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Abstract

Objectives EphrinAl, the ligand of EphA2 receptor tyrosine kinase, has been proven to
suppress the growth of tumours. The aim of this study was to conjugate ephrinAl on the
surface of albumin microspheres and investigate the non-small cell lung carcinoma growth
and migration in vitro.

Methods Bovine serum albumin microspheres were designed and synthesized using a
natural polymer albumin by emulsification chemical cross-linking. EphrinAl was then
conjugated on the surface of microspheres by imine formation. The microspheres conjugated
with ephrinA1l (ephrinA1-MS) were characterized for particle size, surface morphology,
loading efficiency and stability in vitro. The ephrinA1-MS were labelled with fluorescein
isothiocyanate to determine phagocytosis. In addition, the effects of ephrinA1-MS on A549
cell growth and migration were determined.

Key findings Albumin microspheres exhibited low toxicity for A549 cells (above 90% cell
viability). More than 80% of microspheres were phagocytosed within 2 h of incubation.
EphrinA1-MS decreased the expression of focal adhesion kinase more effectively than
recombinant ephrinA1l alone. Furthermore, ephrinA1-MS showed significant inhibition of
non-small cell lung cancer migration when compared with resting cells. EphrinA1-MS
attenuated the growth of tumour colonies in matrigels.

Conclusions The developed ephrinA1-MS may serve as potential carriers for targeted
delivery of the tumour suppressive protein ephrinAl, with minimal cytotoxic effects and
greater antitumour therapeutic efficacy against non-small cell lung cancer.

Keywords albumin microspheres; ephrinAl; intratumoural lung cancer therapy; non-
small cell lung cancer; receptor-targeted drug delivery

Introduction

Lung cancer, primarily non-small cell lung cancer (NSCLC), is the leading cause of cancer-
related mortality; about 30% of all cancer deaths are owing to NSCLC." The 5-year survival
rate for all lung cancer cases is about 16% and this extremely high rate of mortality has not
significantly improved despite new drug development and clinical research. One new pro-
cedure, intratumoural chemotherapy, has been explored clinically in recent years. This
technique involves the direct intratumoural injection of a cancer drug using a bronchoscopic
needle-catheter and is termed endobronchial intratumoural chemotherapy. Clinical studies
have shown endobronchial intratumoural chemotherapy to be remarkably effective in reduc-
ing tumour burden, with relief of endobronchial obstruction and symptoms of dyspnea.”™
Recently, to improve the effectiveness of intratumoural chemotherapy, various drug-loaded
microspheres have been designed to prolong very high intratumoural drug concentrations
and further minimize any risk of systemic toxicity.'®”! In the current study, albumin micro-
spheres (AMS) were used as carriers for in-vitro delivery of the antitumour agent ephrinA1l.

Microspheres can be defined as solid, approximately spherical particles ranging from 1 to
1000 pum in size.®™ Microspheres prepared from a variety of synthetic polymers and biopoly-
mers have been widely studied for their application in cancer treatment.”'” Among the
various biodegradable particulate drug carriers available for consideration, we regard the
most abundant natural plasma protein, serum albumin, as a most appealing biocompatible
carrier for drug delivery."""'* Furthermore, the abundant functional groups on the surface of
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bovine serum albumin (BSA) facilitate physisorption and
covalent coupling to functional polymers, proteins and bio-
molecules."® In previous animal studies, we demonstrated
the effectiveness of drug-loaded AMS for the treatment of a
Lewis lung carcinoma and a mammary adenocarcinoma.™
The drugs or bioactive molecules incorporated into micro-
spheres were active on the microsphere surface and released
from the microspheres by diffusion and by degradation of
the BSA matrix. Furthermore, the release of loaded bioactive
molecules from the microspheres is controllable as a function
of particle size, particle size distribution, AMS cross-link
density and degradation rate, and the method of binding to the
microsphere matrix.

Protein delivery using nano- and micro-sized micro-
spheres based on various biodegradable polymers, including
poly(lactic-co-glycolic acid), lecithin and biocompatible
hydrogels, has attracted significant research interest in recent
years.'""'8 Proteins have been loaded in the microsphere
matrix, physically adsorbed on the surface and covalently
conjugated with reactive functional groups on the particle
surface."”! However, protein delivery using microsphere
particles can be complicated by protein denaturation during
preparation, especially for some ionic polymers.”* In this
regard, AMS may prove more effective as a stabilizing the
matrix for adsorbed or conjugated proteins.

