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Abstract

Conventional biomarker assays are generally perform-
ed by an immunoassay system with several different
detection methods. In this study, we have carried out
validation experiments to verify performance of a
novel chip-based immunoassay method for quantita-
tive determination of tumor marker proteins by using
“Well-on-a-Chip” (Well-Chip). The tumor markers, AFP
and CEA, spiked in human serum matrix were analyz-
ed by the fluorescence sandwich immunoassay me-
thod adopted for Well-Chip with arrayed mini-wells
(1.5 mm diameter). Statistical analyses were carried
out to validate precision, accuracy, and repeatability
of the analytical data. Thus, the assay results obtain-
ed by the Well-Chip method were compared with
those by a standard ELISA method to confirm reliabil-
ity of the analytical data. It was demonstrated that
quantitative assays of spiked AFP and CEA in human
sera and buffer solution were possible in the linearity
ranges with the Well-chip. The CV values were lower
than 15% and recovery rates were within a range of
+10% in both AFP and CEA. The correlation coeffi-
cients of analytical values obtained by within-run and
between-day were higher than 0.9. The assay values
of the Well-Chip method were also well correlated
with those of ELISA methods. The assay performance
of the Well-Chip method was validated as a novel
method for quantitative assays of tumor markers and
shown to be highly dependable and reliable as much
as a standard ELISA method. It is evident that the
Well-Chip method can be useful for multiplex assays
of biomarker proteins in human serum.

Keywords: ProteoChip, Tumor markers, Well-on-a-chip,
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Introduction

Protein chip has become a useful tool for multiplex
analysis of biomarkers and expressed proteins simulta-
neously with a small amount of samples. It has been
widely applied for various studies on biomarker assay,
new lead screening, proteome analysis and protein-
protein interaction®*.

In order to make protein chips more practical as a
novel bio-analytical tool for biomarker proteins, itisa
critical task to improve surface performance of capture
proteins immobilized on solid chip surface. For many
years, severa different methods of protein immobili-
zation on solid substrates have been studied including
physical bonding, covalent bond, biological affinity
method, and self assembling linker molecules®”. It has
been, however, noted that there are some problemsin
these immobilization methods for protein chip®. It is
an important strategy for constructing protein chip that
proper orientation and activity must be maintained to
attain interaction between the immobilized capture
antibodies and target proteins such as biomarker pro-
teins.

In the previous report, we had introduced Proteo-
Chip, a protein chip base plate coated with ProLin-
ker™ which was particularly designed for efficient
immobilization of capture proteins such as antibod-
ies*10, ProLinker™ is a novel molecular linker for
immobilizing capture proteins tightly and densely with
orderly orientation and intact activity on solid sur-
face!!. The surface performance of ProteoChip was
verified by demonstrating that ProteoChip has high
selectivity and sensitivity in protein-protein interac-
tion'2, ProteoChip has been suggested to be a useful
bio-analytical tool for solid phase immunoassay of
biomarkers, differential protein expression profile
analysis and high-perform-ance lead screening®®15.

In the various application areas for disease diagnosis
or screening, chip-based biomarker assay system has
been paid much attention since it may be able to pro-
vide an alternative method for multiplex and sensitive
protein assays'®?°. For the purpose of early cancer
detection using biomarker assay, we have developed
a‘Well-on-a-Chip’ (Well-chip), which is a ProteoChip
with mini-wells (1.5 mm diameter) that require 1 pL
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Figure 1. Cross-reactivity of antibody-antigen interaction on Well-Chip. Fluorescence images of tumor markers, AFP, CEA and
CA19-9 detected by immobilized anti-AFP mAb and anti-CEA mAb, respectively (A1 and A2) and numerical bar-graphs of
fluorescence intensity estimated from A1 and A2 (B1 and B2).
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Figure 2. Fluorescence images and dose-response curves of AFP and CEA assays showing linear curves within the lower and
upper detection limit.

application volume of reagents. The Well-Chip enabl- with a small quantity of sample and reagent solutions
ed accurate quantitative analysis of marker proteins to perform.



