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A Photo-immobilized Allergen
Microarray for Screening of
Allergen-specific IgE

Kunio Ohyamal, Kaoru Omura! and Yoshihiro Ito!2

ABSTRACT

Background: We developed an in vitro system to diagnose allergy using an allergen microarray and photo-
immobilization technique. Photo-immobilization is useful for preparing the allergen microarray because it does
not require specific functional groups of the allergen and because any organic material can be-immobilized by a
radical reaction induced by photo-irradiation.

Methods: To prepare the plates, allergen solutions were mixed with polymer and a bis-azidophenyl derivative,
a photo-reactive cross-linker, the mixtures were micro-spotted on the plate, and the droplets were dried. The
plate was irradiated with an ultraviolet lamp for immobilization. For the assay, human serum was added to the
microarray plate.

Results:Allergen-specific immunoglobulin E (IgE) adsorbed on the micro-spotted allergen was detected by
peroxidase-conjugated anti-IgE antibody. The chemiluminescence intensities of the substrate decomposed by

the peroxidase were detected with a sensitive CCD camera.
Conclusions:All allergens were immobilized by this method and used to screen allergen-specific IgE.

KEY WORDS

allergen microarray, allergen-specific IgE, allergy diagnosis, chemiluminescence, photo-immobilization

INTRODUCTION

To study allergic reactions, it is important to develop
test systems to measure immunoglobulin E (IgE)
concentration in serum samples. The first radioaller-
gosorbent test (RAST) to detect allergen-specific IgE
in serum was described in 1967.1 Subsequent tests re-
placed the radioactive labels used in the RAST with
various procedures such as the chromogenic-enzyme
immunoassay (EIA) or fluorescence-enzyme immu-
noassay (FEIA). However, few of these have become
routine methods in the diagnosis of allergy in re-
search and clinical practice.27 The most common ix
vitro technique used in the clinical settings is the
Pharmacia CAP System (PCS) to measure total and
allergen-specific IgE (specific IgE FEIA, Pharmacia,
Uppsala, Sweden). Other methods such as the FAST
FEIA (MAST Diagnostica, Reinfeld, Germany) and
HYTEC EIA (Hycor Biomedicals, Kassel, Germany)
are available commercially.® Some methods are based

on liquid-phase inhibitor assays (e.g., AlaSTAT, DPC
Biermann, Los Angeles, CA, USA) or multiallergen-
coated nitrocellulose strips (e.g., IgEquick, Teomed
AG, Greifensee, Switzerland; CMG Immunodot,
Trimedal AG, Briittisellen, Switzerland) .10 The CAP
System contains a cellulose polymer densely conju-
gated with allergen extracts or recombinant aller-
gens.

Although it is possible to measure a multitude of
allergen-specific IgEs by immunoassays in the pa-
tient’s blood, these tests are expensive, time consum-
ing, and some need a high volume of reagents and se-
rum. An increasing number of patients are experienc-
ing immediate-type allergic diseases, such as allergic
rhinoconjunctivitis, atopic eczema, and food and drug
allergies.!! It is desirable to develop a fast and eco-
nomic screening technology to detect allergen-
specific IgE in serum samples that allows the simulta-
neous analysis of hundreds of allergens in a single
run. Multiallergen dipstick tests were a first step in
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Table 1 UniCap data of sera (IU/ml)

Altergen M-14 SiC311276 AHP3580 AHP9549 SIC31181
Japanese cedar 8.79 <0.34 <034 9.37 30.9
Dermatophagoides pteronyssinus 0.88 36.4 0.63 4.50 12.8
Orchard grass <034 <0.34 65.1 99.9 > 100
Cow milk <0.34 <0.34 <034 147 37.9
Egg white <034 0.52 <0.34 11.4 33.1

The values corresponding to the chemiluminescent spots of Figure 4 are underlined.

the miniaturization and cost savings of such tech-
niques, 10,12 but most could not be run automatically.
Microarrays produced with spotting devices are an-
other strategy to miniaturize such tests, which allow
proteins to be immobilized in the lower nanoliter
range on defined positions on a surface. The first ex-
perimental microarray system for allergy diagnosis
was reported in 2000,13 and an allergen microarray
based on fluorescence detection was published in
2002.14 Fall et al. reported recently on an application
of the parallel affinity sensor array (PASA) technol-
ogy that automatically performs allergy diagnosis.?2
Purified recombinant and natural allergens and aller-
gen extracts were immobilized on glass slides to de-
tect allergen-specific IgE. However, not all allergens
were immobilized by the technique because specific
functional groups are needed by the allergens.

We have developed a photo-immobilization method
to apply the microarray to various materials including
proteins and cells.1516 We used this photo-immobili-
zation technique to prepare a microarray of allergens.
The advantages of the photo-immobilization method
are that it is not limited by functional groups and that
it can immobilize any organic material in any organic
substrate.