The Eph transmembrane tyrosine kinases are the largest
family of receptor tyrosine kinases. Among this family,
EphAZ2 receptor tyrosine kinase was found to be overexpressed
in aggressive cancers and most NSCLCs, but it was not
expressed in normal tissue.”?"! Recently, Brannan er al.™®
reported that more that 90% of NSCLC patient samples
overexpress receptor EphA2 and, moreover, the expression
of EphA2 was detected in all the NSCLC cell lines tested. It
has been shown that by binding to the receptors on the cell
membrane with a glycosylphosphatidylinositol anchor, eph-
rinA1 was found to inhibit the proliferation and migration of
lung tumour cells due to downregulation of EphA2 receptor
expression.””! Thus, the recombinant ephrinA1Fc can target
only EphA2 in NSCLC and suppress tumour growth and
invasion for NSCLC treatment and prevention. In addition, the
specific target of ephrinAl to EphA2 may reduce systemic
toxicity and conserve the adjacent normal lung tissue.

In this study, we synthesized 5- to 10-um AMS by a water/
organic solvent dispersion procedure developed in our labo-
ratory. This particle size was selected based on our previous
research which indicated that microspheres were especially
effective for intratumoural injection and tumour perfusion.
EphrinA1 was conjugated to AMS by imine coupling of eph-
rinAl amino groups to free aldehyde groups that remain on
AMS after glutaraldehyde cross-linking. The structure and
composition of ephrinA1-MS were characterized and antitu-
mour activity was measured using A549 human NSCLC cells.

Materials and Methods

Cell lines and reagents

The A549 human lung adenocarcinoma epithelial cell line
was obtained from the American Type Cell Collection
(Manassas, VA, USA). Cells were cultured in RPMI-1640
medium (Sigma, St Louis, MO, USA) containing 10% fetal
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bovine serum, penicillin (100 U/ml), streptomycin (100 pg/
ml), fungizone (100 pg/ml), 0.25% D-glucose, 0.2% sodium
bicarbonate and 1% sodium pyruvate. The recombinant
mouse/Fc was purchased from R&D Systems (Minneapolis,
MN, USA).

Synthesis of AMS and loading of ephrinA1

The AMS were synthesized following the method of Longo
et al."" In brief, 5% w/v solution of cellulose acetate butyrate
(CAB) (butyryl content 16.5-19.0%; Sigma, St. Louis, MO,
USA) in 1,2-dichloroethane (DCE) (certified ACS grade,
Fisher, Pittsburgh, PA, USA) was used as the continuous
organic phase. CAB/DCE solution (16.0 ml) was added to a
50-ml polystyrene centrifuge tube. Then, 1 ml of a 10% w/v
aqueous solution of BSA (Sigma) was added into the continu-
ous phase. EM grade glutaraldehyde (16% w/w) was added to
BSA through DCE into the emulsion solution. After crosslink-
ing, the AMS were washed and the appearance of micro-
spheres was recorded using an optical microscope (Olympus,
Center Valley, PA, USA).

About 1 mg of fresh 16% glutaraldehyde crosslinked AMS
was dispersed in 50 pl of phosphate-buffered solution (PBS)
containing 50 pg of ephrinAl in a 1.5-ml centrifuge tube. The
tube was placed on a shaker at room temperature for 4 h and
centrifuged. The supernatant was removed and the loaded
AMS were washed twice in 1 ml acetone. The ephrinA1-MS
were air-dried and stored at —4°C until further use. EphrinA1-
loaded AMS were stored as dry powder at —20°C for longer-
term storage (more than 6 months) to prevent degradation
from hydrolysis.

To demonstrate the stable conjugation between ephrinAl
and AMS, the AMS were loaded with fluorescein isothiocy-
anate (FITC) labelled ephrinA1 and observed using a fluores-
cence microscope. The ephrinAl was labelled using a
FluoReporter FITC labelling kit (Invitrogen, Eugene, OR,
USA). After the loading process, the FITC-loaded AMS were
vortexed vigorously in PBS to remove excess unconjugated
ephrinAl. The samples were washed in PBS by repeated
centrifugation. The microspheres were incubated in PBS for
8 h and washed in PBS before observing under a fluorescence
microscope.

