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Abstract

We developed a new carboxylate-modified latex bead
surface for determining the quantitative level of blo-
od proteins. In this study, antibody arrays are fabri-
cated by immobilizing a target protein-specific anti-
body on a carboxylate-modified latex bead surface
of well-type arrays. C-reactive protein (CRP), carcino-
embryonic antigen, and prostate-specific antigen
were conjugated with fluorophores for use as inter-
nal standards for the analysis of blood proteins. We
found that the carboxylate-modified latex bead sur-
face had a higher binding affinity for Alexa 546-CRP
than dextran, aldehyde, and amine surfaces. The
carboxylate-modified latex bead surface was found
to be specific and reproducible. In addition, the anti-
body arrays were successfully applied to the analy-
sis of CRP, carcinoembryonic antigen, and prostate-
specific antigen in normal human serum (r?=0.997,
0.988 and 0.999, respectively). Thus, an antibody ar-
ray based on a carboxylate-modified latex bead sur-
face has a strong potential for a rapid serodiagnosis
of human diseases.
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Introduction

Protein arrays have appeared as a key technology in
proteomics and serodiagnosis, as the technology al-
lows a high-throughput and large-scale analysis of
protein interactions, drug analysis, and the diagnosis
of diseasesin asmall sample format’. Multiple tech-

nigques are in development for the analysis of protein
interactions on arrays using various methods such as
surface plasmon resonance, atomic force microscopy,
mass spectrometry, and fluorescence detection®>7.
Fluorescence detection methods are quite popular in
the analysis of antigen and antibody arrays because
they are simple, highly sensitive, and compatible with
the standard DNA microarray'®. Recently, antibody
arrays are rapidly increasing in importance as prospec-
tive tools for the functional analysis of cellular activi-
ty and the diagnosis of diseases™™.

There have been an accumulating number of re-
ports on the applications of antibody arrays toward
the analysis of blood proteins by fluorescence detec-
tion methods'>*4. Two different methods based on the
competition principle, termed one-color and two-col-
or approaches, have been proposed to analyze protein
expression profiling in human cells and tissues'®>, A
two-color comparative fluorescence detection meth-
od, which is similar to the two-color labeling strate-
gies used for cDNA microarray experiments, has been
successfully applied toward identifying protein bio-
markers of various cancers in human sera, such as
prostate cancer, pancreatic cancer, lung cancer, and
bladder cancer'®'®. However, the two-color approach
provided relative, rather than quantitative, protein
levels of experimental samples compared to those of
the control samples'>*®. Another fluorescence detec-
tion method based on antibody arrays is a single-col-
or-detection, competitive-displacement assay, and this
method was proposed to overcome the weak-point of
the two-color assay and has been used to determine
protein expression profiling in tissues and cells?*2L,

In this paper, we have developed a new carboxy-
late-modified latex bead (CML) surface for determin-
ing the quantitative level of blood proteins based on
one-color antibody arrays. In this study, we used anti-
body arrays to measure the levels of blood proteins;
C-reactive protein (CRP), carcinoembryonic antigen
(CEA), and prostate-specific antigen (PSA) in normal
human serum. The CML surface for antibody arrays
was specific, reproducible, and successfully applied
to the analysis of blood proteins in normal human
sera. Thus, an antibody array using a CML surface
has a strong potential for rapid serodiagnosis of hu-
man diseases.
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Figure 1. Schematic diagram of antibody array preparation. Antibody arrays were fabricated by immobilizing anti-CRP on the
carboxylate-modified latex bead surface of well-type arrays, as described under Materials and Methods.
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Results and Discussion modified with 3-aminopropyltrimethoxysilane, and

the surface of the resulting well-type arrays were then

Characterization of Antibody Arrays Using further modified with carboxylate-modified latex
the CML Surface beads (Figure 1). Well-type antibody arrays were fab-
In order to prepare well-type antibody arrays, Teflon ricated using immobilizing anti-CRP on the latex bead
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surface of the array wells.