METHODS

REAGENTS AND CHEMICALS

Plates for microarray (polystyrene slides, 2.5 cm x 7.6
cm x 0.5 mm) were cleaned using ethanol with soni-
cation for 15 minutes at room temperature. The
washed polystyrene slides were dried and stored.
The raw allergen materials, Japanese cedar, orchard
grass, Dermatophagoides pteronyssinus, cow milk and
egg white, were purchased from Allergon (Angel-
holm, Sweden). The polyclonal affinity-purified horse-
radish peroxidase (HRP) -labelled goat anti-human
IgE antibody was purchased from Serotec Ltd (Ox-
ford, UK). The ECL Advance Kit for HRP was pur-
chased from Amersham Biosciences UK Ltd (Buck-
inghamshire, UK). 4,4’-diazido-stylbene-2,2’disulfonic
acid, disodium salt (BIS), polyethylene glycol meth-
acrylate (molecular weight, 526 Da), and bovine se-
rum albumin (BSA) were purchased from Sigma-
Aldrich Co (Milwaukee, WI, USA). Sera containing
allergen-specific IgE for Japanese cedar (M-14), Der-
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matophagotides pteronyssinus (SIC 311276), orchard
grass (AHP9580), cow milk (AHP9549), and egg
white (SIC31181) were purchased from Uniglove Re-
search Corp. (Rivera, CA, USA). The reference meas-
urements were performed with the UniCap System
(CAP specific IgE-FEIA, Pharmacia, Uppsala, Swe-
den) and the data are shown in Table 1.

SYNTHESIS OF PEG-350

The polymer matrix carrying polyethylene glycol in
the side chains (PEG-350) was prepared as follows.
Polyethylene glycol methacrylate (molecular weight
350 Da, 7.0 g) was dissolved in ethyl acetate (80 mL)
and bubbled with nitrogen gas for 30 seconds. Azo-
bisisobutyronitrile (46.0 mg) was added to the solu-
tion, which was then allowed to stand for 6 hours at
60C. The solution was concentrated and added to di-
ethyl ether. A viscous solid was obtained after stir- -
ring. The precipitation procedure was repeated four
times and the final precipitate was dried in vacuo.
The yield was 1.57 g (22.4%).

PREPARATION OF ALLERGENS

To prepare the allergen extracts, 5% raw allergen ma-
terial (w/v) was suspended in 0.05 M phosphate
buffer (pH7.4) for 2 hours at 4C . The supernatant
was collected and filtered through a 0.45 pym cellulose
acetate membrane (Sartorius, Géttingen, Germany).
The supernatant was dialyzed against water for 24
hours and then lyophilized.

PHOTO-IMMOBILIZATION OF ALLERGEN:

The principle of immobilization is illustrated in Fig-
ure 1. We propose that BIS works as a photo-reactive
cross-linker to immobilize the allergen with PEG-350
and that photo-irradiation causes the cross-linking re-
action to occur between allergen and allergen, aller-
gen and PEG-350, allergen and the plate surface, and
PEG-350 and the plate surface.

The extracted allergens were dissolved in deion-
ized water at various concentrations (0.625—40 mg/
mlL). The allergen solutions were mixed with an
aqueous solution of BIS (0—0.5 mg/ml), and PEG-
350 (0.25 mg/mL) at a 2:1:1 volume ratio. The mix-
tures were micro-spotted (50 nl) with the microarray
spotter (PixSis-4500, Cartesian, Irvine, CA, USA) on

Allergology Intemnational Vol 54, No4, 2005 www.jsaweb.jp/
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Dry and UV Irradiation
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Fig. 1 llustration of the photo-immobilization method. Abbreviations: PEG-350,
polymer carrying polyethylene glycol in the side chains; BIS, 4,4 -diazido-stilbene-

2,2’-disulfonic acid disodium salt.

the plate and the droplets were dried. The microar-
rayed plate was irradiated with an ultraviolet lamp
(300—400 nm, Nippo Electric Co. Ltd. FL15BLB) for 7
minutes . Finally, the allergen-immobilized plates
were rinsed with phosphate-buffered saline (PBS)
containing 0.1% Tween-20 (the washing buffer), and
stored until use in a refrigerator.

MICROARRAY ASSAY PROCEDURE

The allergen-immobilized plates were incubated with
serum (30 ul) for 1 hour at room temperature with
shaking in a chamber. The plate was washed with 30
mL of the washing buffer for 3 minutes in a chamber.
HRP-conjugated anti-human-IgE antibody (diluted 1:
100 with PBS-10% BSA) was loaded on the microarray
plates and the plates were incubated for 1 hour at
room temperature with shaking in a chamber. Fi-
nally, the substrate solutions (ECL Advance Kit) were
added to the plates and the plates were incubated for
3 minutes at room temperature. The chemilumines-
cence intensities of each micro-spot were measured
for 30 seconds with a cooled CCD camera system
(AE-6960 Light Capture, ATTO Corp., Tokyo, Japan).

RESULTS

PHOTO-IMMOBILIZATION

To examine the photo-immobilization method, we im-
mobilized orchard grass under various conditions.
No chemiluminescence was observed when allergen
was not contained in the micro-spot (data not shown).
This result indicates that neither BIS nor PEG-350 in-

Allergology International Vol 54, No4, 2005 www.jsaweb.jp/

duces non-specific adsorption of antibodies. Although
neither BIS nor PEG-350 immobilized allergen, some
intensity of chemiluminescence was observed
(Fig. 2). Non-specific (physical) adsorption of aller-
gen was considered to occur on the plate surface. In
contrast, micro-spotting with both BIS and PEG-350
produced maximum intensity (Fig. 2). This result in-
dicates that the allergen was stably immobilized on
the plate surface; BIS caused cross-linking between
allergen and allergen, and between allergen and the
plate surface, and thus immobilized allergen on the
plate and PEG-350 was considered to increase the
amount of immobilized allergen by entrapping in the
crosslinked matrix

CALIBRATION CURVE

Using the condition producing the highest chemical
luminescence intensity, we produced -calibration
curves for orchard grass, Japanese cedar, Dermato-
phagoides pteromyssinus, cow milk, and egg white,
which are shown in Figure 3. The coefficients of vari-
ation (CV) were <10.0%, although the pattern of the
calibration curve differed between the allergens.