Particle size distribution of AMS

The particle size distribution of AMS in PBS was determined
by a Coulter LS 13320 laser diffraction particle size analyser
(Beckman Coulter, Inc., Brea, CA, USA). PBS was used as
the suspension fluid and AMS were dispersed in PBS and
sonicated before measurement. The laser obscuration range
used was between 8 and 12% during measurement.

Surface morphology of ephrinA1-MS

The ephrinA1-MS were coated with a thin layer of gold/
platinum and mounted on a metal stub. The surface mor-
phology of AMS was investigated by scanning electron
microscopy with a JEOL JSM 6400 (JOEL, Tokyo, Japan).

Cytotoxicity and phagocytosis of AMS by
A549 NSCLC cells

The FITC-labelled AMS were prepared by using the mixture
of 90% BSA and 10% albumin-FITC conjugate. Cells
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(1 x 10° were seeded in each well of a 24-well culture plate
and incubated in media containing various concentrations
of FITC-labelled AMS. After the desired incubation time,
the media were discarded and the cells were washed using
PBS until excess AMS were removed. The cells were then
trypsinized, fixed in paraformaldehyde and counted using a
hemocytometer under a fluorescence microscope.

Longterm cytotoxicity of AMS was determined by using
the CytoTox-ONE homogeneous membrane integrity assay
(Promega Corp., Madison, WI, USA). Cells (5000) were
seeded in each well of a 96-well plate and incubated in media
containing various concentrations of AMS. The release of
lactate dehydrogenase (LDH) was measured after 6, 24 and
48 h. The LDH release was given in fluorescent units and each
experiment was done in triplicate.

In-vitro release rate and loading efficiency
of ephrinA1

The release rate of ephrinAl from the ephrinAl-MS was
determined with 10 pg/ml lysozyme (egg white; Fisher) in
PBS. In a 15-ml centrifuge tube, 1 mg of ephrinA1-MS was
dispersed in 10 ml of PBS containing 10 pg/ml lysozyme to
simulate the actual concentration of lysozyme in serum. The
tube was placed on a rotator and incubated at 37°C. After 1, 2,
3, 5 and 7 days, 1 ml of dispersion solution was collected
and filtered using centrifugal filters with 0.1 um hydrophilic
membrane (Ultrafree-CL; Millipore, Billerica, MA, USA).
The flow-through was saved for the determination of eph-
rinAl release. The concentration of released ephrinAl in
the dispersion solution was measured by an enzyme-linked
immunofiltration assay (ELIFA) following the manufacturer’s
recommendations (Pierce Biotechnology, Rockford, IL,
USA). A nitrocellulose membrane was sandwiched between a
96-well sample plate and a vacuum chamber in the ELIFA
system. The sample solutions containing released ephrinAl
were slowly pulled through the membrane by vacuum leaving
the ephrinA1l on the membrane. Then the reconstituted anti-
body, anti-mouse (goat IgG; R&D systems), and secondary
antibody were added and allowed to filter through the mem-
brane. Finally, the substrate solution was added and the
flow-through was collected in a 96-well microplate. The
absorbance was measured by using an ELISA plate reader.
To distinguish the release rate of ephrinAl conjugated on
the surface from that loaded in the matrix, another batch
of ephrinA1-MS was vortexed vigorously to wash off the
ephrinAl loaded in the matrix before being dispersed in PBS
solution.

Western blot analysis

Cells were cultured on 60-mm Petri dishes to 80% confluence
and then incubated with serum-free RPMI-1640 media con-
taining free recombinant ephrinAl and ephrinA1-MS. After
desired time periods, the media were removed from dishes
and each dish was washed with PBS. The cell lysates were
scraped in PBS and then centrifuged. The supernatant was
discarded and the cells were lysed in radioimmunoprecipita-
tion buffer. To determine the focal adhesion kinase (FAK),
proteins were resolved and detected by Western blot using
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anti-FAK antibody (Cell Signaling, Boston, MA, USA) fol-
lowing a previously reported method.””

Cell migration assay

To measure the cell migration, 1 X 10° cells were seeded into
each chamber of a four-chamber glass slide. After 48—60 h of
incubation, when cells reached 100% confluence, the cultures
were scratched by 200-pl pipette tips to create a wound on the
cell monolayer. The cell cultures were washed gently in PBS
to remove cell debris before incubation in 10% fetal bovine
serum containing media with and without recombinant eph-
rinA1l or ephrinA1-MS. The wound areas were photographed
every 6 h and each experiment was done in triplicate.