In this study, we have examined the analytical per-
formance of the Well-Chip by applying serum tumor
markers such as apha-fetoprotein (AFP) and carcino-
embryonic antigen (CEA) as model biomarker proteins
for quantitative assay. The assay results were statisti-
caly evaluated in terms of 1) specificity and sensitiv-
ity, 2) accuracy and precision, 3) repeatability and
reliability by comparing them with a gold standard
method such as ELISA to verify the anaytical perfor-
mance of the newly introduced chip-based assay me-
thod.

Results and Discussion

Cross Reactivity Tests for AFP and CEA
on Well-Chip

We examined the cross reactivity between capture
antibodies against AFP and CEA and the marker pro-
teins on Well-Chip. The results demonstrated clearly
specific interaction of immobilized anti-AFP and anti-
CEA monoclona antibodies (mAbs) with the respec-
tive antigen, AFP and CEA (Figure 1). It represented
that the immobilized mAb on Well-Chip surface spe-
cifically interacts with the corresponding antigen. It
was noted that background fluorescence signal by non-
specific interaction of the immobilized different anti-
bodies was negligible in this Well-Chip assay method.

Linearity for Quantitative Assays of AFP
and CEA with Well-Chip

The linear standard curves were demonstrated in the
experiments with the biomarkers spiked in PBS buffer
solution as a carrier solution. Numerical plots of fluo-
rescence intensities were proportional to the concen-
trations of proteins(Figure 2). The linearity was shown
within the dynamic concentration ranges of 3ng mL !
-440ng mL ! and 1 ng mL1-210ng mL* for AFP
and CEA, respectively. Linear standard curve in log-
log scale proved that the chip-based assay system can
be suitable for quantitative analysis of tumor marker
proteins with the Well-Chip-based fluorescence im-
munoassay method using minute volume (1 uL) of
reagents.

Validation of Precision and Accuracy
of the Chip-based Assay Results

In order to validate analytical performance of the
chip-based assay method, precision and accuracy were
determined by estimating CV values and recovery
rates of analytical results obtained from the pre-set
concentration levels of AFP and CEA spiked in test
samples. The assay data were obtained from test ex-
periments conducted three timesin 5 days by the Well-
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Chip method and analyzed statistically to evaluate pre-
cision and accuracy. The fluorescence array images
by the Well-Chip method were analyzed for quantifi-
cation of AFP and CEA test samples prepared in PBS
buffer solutions and human serum matrix (Figure 3).

The standard curve was plotted with 7 to 8 calibra-
tion points including blank as shown in Figure 3. The
formula for estimating concentrations of target marker
proteins in test samples from calibration standards
was represented by a linear equation as Y (log value
of fluorescence signal)=A+B=* X (log vaue of protein
concentration), where the linear regression coefficient
values(R) were in the range of 0.995-0.999 (P< 0.001)
(Figure 3). Assay results for test samples at high, med-
ium, low and LLOQ concentration levels were obtain-
ed by test experiments of within-run (three times) and
between-day (three times in 5 days) for precision and
accuracy. We have taken LLOQ value of 4ng mL 1,
it is thought to be a practical level of the lower limit
within the linear range of calibration curves for both
marker proteins, in the following validation ex-
periments for assay performance of the Well-Chip
method. The LLOQ was defined as the lowest tumor
marker concentration which can be determined with
an accuracy between 100+ 20%.

As the precision of assay results, the CV values of
test samplesin low, medium, and high concentrations
were found to be within +15% of their each concen-
tration, while those for LLOQ samples were also less
than #20% of their each concentration. The precision
of all assay results determined by within-run and bet-
ween-day for AFP and CEA prepared in both buffer
solution and human serum matrix.

