.7 nm) and slow release property. We
hypothesized that 7% gliadin nanoparticles loaded with
cyclophosphamide would induce apoptosis of breast cancer
cells. To confirm this hypothesis, we cultured MCF7 breast
cancer cells for 24 h with four different experimental
conditions. Cells cultured in medium alone (Figure SA) or
with 7% gliadin nanoparticles alone (Figure SB) did not
undergo apoptosis. The breast cancer cells cultured with 7%

12 hours

Medium control

Particle control

Drug-loaded particle Drug control
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24 hours

Figure S. Apoptosis of breast cancer cells cultured with 7% gliadin nanoparticles loaded with cyclophosphamide. The breast cancer cells were
cultured with (A) medium alone, (B) 7% gliadin nanoparticles alone, (C) cyclophosphamide alone, and (D) 7% gliadin nanoparticle loaded with
cyclophosphamide. Apoptotic and necrotic cells were stained by Annexin V (green) and propidium iodide (red). Scale bars are 300 ym.
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gliadin nanoparticles for 24 h remained highly viable, showing
that gliadin nanoparticles were biocompatible. When cells were
cultured with cyclophosphamide alone for 24 h, some cells were
dead (Figure SC). The cells cultured with 7% gliadin
nanoparticles loaded with cyclophosphamide became apoptotic
(Figure SD). However, fluorescent images of the apoptosis
assay were not enough evidence to identify whether gliadin
nanoparticles loaded with cyclophosphamide could induce
apoptosis. Thus, we performed a Western blot analysis to
confirm the apoptosis (Figure 6A). We observed that Bcl-2
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Figure 6. (A) Western blot analysis of breast cancer cells cultured with
cyclophosphamide-loaded 7% gliadin nanoparticles, showing that Bcl-2
protein was down-regulated in cells cultured with cyclophosphamide-
loaded 7% gliadin nanoparticles for 24 h. (B) BrdU incorporation
assay to confirm cell death induced by cyclophosphamide-loaded 7%
gliadin nanoparticles. Data from drug control and drug-loaded particles
were statistically compared to medium control alone (*p < 0.0S, **p <
0.01).

protein was significantly down-regulated in breast cancer cells
cultured with cyclophosphamide-loaded 7% gliadin nano-
particles for 24 h. In contrast, Bcl-2 protein was up-regulated
in breast cancer cells cultured with 7% gliadin nanoparticles
without cyclophosphamide for 24 h. We also confirmed that
cells cultured with cyclophosphamide-loaded gliadin nano-
particles were not apoptotic at 12 h. Interestingly, Bcl-2 was not
down-regulated in cells cultured with cyclophosphamide alone
for 24 h. To further confirm whether the cyclophosphamide-
loaded gliadin nanoparticles induce cell death, we performed
the BrdU incorporation assay (Figure 6B). BrdU incorporation
assay demonstrated that cyclophosphamide-loaded 7% gliadin
nanoparticles induced cell death as compared to medium
control alone. This BrdU incorporation assay result corre-
sponded to the data of the apoptosis assay (Figure S) and
Western blotting analysis (Figure 6A), suggesting that cyclo-
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phosphamide-loaded 7% gliadin nanoparticles might induce
apoptosis. Our result also agreed with the previous work,
showing that polymeric particles loaded with cyclophospha-
mide inhibited tumor growth.49 Furthermore, our result
suggested that gliadin-based nanoparticles might promote the
absorption of the anticancer drug due to the bioadhesive
property of gliadin. Given its muco/bioadhesive potential,
anticancer drug-loaded gliadin nanoparticles might adhere on
the surface of cancer cells to induce the apoptosis.

B CONCLUSIONS

We synthesized nanoparticles from the natural gliadin polymer
using an electrospray deposition system. Gliadin-based nano-
particles enabled the delivery and controlled release of
cyclophosphamide anticancer drug in a controlled manner.
The size profiles and synthesis of gliadin or gliadin—gelatin
composite nanoparticles were characterized by dynamic light
scattering and X-ray diffractometry. Although cyclophospha-
mide was gradually released from gliadin nanoparticles for 48 h,
gliadin—gelatin composite nanoparticles released the drug in a
rapid manner. Furthermore, breast cancer cells cultured with
cyclophosphamide-loaded 7% gliadin nanoparticles for 24 h
became apoptotic, confirmed by down-regulation of Bcl-2
protein in Western blot analysis. Therefore, this anticancer
drug-loaded gliadin nanoparticle could be a powerful tool for
cancer therapy applications.
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