3D tumour growth assay

Matrigel (BD, Franklin Lakes, NJ, USA) was diluted with
serum-free media in a 1 : 1 ratio (matrigel to media). Diluted
matrigel solution (200 ul) containing free recombinant eph-
rinAl or ephrinA1-MS was added to each well of a 24-well
plate and the gel was allowed to set at 37°C for at least 30 min.
After the gel was set, A549 cells at a density of 5000 cells per
well were plated in 300 pl of serum-free media. Media were
changed every 3 days. To monitor the tumour growth, digital
pictures were taken of each well every 2 days until the tumour
colonies were formed. To eliminate biased judgment, tumour
colonies were photographed by two different investigators at
different times by randomly choosing three fields in each well.
Thus, photographed pictures were blinded and provided to a
third investigator for unbiased judgment and a representative
photograph selected from each group was provided.

Statistical analysis

SigmaStat 3.5 (SYSTAT Software, Inc., San Jose, CA, USA)
was used for statistical analysis. Data are expressed as
mean = SEM. Comparisons were made using the Kruskal-
Wallis test followed by Dunn’s test for multiple comparisons.
The unpaired Student z-test was used where applicable.
Differences were considered significant at values of P < 0.05.

Results
Synthesized AMS size distribution

Albumin microspheres were synthesized and the particle size
distribution was determined by volume percentage in PBS
(Figure 1). The particle size was controlled over the range of
2-10 um and about 60% of the microspheres were 5-10 um.
Only around 8% of the microspheres were smaller than 2 um.
The highest point of the size distribution was 5.35 um and the
mean particle size was 4.2 um. The photomicrograph of the
AMS confirmed the particle size distribution as determined by
a laser diffraction system. Significant numbers of the AMS
were over the size range 4-6 um, with some small micro-
spheres of around 1-2 pum.

Cytotoxic effects of synthesized AMS

The cytotoxic effects of synthesized AMS in A549 cells was
determined by a cell viability assay after 48 h of incubation
with various concentrations of AMS (0.10-1.0 mg). Greater
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Figure 1 Particle size distribution of synthesized albumin microspheres. Particle size distribution in phosphate-buffered solution was measured using
alaser diffraction particle size analyser. About 60% of the microspheres were 5—10 um. The mean particle size was 4.2 um and standard deviation was
1.8 um. The median for the particle size distribution was 4.7 um and the mode was 5.4 um. Particle size was further confirmed by an optical

microscope.

Table 1 Cell viability of albumin microspheres in A548 cells after
40 min of incubation

AMS concentration (mg/ml) Cell viability (%)

0 95.7 =82
0.10 97.1 =94
0.25 959 = 8.6
0.50 91.9 = 8.1
0.75 87.6 =83
1.00 776 = 6.7

AMS, albumin microspheres. Values are mean *= SE (n = 3).

than 95% of cells were viable at up to 0.5 mg of AMS. At
higher concentrations (0.75 and 1.0 mg/ml) the viability was
87.6 = 8.3 and 77.6 = 6.7%, respectively (Table 1). AMS
phagocytosis was measured by incubating the A549 cells
for 40 min. The phagocytic rate increased with increasing
concentration of AMS while maintaining high cell viability
(Figure 2a). We also determined the phagocytosis in A549
cells over time using a single concentration (0.25 mg/cm?) of
AMS. At 2 h after incubation, about 80% of A549 cells phago-
cytosed the AMS, and after 4 h greater than 90% of cells
phagocytosed the AMS. The cells cultured in medium alone
served as a control (Figure 2a). The cytotoxicity of AMS in
A549 cells was determined by LDH assay. The LDH leakage
from cells cultured in different concentrations of AMS for 6,
24 and 48 h is shown in Figure 2b. At 6 h of incubation
with 0.1 mg/cm? AMS, cells showed very low LDH leakage,

comparable with cells incubated with media alone. AMS at a
concentration of 0.2 mg/cm? also showed similar levels of
LDH leakage. At 24 and 48 h, cells incubated with AMS
showed a slight increase in LDH leakage with increasing
AMS concentration. However, the values were not significant
when compared with cells alone. This data suggests that the
synthesized AMS have low cytotoxic to A549 cells.