.ASSAY USING MULTIPLE MICRO-SPOTTED

PLATES

Figure 4 shows the chemiluminescence image pro-
duced by IgE adsorbed on micro-spotted orchard
grass, Japanese cedar, Dermatophagoides pteronyssi-
nus, cow milk, and egg white. Although Fall ef al.2
could not immobilize all the antigens they studied,
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Fig. 2 Adsorption of orchard grass-specific IgE on the sur-
face micro-spotted with €, allergen only; A , allergen with
PEG-350; B, allergen with BIS; and @, allergen with PEG-
350 and BIS. The concentrations of micro-spotted allergens
were 2.5 mg/mL for orchard grass allergen, 2.5 mg/mL for
PEG-350, and 0.125 mg/mL for BIS. Serum was diluted 1-,
2-, 8-, 32- and 128-fold with PBS-4% BSA. N = 4.
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Fig. 3 Calibration curve of allergen-specific IgE on micro-
spotted allergens. Orchard grass (2.5 mg/mL), Japanese ce-
dar (10.0 mg/ml), Dermatophagoides pteronyssinus (20.0
mg/mi), cow milk (10.0 mg/mi), and egg white (10.0 mg/ml)
were micro-spotted and photo-immobilized with BIS (0.125
mg/mL) and PEG-350 (2.5 mg/mL). Serum was diluted 1-, 2-,
8-, 32- and 128-fold with PBS-4% BSA. Data are presented
as means + SD (N = 4).

our results show that all antigens were immobilized
and that we observed chemiluminescence of each al-
lergen spot by adsorption of IgE from the corre-
sponding serum. In addition to the IgE, which should
be contained in serum according to the supplier, Fig-
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Sera

SiC311276

AHP9580

AHP9549

SIC31181

Allergens

1: Allergen(—)

2: Japanese cedar

3: Dermatophagoides pteronyssinus

4: Orchard grass

5: Cow rhilk

6: Egg white
Fig. 4 Chemiluminescence image of IgE adsorbed on
micro-spotted Japanese cedar, Dermatophagoides ptero-
nyssinus, orchard grass, cow milk, and egg white.

ure 4 shows the allergic reactions between the vari-
ous allergens and serum. M-14 and SIC311276 each
produced an allergic response to cow milk and egg
white. AHP9549 produced an allergic response to or-
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chard grass and egg white, and SIC31181 produced
~ an allergic response to orchard grass and cow milk.

DISCUSSION

The photo-immobilization method uses the radical re-
action for cross-linking, making it possible to immobi-
lize any organic materials independently of functional
groups of chemicals or proteins.1>17 It is easy and
convenient to prepare multiple micro-spots by the
same method. We have previously immobilized vari-
ous types of proteins to analyze cell adhesion and
panel cells to detect antibody in blood.15.16.18

One additional characteristic of the assay is that
the orientation of immobilized molecules is random.
This property is suitable for the allergen microarray
because various sites of immobilized molecules are
exposed from the surface, enhancing recognition by
polyclonal IgE (Fig. 1). The ability to measure the
amount of IgE in the diluted serum, shown in Figure
3, indicates that this property enhances the assay’s
sensitivity.

Since standardization was not completely per-
formed, the chemiluminescent spots were not com-
pletely in accord with the data in Table 1. However, in
each sample higher values of UniCap measurement
corresponded to the chemiluminescent spots. This in-
dicates the adequacy of the present measurement.

Another characteristic is the small amount of se-
rum required for the microarray assay. Usually 300
pL of serum is required to analyze five different aller-
gens in the conventional one-to-one assay. However,
this system required one-tenth that amount (30 ul)
to analyze five allergens. Integrating the microarray
density will increase the number of allergens that can
be analyzed.

Our study demonstrates that this photo-
immobilization technique is useful for screening of
allergen-specific IgE to diagnose allergy. The ability
to adapt this technique to immobilize any organic ma-
terial has potential applications in developing assays
to analyze auto-immunity and infection.
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Abstract: Vascular endothelial growth factor (VEGF) was
immobilized on substrata in photoreactive gelatin to control
the adhesion and growth of vascular endothelial cells. The
gelatin and VEGF were mixed in water and cast on a poly-
styrene dish or a silane-coated glass plate. The surface was
then photoirradiated in the presence or absence of a photo-
mask and washed. Toughness of the immobilized material
was confirmed by ethanol treatment. Human umbilical vein
endothelial cells (HUVECs) grew on the immobilized VEGF
but not on a nontreated surface. Growth of HUVEC in-
creased significantly with an increase in the amount of im-
mobilized VEGF, and the effects were inhibited by treatment

with anti-VEGF antibody. Thus, immobilized VEGF specif-
ically interacted with HUVECs to permit growth in culture.
Micropatterning of HUVEC cultures was also achieved us-
ing micropattern-immobilized VEGF. This patterning tech-
nique may be useful for the formation of blood vessel net-
works in vitro. © 2005 Wiley Periodicals, Inc. ] Biomed Mater
Res 74A: 659-665, 2005