First, we tested various surfaces for the binding of
Alexa 546-CRP to the well-type antibody arrays. Vari-
ous concentrations of Alexa 546-CRP were applied to
anti-CRP antibody arrays fabricated on CML, NHS-
dextran, aldehyde, and amine surfaces, and the arrays
were then analyzed using a fluorescence scanner. As
shown in Figure 2A, the CML surface had a higher
binding affinity for Alexa 546-CRP than the NHS-
dextan, aldehyde and amine surfaces. At 1 ug/mL of
Alexa 546-CRP, the fluorescence intensity of the
CML surface was about 74, whereas those of the other
surfaces ranged from 9 to 21 (Figure 2B), indicating
that the CML surface was better than the other sur-
facesin the analysis of blood proteins using antibody
arrays. Thus, we investigated whether the well-type
antibody arrays prepared on latex beads were appro-
priate for an analysis of blood proteins. When we
prepared Alexa 546-CRP in a phosphate buffer, the
Alexa 546-CRP interacted with the antibody arraysin
a dose-dependent manner, showing an apparent relative
fluorescence intensity at 100 ng/mL, and an amost
maximal intensity at 10 ug/mL. However, when the
Alexa 546-CRP samples were prepared in bovine se-
rum abumin or normal human serum, the relative
fluorescence intensity exponentially increased, start-
ing a 1ng/mL, becoming almost saturated at 1 ug/mL
of Alexa 546-CRP (Figure 3A). These results indicate
that the interaction of Alexa 546-CRP with the anti-
body arrays is enhanced by human serum, and that
this effect was caused by the serum albumin used in
this experiment.

Next, we investigated the specificity of Alexa 546-
CRP interactions with anti-CRP antibody arrays. To
test this, we applied Alexa 546-CRP to the antibody
arrays of CRP, PSA, CEA, aphafetoprotein, hapto-
globin, and hemoglobin, and then analyzed their inter-
actions. As shown in Figure 3B, the relative fluores-
cence intensity (arbitrary unit) of Alexa 546-CRP on
anti-CRP arrays was approximately 200, whereas the
intensities on the other antibody arrays ranged from16
to 27, indicating that Alexa 546-CRP had a strong
affinity for only the anti-CRP array, with negligible
interactions with the other antibody arrays. Thus, the
interaction between Alexa 546-CRP and anti-CRP
antibody arrays based on the CML surface was speci-
fic.

Reproducibility of Anti-CRP Antibody Arrays
on the CML Surface

We evaluated the inter-array and inter-labeling/-array
reproducibility of antibody arrays on the CML sur-
face. The reproducibility was determined by analyz-
ing 20 human sera using the same batch of Alexa 546-
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Figure 3. Enhanced affinity and specificity of Alexa 546-
CRP interaction with anti-CRP antibody arrays. (A) Enhanc-
ed affinity. The indicated concentrations of Alexa 546-conju-
gated CRP were prepared in a 9.3 mM phosphate buffer (pH
7.4), 1% BSA in a buffer, or norma human serum, and then
applied to the anti-CRP antibody arrays. (B) The antibody
arrays were prepared by immobilizing six antibodies (200 ug/
mL), and then incubated with Alexa 546-CRP. The results are
expressed as the mean value of relative fluorescence intensity
(FI1) £ S.D from three separate experiments.

CRP, or those with different batches of Alexa 546-
CRP, on different anti-CRP antibody arrays. As shown
in Figure 4A, we found the inter-array reproducibility
to be high, with a correlation coefficient of 0.991. The
inter-labeling/-array reproducibility was also high,
with a correlation coefficient of 0.973 (Figure 4B).
Taken together, antibody arrays based on a CML sur-
face is reproducible and appropriate for a parallel
analysis of CRP in human sera.
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Figure 4. Reproducibility of anti-CRP antibody arrays.
Twenty unlabeled human sera, mixed with Alexa 546-CRP,
were applied to anti-CRP antibody arrays and analyzed using
a fluorescence scanner. The correlation between array 1 and
array 2 was analyzed using the fit Linear function of the
Origin program. (A) Inter-array reproducibility (r=0.991).
(B) Inter-labeling/-array reproducibility (r=0.973).