EphrinA1 conjugation on AMS

Albumin microspheres were conjugated with FITC-labelled
ephrinAl, rinsed with PBS and then incubated in PBS to
determine the ephrinAl conjugation. The conjugated AMS
was determined by fluorescence microscopy and FITC labels
were clearly observed, implying stable conjugation between
ephrinA1 and AMS and that the conjugated AMS were stable
in PBS (Figure 3a).

The scanning electron microscopy images of conjugated
AMS showed uniform spheres and a smooth surface mor-
phology. The particle size of most conjugated AMS under
scanning electron microscopy was 5-10 um; a few around
2 um were also noticed in the field. The particle size and
surface morphology of AMS did not change after ephrinAl
conjugation (Figure 3b and 3c). This data suggests that the
synthesized ephrinA1-MS were stable.

Release rate of ephrinA1 from microspheres

The data in Figure 4 demonstrate that about 5 ng of ephrinAl
was released from 1 mg ephrinAl-MS (matrix loaded
and surface conjugated) in 24 h. The release of ephrinAl
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Figure 2 Effect of synthesized ephrinAl-loaded albumin microspheres on phagocytosis and toxicity in A549 cells. (a) Over 80% of albumin
microspheres (AMS) were phagocytosed by cells within 3 h at an AMS concentration of 0.25 mg/cm?. The data presented are mean = SEM of three
independent experiments. (b) AMS showed low cytotoxicity to A549 cells within 2 days. Cells cultured in phosphate-buffered solution alone used as
vehicle. The cells treated with lysis solution were used as a positive control. The data presented are mean * SE of three independent experiments. NS,
not significant.

(a)

Figure 3 Surface morphology of ephrinAl-loaded albumin microspheres. (a) EphrinAl was labelled with fluorescein isothiocyanate and then
conjugated on albumin microspheres. After conjugation, the microspheres were washed with phosphate-buffered solution and then incubated in
phosphate-buffered solution at 37°C for 8 h. The image was taken after incubation using a fluorescence microscope. (b,c) Surface morphology of
scanning electron microscopy images of conjugated albumin microspheres.

accumulated to more than 8 g over 7 days of incubation.
After 14 days, the release amount reached about 10 g, which
was assumed as the total loading amount of ephrinAl in
ephrinA1-MS (10 ug of ephrinAl/mg microspheres). Pre-
washed ephrinA1-MS (surface conjugated only), showed

lower release compared with matrix loaded microspheres over
time. From the difference between ephrinA1-MS with and
without prewash, it was revealed that about 10% of loaded
ephrinAl was in the matrix and most of the ephrinAl was
conjugated on the surface of AMS.
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Figure 4 EphrinAl release rate from albumin microspheres. This figure shows the release of ephrinAl in a 10-ml phosphate-buffered solution
suspension containing 1 mg ephrinAl-loaded albumin microspheres and 10 pg/ml lysozyme. EphrinAl loaded in the matrix provided fast release to
give a high concentration at the beginning, whereas the ephrinAl conjugated on the surface provided a slower and continuous release into the
environment.
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Figure 5 Effect of ephrinAl-loaded albumin microspheres on FAK expression in A549 cells. EphrinA1l-loaded albumin microspheres (ephrinAl-
MS) decreased focal adhesion kinase (FAK) expression in A549 cells within 48 h. The bars represent the densitometry values of the bands. The lower

band, B-actin, was a housekeeping gene to show equal loading of protein. AMS, albumin microspheres.

Effect of ephrinA1-MS on FAK expression and
migration of NSCLC cells

In the untreated A549 cells the expression of FAK remained
constant, indicating that the cells grew and spread normally
within 48 h as determined by Western blot analysis
(Figure 5a). However, the cells treated with free ephrinA1 and
ephrinA1-MS showed downregulation of FAK in Western blot
analysis (Figure 5b). A significant decrease in FAK expression
was noted after 6 h of incubation and then it decreased gradu-
ally up to 48 h. However, after 48 h, the FAK decrease was
more prominent in ephrinA1-MS treated cultures compared
with free ephrinA1l treated cultures. In addition, control AMS
did not affect the expression of FAK (Figure 5c). This dem-

onstrates that the ephrinA1-MS can effectively inhibit the
spreading of A549 cells via downregulation of adhesion pro-
teins (FAK).