Key words: immobilization; vascular endothelial growth
factor; human umbilical vein endothelial cells; micropattern-

g

INTRODUCTION

The construction of blood vessels is a fundamental
challenge for regenerative medicine. To construct or
regenerate organs, formation of a capillary network is
essential to transport nutrients and gas into organs,
and control of vascular endothelial cell growth is nec-
essary to achieve this in vitro. Recently, Koike and
colleagues’ showed that a network of long-lasting
blood vessels can be formed in mice by implantation
of vascular endothelial cells and mesenchymal precur-
sor cells cocultured in a gel matrix, thus bypassing the
need for risky genetic manipulation. Vascular endo-
thelial growth factor (VEGF) is a mitogen primarily
acting on vascular endothelial cells. It was purified by
Gospodarowicz and colleagues” and Ferrara and Hen-
zel® from a conditioned medium of bovine pituitary
follicular stellate cells, utilizing an endothelial cell pro-
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liferation assay to monitor the biological activity. Pu-

. rified VEGF is a protein of approximately 46 kDa,

which dissociates upon reduction into two apparently
identical 23 kDa subunits.

Ito and colleagues* found that biosignal molecules
(growth factors and cytokines) immobilized on a solid
matrix enhanced cell growth. Since this discovery,
various groups have confirmed the biological activity
of biosignal molecules immobilized on various matri-
ces.57'® Immobilized growth factors transduce a signal
for a longer time than do soluble growth factors, and
this enhances growth to a greater extent. On the other
hand, Ishikawa and colleagues'® and Hayashi and
coworkers®® synthesized chimeric proteins containing
adhesion and growth factors and showed that these
enhanced adhesion and growth of cells. Recently,
Zisch and colleagues®! reported that fibrin-bound eph-
rin-B2 acts as multivalent ligand for endothelial cells.
Here, VEGF was photoimmobilized in gelatin, and
human umbilical vein endothelial cells (HUVECs)
were successfully cultured on the resulting surface.
Micropattern-immobilization was employed not only
to investigate the effect of immobilized growth factor,
whether the cell behavior was affected on the growth
factor-immobilized surfaces or not, but also to induce
network formation.

—133—



660

ITO ET AL.

o]
Gelatin —NH, + E%OOC—@-M
0

Gelatin —ﬁ—ﬁ—Q—m + VEGF

O

Polystyrene
or — ]
Silane-coupled glass
oo
I 1_T | S 1

[ |
* UV irradiation

NANANANANNNAAN

(@)

Silane-coupled glass

o

I 1

[ ]
‘ UV irradiation

VAAAANANANAAN
N BN BN BN BN mWt—

Photo-mask

‘ Wash

| s W s W s B s W s |

(b)

Figure 1. Immobilization of VEGF with photoreactive gelatin. (a) Microspot formation; (b) micropattern formation.

MATERIALS AND METHODS

Materials

Human recombinant VEGF 121, recombinant human
VEGEF receptor 2 (KDR/Fc) chimera (357-KD/CF), and an-
tihuman VEGF antibody (MBA293) were purchased from
R & D Systems, Inc. (Minneapolis, MN). Antihuman Fc
antibody (rabbit), antirabbit IgG antibody conjugated with
biotin, and streptavidin-bound horseradish peroxidase
(HRP) were purchased from Dako Cytomation A /S (Copen-
hagen, Denmark). DAB was purchased from Dojin Chem,
Inc. (Kumamoto, Japan). Gelatin (porcine) was purchased
from BD Diagnostic Systems (Sparks, MD). Dicyclohexylcar-
bodiimide (DCC), dioxane, N-hydroxysuccimide, and di-
methylformamide (DMF) were purchased from Wako Pure
Chem Ind. (Osaka, Japan) and used without further purifi-
cation. 4-Azidobenzoic acid was purchased from Tokyo Ka-
sei Kogyo Co., Ltd. (Tokyo, Japan) and used without further
purification. Polystyrene dishes were purchased from Iwaki
& Co., Ltd. (Tokyo, Japan). Octadodecylethoxysilane for sur-
face treatment of glass plate was purchased from Shinetsu
Chem. Ind. Co., Ltd. (Tokyo, Japan). HUVECs were pur-
chased from Cambrex (Wakersville, MD).

Synthesis of photoreactive gelatin

Immobilization was performed as reported.”” Photoreac-
tive gelatin was synthesized as follows. First N-(4-azidoben-
zoyloxy) succinimide was prepared. A solution of DCC (380
mg) was added dropwise to a solution of N-hydroxysuccin-
imide (210 mg) and 4-azidobenzoic acid (300 mg) in dioxane
(20 mL), and then cooled in an ice bath while stirring for
12 h. The white solid that formed was filtered off and the
solvent was removed under reduced pressure. The yellow
residue obtained was crystallized twice from dioxane/di-
ethyl ether.