Analysis of CRP, CEA and PSA in Normal
Human Serum

Next, we applied antibody arrays using the CML
surface to a rapid analysis of CRP, CEA, and PSA in
normal human serum. First, various concentrations of
CRP were prepared in normal human serum contain-
ing Alexa 546-CRP (a final concentration of 1 ug/
mL), and the resulting mixtures were applied in dup-
licate toward anti-CRP antibody arrays prepared on
the CML surface. The arrays were analyzed using a
fluorescence scanner, and normalized reverse fluores-
cence intensities were obtained using Equation (1).
As shown in Figure 5A, the normalized fluorescence
intensity increased in a CRP concentration-dependent
manner, showing an apparent elevation at 10 ng/mL,
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Figure 5. Anaysis of CRP, CEA and PSA in norma human
serum. The indicated concentrations of CRP, CEA, and PSA
were prepared in normal human serum, 10-times diluted with
a9.3mM phosphate buffer (pH 7.4) containing 1% BSA, and
mixed (1: 1, v/v) with Alexa 546-CRP, Cy3-CEA, and Cy3-
PSA, respectively. Normalized reverse fluorescence intensi-
ties were obtained using Equation (1). (A) CRP (r?=0.997),
(B) CEA (r?=0.988), (C) PSA (r?=0.999).
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becoming almost saturated at 50 ug/mL of CRP (r?=
0.997). Considering the reference range (0 to 3 ug/mL)
of CRP for serodiagnosis, the CML surface-based anti-
body arrays are appropriate for a sensitive analysis of
CRP in human blood. We then analyzed CEA and
PSA in norma human serum using the same approach.
The two blood proteins showed a concentration-depen-
dent increase of normalized fluorescence intensity
(Figures 5B and 5C). The normalized fluorescence
intensity of CEA was detectable at 0.3 ng/mL and
was saturated at 300 ng/mL (r?=0.988), demonstrating
that the antibody arrays were sensitive to an analysis
of CEA in human blood samples. Similar results were
obtained using PSA (r2=0.999). Thus, an antibody
array based on the carboxylate-modified latex bead
surface has a strong potential for a quantitative analy-
sis of blood proteins.

Conclusion

In this report, we presented a new carboxylate-modi-
fied latex bead surface for determining the quantita-
tive level of blood proteins. The carboxylate-modified
latex bead surface for antibody arrays was specific,
reproducible, and successfully applied toward the
analysis of serum proteins in human sera. Thus, the
carboxylate-modified latex bead surface for an anti-
body array has a strong potential for arapid serodiag-
nosis of human diseases.

Materials and Methods

Chemicals and Reagents

3-Aminopropyltrimethoxysilane, ammonium hyd-
roxide, hydrogen peroxide, bovine serum abumin
(BSA), and Cy3-conjugated streptavidin were pur-
chased from Sigma(St. Louis, MO). Monoclonal anti-
CRP antibody was purchased from Bethyl Lab (Mont-
gomery, TX). C-reactive protein was purchased from
Scripps Lab (San Diego, CA). Alexa Fluor 546 car-
boxylic acid-succinimidyl ester, succinimidyl D-bio-
tin, and carboxylate-modified latex beads were pur-
chased from Molecular Probes™ (Eugene, OR). Cy3
mono NHS ester was purchased from Amersham Bio-
sciences (Piscataway, NJ).

Serum Samples

Human sera were obtained from Kangwon National
University Hospital, divided into aliquots and stored
at —20°C until used. Experiments using the human
samples were performed under the approval of the
local institute's Ethics Committee for human subject

research. In preparation for the experiments, the sera
were diluted 10-fold with a 9.3 mM phosphate buffer
(pH 7.4) containing 1% BSA and protease inhibitors
(onetablet in a10mL buffer).

Surface Modification of Glass Slides

Glass dides(75 x 25 mm) were cleaned using a solu-
tion of H,O./NH,OH/H,O (1:1:5, v/v) at 70°C for
10 min, incubated with a 1.5% 3-aminopropyltrimeth-
oxysilane solution (v/v) in 95% ethanol for 2 h, and
sequentially washed with ethanol and water. The
amine-modified glass dlides were dried under an air
gas and baked at 110°C for 1 h. Teflon tapes (75 x 25
mm) with 200 holes (25 x 8) 1.5mm in diameter each
were attached to the modified glass dlides to prepare
the well-type arrays.