Cell migration was measured by a wound healing assay.
The A549 cells in control cultures almost closed up the
wounded area in 18 h (Figure 6a). The cells treated with
ephrinA1-MS showed a slower cell migration rate than
untreated cells and cells treated with free ephrinAl. When the
A549 cells were treated with higher concentrations of
ephrinA1-MS, the boundaries of the cell monolayer showed a
slower migration rate to heal the wound, which indicates that
the efficacy of ephrinA1-MS can be enhanced by increasing
the concentration (Figure 6b). The cell migration in control
AMS treated cultures was unaffected and the cell migration
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Figure 6 Effect of ephrinAl-loaded albumin microspheres on A549 cell migration. (a) Control cells migrated over the wounded area within 18 h,
and the wound without treatment almost closed up. However, the wound treated with recombinant ephrinA1 or ephrinA1-loaded albumin microspheres
(ephrinA1-MS) showed inhibition on wound recovery. Arrows indicate the migration of cells into the wounded area. (b) Wound healing rate with and
without treatment. The wound treated with a higher dose of ephrinA1-MS showed enhanced inhibition on wound recovery. The data presented are the
mean of three independent experiments. The control cells migrated and covered the whole wounded area within 24 h. The dashed line is the imagined
extension of the solid line and the point on the dashed line shows the expected time that the wound would be healed.) AMS, albumin microspheres.

rate was comparable with untreated cultures. This indicates
that the control AMS alone did not affect cell migration
in vitro.

Effect of ephrinA1-MS on NSCLC tumour growth

A549 cells were seeded in cross-linked matrigels containing
recombinant ephrinAl, AMS and ephrinA1-MS. The super-
natant medium was replaced by fresh medium every 3 days.
After 6 days of incubation, a high density of tumour colonies
was observed in the matrigel containing media alone and
control AMS. However, the density of tumour colonies in
the matrigel containing free ephrinAl and a high concentra-
tion of ephrinA1-MS was lower than the untreated cultures.
When the concentration of ephrinA1-MS in the matrigel
was higher than 20 pg/ml, the number of tumour colonies

was significantly reduced, and a high concentration of
ephrinA1-MS completely inhibited tumour formation
(Figure 7a). In free ephrinAl treated cultures the number as
well as the size of tumour colonies was more obvious com-
pared with ephrinA1-MS treated cultures. This may be due to
constant release of ephrinA1l from ephrinA1-MS in the matri-
gel over time, whereas free ephrinA1 may denature over time.
Consequently, after 12 days of incubation, the tumour growth
was restored in free ephrinAl treated cultures, whereas in
ephrinA1-MS treated cultures the tumour growth was attenu-
ated (Figure 7b). Increased cell spreading and tumour growth
was found in untreated as well as free ephrinAl treated cul-
tures. These data suggest that synthesized ephrinA1-MS have
the potential to effectively inhibit tumour growth compared
with free ephrinAl alone or control cells.
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Figure 7 Effect of ephrinA1l-loaded albumin microspheres on non-small cell lung cancer tumour growth. (a) Tumour growth decreased in A549 cells
activated with ephrinAl-loaded albumin microspheres (ephrinA1-MS). The images were taken after 6 and 12 days of cultures in matrigel with
serum-free medium. EphrinA1-MS and recombinant ephrinA1l showed smaller tumour colonies than untreated cells (control). (b) Spread of tumour
cells. Untreated cells showed significant spreading on the matrigel after 12 days; the spread was inhibited in ephrinA1-MS treated cells. AMS, albumin

microspheres.

Discussion

Receptor EphA2 expression is associated with poor prog-
nosis. NSCLC cells are known to overexpress the receptor
EphA2.5% In earlier studies, we reported that activation of
receptor EphA2 with its ligand ephrinAl inhibits receptor
EphA2 expression, leading to attenuation of tumour
growth.” The present study is the first to show that AMS-
conjugated ephrinA1 prolongs the antitumourogenic effect of
recombinant ephrinA1l in NSCLC cells.

The water in organic solvent emulsion system provides a
convenient method for the preparation of AMS. All the sur-
factants, emulsifiers and organic solvent in the emulsion
system can be easily removed from the surface of AMS. The
high surface hydrophilicity, high dispersity and high stability
in aqueous solution of synthesized AMS allow the micro-
spheres to be easily applied into biological systems. In this
study, the AMS were mostly controlled over the size range
of 5-10 um to prevent fast protein release and diffusion.
However, particle size is one of the most important factors in
delivery efficacy, along with protein release rate and particle
uptake efficiency by cells and tissues. When A549 cells were
incubated with AMS, greater than 60% of cells had phagocy-
tosed AMS in 40 min, and after 3 h of incubation the percent-
age of cells that phagocytosed AMS reached 90%. This
indicates that the AMS can be efficiently phagocytosed by
A549 cells over the particle size range of 5-10 um. In addi-
tion, the cytotoxicity of AMS was very low or negligible when
the concentration of AMS was below 0.5 mg/ml.