Gelatin, dissolved in 10 mL phosphate-buffered solution (pH
7.0), was added to a solution of N-(4-azidobenzoyloxy) succin-
imide (25.8 mg) in DMF (20 mL) while being stirred on ice.
After a stirred incubation at 4°C for 24 h, the solution was
filtered using Millipore ultrafiltration membranes (10,000 mo-
lecular weight cutoff). The dialyzed sample was freeze dried
and the content of azidophenyl groups in the modified gelatin
was calculated from the light absorbance at 270 nm.

Photoimmobilization of VEGF

Immobilization is illustrated in Figure 1. VEGF was mixed
with photoreactive gelatin in water (180 pL) and aliquots of
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Figure 2. Staining of immobilized VEGF. The immobilized slide glass plate was incubated with recombinant VEGF receptor
2 (KDR/Fc), with anti Fe antibody, with the secondary antibody coupled with horseradish peroxidase, and finally with DAB
solution. The plate is shown before (—) and after (+) 70% ethanol treatment. The numbers show the concentrations of VEGF
in micrograms per milliliter. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.] .

the aqueous solution were dropped onto tissue culture poly-
styrene dishes or silane-coated glass plates. The silane-
coated glass plates were prepared as follows. Plates were
incubated in Piranha solution (sulfuric acid: 30% aqueous
peroxide solution, 7:3) under sonication for 10 min and left
in the solution for 1 h. The glass plate was rinsed with MilliQ
water five times and dried in vacuo at 50°C for 2 h. The
pretreated glass plate was incubated in a solution of octa-
decylethoxysilane (10 mM) in toluene at room temperature
overnight. The plate was then washed with toluene and
dried in vacuo for 1 h.

Each dish or plate coated with photoreactive gelatin plus
VEGF was covered with or without a photomask (Nippon
Filcon Co. Ltd., Tokyo, Japan) and irradiated using a UV spot
Light Source L5662 (Hamamatsu Photonics, Hamamatsu, Ja-
pan) from a distance of 5 cm for 10 s (16 mW /cm?). The dish or
plate then was washed repeatedly with distilled water.

Staining of immobilized VEGF

The glass plate with immobilized VEGF was treated with
or without 70% ethanol for 10 min at room temperature.
Subsequently the plate was washed with phosphate-buff-

ered saline (PBS) three times and incubated in a PBS solution
containing 1 pg/mL of KDR/Fc and 0.1% bovine serum
albumin (BSA) for 2 h at 37°C. The plate was washed with
PBS three times and incubated in a PBS solution containing
antihuman Fc antibody (diluted 1:1000) and 0.1% BSA for
1 h at room temperature. The plate was washed with PBS
three more times and incubated in a PBS solution containing
biotinylated antirabbit IgG antibody (diluted 1:500) and
0.1% BSA for 30 min at room temperature. The plate was
washed with PBS three more times and then incubated in
PBS containing streptavidin-HRP (diluted 1:700) and 0.1%
BSA for 30 min at room temperature. Finally the plate was
washed with PBS five times and incubated in DAB solution
for 3 min at room temperature.

Cell culture

HUVECs were cultured in EBM-2-MV bullet. kits (Cam-
brex); basal endothelial medium (EBM-2) supplemented
with 5% fetal calf serum (FCS), VEGF, basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), R3-
insulinlike growth factor (R3-IGF-1), hydrocortisone, ascor-
bic acid, and antibiotics (SingleQuots kit, Cambrex). For
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Figure 3. Phase-contrast micrographs of HUVECs cultured on tissue culture polystyrene dishes with different concentra-
tions of immobilized VEGF. The immobilized region is in the center of each photo. The surface concentration of gelatin was

15.9 ng/mm?

experiments, they were harvested after trypsinization and
washed with EBM-2 medium supplemented with 0.5% FCS
and SingleQuots components except for VEGF, bFGF, and
EGF. Subsequently, the harvested cells were resuspended in
the same medium (1 X 10® cells/mL) and were cultured
under an atmosphere containing 5% CO, at 37°C for the
prescribed number of days. :
Surface coverage with cells was estimated by digital
counting of phase-contrast micrographs of cultured cells as
an indicator of cell growth. When the immobilized VEGF
was blocked with anti-hVEGF antibody, the antibody was
first added to the culture medium at 1 pg/mL. The cells
were stained with Giemsa at room temperature for 10 min
after fixation of cells with‘methanol at 4°C for 10 min.

RESULTS AND DISCUSSION

Photoimmobilization of VEGF

VEGF was mixed with the photoreactive gelatin,
and the mixture solution was dropped onto a polysty-
rene plate and the plate was dried and photoirradi-
ated. When the immobilized spot was stained using
VEGF receptor, concentration-dependent binding of
the receptor was observed, as shown in Figure 2. Thus
the immobilized VEGEF could actively interact with the
cognate receptor. The active site of VEGF was there-
fore considered exposed to the medium. In addition,
washing with ethanol did not significantly reduce the
amount of bound receptors, so the immobilized VEGF
was stable against ethanol.

Previously, we used azidophenyl-derivatized gela-

tin to immobilize erythropoietin and no release of
immobilized erythropoietin was confirmed.”” There-
fore, in the present study, VEGF was considered to be
quantitatively immobilized because the same method
"was employed for immobilization.

Cell culture .