Latex beads were washed with a PBS (8.1 mM
NaHPO,, 1.2 mM KH,PO,, 2.7 mM KCI, 138 mM
NaCl, pH 7.4) and suspended in PBS (1: 10, v/v). To
prepare the CML bead surface, the latex beads were
mixed (1: 1, v/v) with asolution of 200mM EDC and
50mM NHS, and immediately applied to the wells of
the arrays for 20min. The CML bead-modified arrays
were washed with 0.1% Tween-20 in PBS for 1 h,
milliQ water for 5min, and air dried. An N-hydroxy-
succinimide-dextran surface was prepared by apply-
ing an N-hydroxysuccinimide-dextran solution to the
amine-modified glass slides®?. An Aldehyde surface
was fabricated using a 1% glutaraldehyde solution
applied to the amine-modified slides?.

Preparation of Antibody Arrays

CML bead-modified arrays were incubated using a
solution of 200mM EDC and 50mM NHS for 10 min
and rinsed with milliQ water. Following incubation
with 500 ug/mL protein G in a 10 mM sodium acetate
buffer (pH 4.5) for 2h at 37°C, the arrays were wash-
ed with 0.1% Tween-20 in PBS for 10min and milliQ
water for 5min, and then air dried. One microliter of
antibody solution (200 ug/mL), prepared in a 9.3mM
phosphate buffer (pH 7.4), was applied to each well
of the arrays for 2 h at 37°C. After incubation, the
well-type antibody arrays were washed with 0.1%
Tween-20 in PBS for 10 min and milliQ water for 5
min.

Labeling of CRP, CEA and PSA with
Fluorophores

The CRP was labeled with Alexa Fluor 546 as des-
cribed in a previous report!’. Briefly, 100 uL of 1 mg/
mL CRP in a 100 mM sodium bicarbonate buffer (pH
8.3) was mixed with 1 uL of 10 mg/mL Alexa Fluor
546 carboxylic acid-succinimidyl ester in dimethyl
sulfoxide. CEA and PSA were also labeled with Cy3



mono NHS ester using the same procedure for label-
ing the CRP. The reaction mixtures were incubated
for 1 h at room temperature and loaded onto a2.5mL
column of Sephadex G-25, and the unbound fluoro-
phore was removed using centrifugation for 2 min at
2,500 rpm.

Analysis of CRP, CEA and PSA

Alexa 546-CRP (2 ug/mL, tagged-internal standard)
in a9.3mM phosphate buffer (pH 7.4) containing 1%
BSA was mixed (1: 1, v/v) with normal human serum
containing various concentrations of CRP, or with 10-
fold diluted human serawith a9.3mM phosphate buf-
fer (pH 7.4) containing 1% BSA and protease inhibi-
tors (one tablet in 10 mL buffer). Cy3-PSA and Cy3-
CEA (3ug/mL) in a 9.3 mM phosphate buffer (pH
7.4) containing 1% BSA were mixed (1: 1, v/v) with
human serum containing various concentrations of
the two unlabeled proteins. Then, 1uL of the mixtures
was applied to each well of the antibody arrays, which
were then incubated for 1 h at 37°C. The arrays were
washed and scanned using a fluorescence scanner
with a532 nm laser (Perkin Elmer, MA, USA).

Data Analysis

The average fluorescence intensities of the array
spots were measured using a Fluoview program (Olym-
pus, Japan). The normalized inverse fluorescence in-
tensity (y) was expressed as follows:

yzloo(Fmax_Fx)/(Fmax_Fmin)a (l)

where Fa is the maximum fluorescence intensity
obtained from normal human serum containing no
unlabeled CRP, F, is the fluorescence intensity obtain-
ed from normal human serum containing an x-amount
of unlabeled CRP or sera, Fyi, isthe minimal fluores-
cence intensity obtained from a normal human serum
containing the maximal concentration of unlabeled
CRP, and x is the CRP concentration. The level of
CRP in each serum was determined by

x=Xo[ (y1—-Yy2)/(y —y2) —1]*", )

where X is the CRP concentration of the sample, X is
the CRP concentration at half the maximal normaliz-
ed inverse fluorescence intensity, y; is the minimal
normalized inverse fluorescence intensity, y, is the
maximal normalized inverse fluorescence intensity, y
is the normalized inverse fluorescence intensity, and p
is the power.
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