Proteins can be loaded in the matrix of microspheres by
physical interaction between loaded proteins and the matrix,
and can also be chemically conjugated on the surface of AMS
through imine formation."""* Protein loading efficiency in the
matrix depends on the solubility of protein in the solution,
swelling degree of AMS in solution and affinity interaction
between the protein loaded and the matrix. However, the
most important factor related to the loading efficiency on
the surface is the density of aldehydes on the AMS surface
because the aldehyde groups crosslink primarily with lysine
in the proteins.""! The proteins loaded in the matrix can be
released quickly by diffusion, while those loaded on the
surface will be released slowly through enzymatic lysis. As a
result, the ephrinA1 loaded in AMS can bind EphA?2 receptors
through two possible approaches: by the ephrinAl freely
released into the media and by the ephrinAl that stays con-
jugated with the AMS.

The ephrinA1-MS synthesized in this study contained
about 10% of the total ephrinA1l loaded in the matrix and the
rest of the protein was conjugated on the surface of the micro-
spheres. The combination of matrix loading and surface con-
jugation of ephrinAl in ephrinA1-MS can provide a higher
effective concentration in a short time and a prolonged con-
tinuous release from the surface over a longer period. Due to
the high phagocytic rate of ephrinA1-MS, the release of eph-
rinA1 takes place inside and outside the cell membrane at the
same time. This differs from the general delivery method
which can only diffuse free in the environment outside the
cells. This delivery method may improve the efficiency for
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lung cancer treatment by targeting EphA2. In addition, this
system could also be used for a variety of other target proteins
in other cancers.

EphrinA1-MS can effectively inhibit cell spreading and
migration of A549 cells in vitro. When added to the wells
plated with A549 cells, the ephrinA1-MS precipitated on the
bottom of wells within minutes and stayed on the monolayer
of cells, which implies that the ephrinA1-MS can release
ephrinAl directly on top of cell monolayers and provide a
higher drug concentration over time in the milieu of target
cells. In the present study, using ephrinA1-MS we were able
to deliver the ephrinA1 directly onto the target cells and this
was effective in inhibiting tumour cell migration. Free eph-
rinAl can only be added to media-containing wells and it
may distribute evenly in culture media and be less effective.
The microspheres showed good retention on the cell mono-
layer: the injected ephrinA1-MS dispersed in the matrigels
and provided a localized high density of microspheres
without ephrinA1 being diffused. Compared with ephrinAl-
MS, although initially the free ephrinA1l added to the system
provided a faster and higher concentration binding to cells,
the free ephrinAl is eventually diffused into the matrigels
and thus over time it was less effective at inhibiting tumour
growth.

In the cell migration study, when the wounded culture was
treated with ephrinA1-MS these cultures showed a slower
healing rate and the inhibition of cell migration was enhanced
with increasing concentration of ephrinA1-MS. Similar
results were also noticed in the 3D tumour assay. The cell
spreading was significant around the surface area of the matri-
gel containing free ephrinA1 because the free ephrinAl in the
matrigel may have degraded over time. However, cell spread-
ing was not found on the surface of matrigel containing
ephrinA1-MS due to the higher retention and constant release
of ephrinAl over time from the microspheres. The AMS
synthesized here may serve as potential protein carriers for
different delivery purposes. The high dispersity and stability
in aqueous solution enables the ephrinA1-MS to be applied in
endobronchial intratumoural chemotherapy and intratumoural
therapies for other cancers.

Conclusions

This study demonstrates that ephrinAl conjugated on the
surface of AMS remained stable and efficient to inhibit
NSCLC cell growth and migration after being released locally
from the microspheres via phagocytosis and degradation.
Moreover, the low cytotoxicity and high phagocytic rate allow
the AMS to be applied to various other delivery systems. The
present data provide a promising foundation for future in-vivo
studies and offer an exciting avenue for the development
of receptor-targeted therapeutic drugs that may help in the
management of patients with NSCLC.
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