In the following experiments, HUVECs were. cul-
tured under starved conditions. The culture medium

100.0 + -
=800 -
5
5 60.0
I
g' 40.0
5
200
0.0

Culture time (day)

Figure 4. Cell growth of HUVECs on tissue culture poly-
styrene dishes immobilized with VEGF (1J; 0.32, A; 3.2, and
O; 159 ng/mm?). The surface concentration of gelatin was
15.9 ng/mm?. Surface coverage by HUVEC was determined
by phase contrast microscopy (n = 3).
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Figure 5. HUVEC growth on a tissue culture polystyrene dish immobilized with VEGF in the absence and the presence of
anti-VEGF antibody. [Color figure can be viéwed in the online issue, which is available at www.interscience.wiley.com.]

contained only 0.5% FCS and no angiogenic growth
factors (bFGF, VEGF, or EGF). When HUVECs were
placed on the microspot-immobilized VEGF surface
and cultured, the cells adhered to the VEGE-immobi-
lized regions as well as to nontreated regions (poly-
styrene surface). There was no significant increase in
cell numbers after 1 day of culture. However, after 3 -
days, the numbers of cells on the VEGF-immobilized
regions were significantly higher than on nontreated
regions, as shown in Figure 3. Neither significant ad-

4

hesion nor growth was observed on gelatin-immobi-
lized regions lacking VEGF. These results indicated
that no significant release of VEGF occurred to affect
the HUVECs’ behaviors. '

Immobilized VEGF enhanced cell growth in a con-
centration-dependent manner as shown in Figure 4.
Cell growth was linear until 7 days and the surface
was completely covered with cells at a concentration
of 159 ng/ mm? immobilized VEGEF. After 1 day, the
cell concentration was 17.1 = 2.9 cells/mm?, which
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Figure 6. Photomasked and micropattern-cultured HUVECs on glass plates micropattern-immobilized with VEGF. The
numbers in the photos indicate the width of immobilized regions (a) and the gap width of the lattice (b). The surface densities
of gelatin and VEGF were both 21.2 ng/mm?. [Color figure can be viewed in the online issue, which is available at

www interscience.wiley.com.]

meant that 2% of surface immobilized with VEGF was
covered with cells. Thus, the cells increased 50-fold
over the number seeded. Such a dramatic increase has
not been observed on other VEGF-immobilized sur-
faces.'® In addition, approximately half of the cells on
these surfaces survived for 7 to 10 days after reaching
confluence. Thus, the immobilized VEGF appears to
have maintained its activity for 14 to 17 days, includ-
ing the time needed for cells to reach confluence.

- When HUVECs were cultured in the presence of
anti-VEGF antibody, the numbers of cells were signif-
icantly lesser than in the absence of antibody .after 9
days (Fig. 5). Inhibition by the antibody was reduced
with increased concentrations of immobilized VEGF.
No such effect was observed on the gelatin-immobi-
lized surface not treated with antibody. Thus, the im-
mobilized VEGF specifically interacted with the
HUVEC.

Figure 6 shows the micropatterning of HUVEC

growth. Cells grew only on the VEGF-immobilized
regions. When the lattice size was small, a clear form
was not observed because of cell aggregation. How-

ever, when the lattice size was relatively large, net-
works of HUVECs formed on the surface. -

VEGEF is a key physiological regulator of angiogen-
esis during embryogenesis, skeletal growth, and re-
productive functions.”® Taguchi and colleagues®® im-
mobilized VEGF 165 on poly(acrylic acid)-grafted
polyethylene film via a reaction between the amino
group of VEGF and the carboxyl group, using water-
soluble carbodiimide. They found that coimmobiliza-
tion of fibronectin and VEGF enhanced the growth of
HUVECs. Stone and colleagues® synthesized a

" VEGF-BSA covalent complex and this retained its che-.

motactic and proliferative properties. They suggested
that bare prosthetic surfaces lined with VEGF might
support endothelial cell proliferation and mugration,
and thereby offer new strategies to improve graft re-
construction and patency.

Here we showed that VEGF actively supported
HUVEC growth in the immobilized state by specific

- interaction and by blocking with anti-VEGF antibody.

As this photoimmobilization technique is applicable
for any organic material, it will be possible to immo-
bilize VEGF on various substrates. Immobilized VEGF
significantly enhanced the surface coverage with en-
dothelial cells. This enhancement is very important,
considering the scarcity of endothelial progenitor cells
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in the body. In addition, using this photoimmobiliza-
tion technique it should be possible not only to pro-
mote endothelialization but also to regulate the for-
mation of a network of vascular capillaries in vitro.
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Abstract

A new photo-reactive polymer, polyvinylalcohol modified with phenylazido groups, was synthesized as a microarray matrix. The
polymer is soluble in water and spin-coated onto glass plate. Aqueous solutions of proteins were micro-spotted onto the coated glass
and were fixed by ultraviolet light irradiation. Subsequently, cell adhesion on the photo-immobilized protein microarray was
investigated. Non-specific adhesion of cells onto non-protein-spotted regions was reduced in comparison with the previously
prepared microarray chip (Biomaterials 24 (2003) 3021). The adhesion behavior of cells depended on the kind of immobilized
proteins and the type of cells. The microarray will be useful for cell diagnosis and for the selection of biomaterials to regulate cell

behavior.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Biochip; Microarray; Photo-immobilization; Cell adhesion; Cell chip

1. Introduction

Microarray technology has become a crucial tool for
large-scale and high-throughput biological science and
technology. It allows fast, easy and parallel detection of
thousands of addressable elements in a single expen-
ment under the same conditions [1,2]. DNA microarray
approaches have demonstrated a rapid and economic
way to interpret gene function [3,4]. In recent years,
there have been considerable advancements in the
preparation of small-molecule arrays [5-7], peptide
arrays [8-11], protein arrays [12,13], polysaccharide

arrays [14-16], antigen arrays [17-19], antibody arrays

[20-22], and tissue arrays {23,24]. The microarray is
important not only for genomics or proteomics but also
for cellomics, where very few studies have been carried
out. Recently, Ziauddin and Sabatini [25] prepared
transfected cell microarrays from cDNA microarrays
after addition of a lipid transfection reagent and
adherent mammalian cells. In addition, microarrays of
different kinds of antibody and proteins have been used
for the assay of lymphocytes and cells, respectively

*Corresponding author. Tel.: +81-44-819-2044; fax: +81-44-819-
2039.
E-mail address: y-ito@ksp.or.jp (Y. Ito).

0142-9612/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2004.02.019

[26,27]. Such microarrays of proteins are useful for cell
surface profiling. By using the chip it is possible to
observe cell behavior on a single surface under the same
condition. :

Although microarraying proteins is important, no
universal immobilization method for the preparation of
arrays has been developed. Non-covalent immobiliza-
tion (physical adsorption) or chemical coupling reac-
tions (using amino or carboxyl groups in the materials)
were usually used. However, the former is not suitable
for stable immobilization and the latter is limited by the
structure of the immobilized materials. Therefore, a
photo-immobilization method was devised for the
preparation of microarray chips for immunological
[28] and cell adhesion assays [27]. Although the
immobilization method does not regulate the molecular
orientation of the immobilized molecules, any materials
can be immobilized on a substrate because of the radical
reactions. Because all molecules are randomly immobi-
lized, the activity was considered to be averaged on each
immobilized molecule.

Previously, we have microarrayed proteins using
photo-reactive poly(acrylic acid) as a matrix on a
polystyrene tissue culture plate [27]. However, since
cells significantly adhered to areas without immobilized
proteins (glow-discharged polystyrene surface), it was
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difficult to differentiate between immobilized and non-
immobilized areas. In other words, the S/N ratio was
low. Therefore, in the present study, a new photo-
reactive polymer inhibiting non-specific cell adhesion
was developed.

2. Materials and methods
2.1. Preparation of photo-reactive polyvinylalcohol

The synthetic scheme of photo-active polyvinylalco-
hol is shown in Fig. 1. First 2-(2-(4-azidophenyl)vinyl)-
4-(3-pyridylmethylene)-1,3-oxazolin-5-on (Az-8) was
synthesized as follows. 2-(3-(4-Azidophenyl) prop-2-
enoylamino)acetic acid (9g), 3-pyridylaldehyde (4 g),
acetic anhydride (12g), sodium acetate (0.6g), and
cyclohexane (35g) were mixed and allowed to stand
for 6h at 70°C. After heating, the mixture was cooled
and isopropyl alcohol (30 g) was added to the mixture,
which was then again allowed to stand for 15h at room
temperature. The resulting precipitate was recovered by
filtration at room temperature and the solid material
washed with cooled methanol (30g). Finally, the
product was dried under vacuum. Approximately 7g
of Az-8 was obtained. The product had an absorbance
at 390 nm.

Subsequently, Az-8 (7 g) was dissolved in tetrahydro-
furan (70 ml) and 3 g of aminobutylaldehyde dimethy-
lacetal was added dropwise to the solution at 5-10°C.
After 2h, the absorbance at 390nm in the reactant
suspension disappeared and a new absorbance at 316 nm
appeared. Water (200ml) and aqueous ammonium
solution (2ml) were added to the solution and the

mixture was stirred for 2 h. The resulting precipitate was
filtered from the solution. Approximately 3.5g of 2-(3-
(4-azidophenyl)prop-2-enoylamino)- N-(4,4-dimethoxy-

butyl)-3-(3-pyridyl)prop-2-enamide (Az-8-yAB) was ob-
tained. '"HNMR, 8.97 (s, 1H), 8.55 (s, 1H), 8.42 (d, 1H,
J=4), 1.73 (d, 1H, J=8), 7.51 (d, 1H, J=15.6), 7.39 (d,
2H, J=8.8), 7.24 (dd, 1H, J=4,8, 8.0), 7.08 (t, 1H
J=5.2), 6.96 (d, 2H, J=8.4). 6.60 (s, 1H), 6.51 (d, 1H,
J=15.6), 4.36 (t, 1H, J=4.8), 3.31 (s, 6H), 3.31-3.28 (m,
2H), 1.66-1.59 (m, 4H). Elemental analysis showed; C,
61.05; H, 5.78; N, 18.56, Calculated; C, 61.32; H, 5.82;
N, 18.66.

Finally, the photo-reactive polyvinylalcohol (Azido-
unit pendant Water-soluble Photopolymer, AWP)
was synthesized as follows. Fifty grams of polyvinylal-
cohol (degree of polymerization was 1700 and 88%
of hydroxyl groups were converted to acetal,
EG-30, Nippon Gosei Co., Ltd) was dissolved in
300ml of water at 80°C for 1h and Az-8-yAB
(3.2g) was added to the solution with 1.5g of
phosphate acid and 100ml of water at 60°C. The
mixture was allowed to stand for 24h at 60°C. After
the reaction, 30g of ion-exchange resin (WA-20,
Mitsubishi Chem. Co., Ltd.) was added to the solution
and allowed to stand for 3h to remove the phosphoric
acid until the pH of the solution reached 6.5. The resin
was removed by polyester filter (400 mesh). The solution
contained 10% (w/v) AWP and had a viscosity of
2825 cP/25°C.

GPC measurement was performed using GS 320HQ
(Shodex Asahipak; column size, 7.6 x 500 mm?; eluent,
mixture of 1.428% NaCl water/acetonitrile (7/3); flow
rate, 0.5ml/min; temperature, 50°C; detection absor-
bance, 290 nm).

0 » CH@
N3‘®vCH:CH'C—g—CH2"COOH — N3O—CH CH- C =N

CH;- 0,

CH*(CH Hg é—(/ O

CH3-0,
CH—(CHZ)—NHZ + Az-8 »
CH3-O
Polyvinylalcohol + Az-8-YAB —
Phosphate acid

O

Acetic anhydride

Az2-8

0=C- CH CH—QN;

Az-8-yAB

OH
0 o /N
i@ oD
CHACH ~N-C— " \=N

NH
O=C—CH=CHON3
OH

Fig. 1. Synthetic scheme of photo-reactive polyvinylalcohol.
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2.2. AWP coating and characterization

An aqueous solution of AWP (1wt%) was spin-
coated onto a glass plate at 350 rpm for 2s, followed by
1400 rpm for 30s. The coated plate was air-dried at
40°C for 5min. The thickness of coated AWP was
measured by surface roughness measurement (Toyo
Seimitsu Co., Ltd., Surfcom920B) after scratching the
surface to a 0.1 um width. Percentage of the remaining
resin layer was determined by the thickness before and
after UV-irradiation.

2.3. Protein microarray

A micro-spotter (Stampman®) produced for DNA
microarraying by the Nippon Laser Electric Co.
(Nagoya, Japan) was used for the microarray experi-
ment as previously reported [27]. The arrayer dip pen
was incubated in an aqueous solution located in one of
the wells of the plate, lifted from the well, and placed on
a cell culture dish for a prescribed time. Subsequently,
the pen was moved to a washing dish and washed as
described below. The dip pen was incubated in a 0.1%
sodium dodecylsulfate solution for 5s, water for 5s, and
ethanol for 5s. Finally, it was dried in vacuo for 14s.
The dried pen was then incubated in the next aqueous
solution. These processes were controlled by personal
computer and were repeated for the complete micro-
array construction,

A protein microarraying was carried out as shown in
Fig. 2. First, the glass plate was spin coated with the
prescribed concentrations of AWP. After AWP coating,
an aqueous solution of protein at various concentrations
was cast onto the coated plate. Subsequently, the plate
was irradiated with ultraviolet light (153 mW/cm?) using
an UV Spot Light Source L5662 (Hamamatsu Photonics
Co., Hamamatsu, Japan). The plate was then washed
five times with water. Except for the light-irradiation, all
processes were carried out at 4°C.

2.4. Cell adhesion assay

COS-7 cells were cultured in Dulbecco modified
Eagle’s medium (DMEM, Sigma) with 10% fetal bovine
serum (FBS) and RAW264, HepG2 and STO cells were
cultured in a minimum essential medium (MEM, Sigma)
with 10% FBS and 1% non-essential amino acids
(Invitrogen Life Technologies). The cells were harvested
with a 0.25% trypsin solution containing 0.5mM EDTA.
The recovered cells were washed with culture medium
and suspended in each medium (4.0 x 10*cells per 12
well culture plate, Iwaki). The cell suspension was added
to the protein microarrayed dishes, and allowed to stand
for 2h or 3d at 37°C. After incubation, the dishes were
washed three times with phosphate-buffered saline, and

Glass plate

Protein
microarray

Immobilized protein

Fig. 2. Preparative scheme of protein microarray.

cells were directly observed by phase-contrast micro-
scopy ( x 40, Olympus). ’

3. Results and discussion
3.1. Preparation of AWP

GPC charts of Az-8-yAB and AWP are shown in
Fig. 3. The retention time of Az-8-yAB was 38.4 min. On
the other hand, the retention time of AWP was 11.2 min.
Aldehyde of Az-8-yAB, which was produced at acidic
conditions, was observed at the retention time of
442 min. The GPC chart indicated that almost 100%
of the Az-8-yAB reacted with the polyvinylalcohol.

Fig. 4 shows the ultraviolet spectrum of Az-8-yAB
and AWP. The absorbance peak slightly shifted.
However, there is no liquid dissolving both compounds,
therefore a precise comparison based on the chemical
structure is difficult. The content of incorporated
azidophenyl groups in the polymer was the same as
the feed content 0.7 mol%. The value was the same as
that calculated from the calibration curve using Az-8-
yAB.
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