The accuracy of assay results obtained by the Well-
Chip method was evaluated by the extent of recovery
of the marker concentrations experimentally determin-
ed in comparison with the theoretical values, which
are pre-set concentrations of the marker proteins. The
values of accuracy tests were represented by the %
recovery of analytical values for AFP and CEA in
PBS buffer and human serum matrix (Tables 1 and 2).
The recovery values for both AFP and CEA in four
test samples of different concentration levels were
found to be in a range from 90% to 110% with CV
values lower than 15%. Also, it was observed that the
CV values of LLOQ (4 ng mL™1) were within 20%.
The test results of both precision and accuracy for test
sam-ples of AFP and CEA were not affected by the
use of different matrices.

Correlation between Assay Results of
Well-Chip and ELISA Method

To evaluate analytical performance of the Well-Chip
method for tumor marker assay, the prepared calibra-
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Figure 3. Fluorescence images and standard graphs of Well-Chip array for determinations of tumor markersin standard and test
samples. (A) AFP and (B) CEA in PBS buffer matrix, (C) AFP and (D) CEA in serum matrix: a, b, ¢, and d represent high,

medium, low, and LLOQ (Lower Limit Of Quantization) concentration levels.
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Table 1. Precision and Accuracy of assay values for test samples of AFP and CEA spiked in PBS buffer matrix by Well-Chip
method.

Buffer matrix Within-run Between-day
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Table 2. Precision and Accuracy of assay values for test samples of AFP and CEA spiked in human serum matrix by Well-Chip
method.

Serum

matrix Within-run Between-day
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assayed by within-run test, respectively (Figure 4B
and 4E). Also, in between-day test, the R values were

tion standards and the test serum samples(n=40) were
utilized for quantitative analysis with the Well-Chip

method as well as ELISA method as a gold standard
method. We evaluated correlations of analytical re-
sults determined by commercial ELISA and the Well-
Chip method with AFP and CEA spiked in serum sam-
ples. As the comparison of Well-chip method with
ELISA method, the correlation coefficient (R) values
of assay values by the two different methods were esti-
mated to be 0.964 and 0.982 for AFP and CEA, re-
spectively (Figure 4A and 4D). It suggested that the
assay results obtained by Well-Chip method with a
minute amount of reagent volume (1 L) showed high
correlation with those determined with a well-esta-
blished ELISA method. Repeatability of tumor mark-
er assay by the Well-Chip method was found to be
excellent through the correlation of assay results by
within-run and between-day test. The R values were
estimated to be 0.984 and 0.986 for AFP and CEA

0.975 and 0.980 for AFP and CEA, respectively (Fig-
ure 4C and 4F). In conclusion, the overall outputs of
validation tests by the Well-Chip method have met
the criteria in precision, accuracy and repeatability of
analytical results recommended for general applica-
tion of a new bio-analytical tool.

Discussion

Protein microarray chip has been paid much atten-
tion by proteomics scientists as the next-generation
bio-analytical tool for multiple quantitative and quali-
tative analyses for target proteins of interests and pro-
tein-protein interaction analysis®®>?. There are a num-
ber of reports that protein microarray has been appli-
ed for disease diagnosis such as cancers and analyses
of protein expression profiles for discovery of new
disease markers?®28, It is thought that microarray tech-
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Figure 4. Correlation plots between assay values determined by ELISA kit and Well-Chip method (A and D), between assay
values determined by the Well-Chip method in within-run test (B and E) and between-day test (C and F) for AFP and CEA in

human serum matrix.

nology may provide advantages over conventional
analytical tools by way of providing a high through-
put system and handling a small quantity of proteinin
scale of micro to nano volume leading to reduction of
analytical cost and time®.

Various platforms of protein chip have been studied
for detection and quantification of human serum pro-
teins, which are present from high-abundance to low-
abundance®3!, However, we have noted that there is
intrinsic limitation in quantitative assays of marker
proteins by protein microarray chip. It is that immobi-
lization of capture antibody in a given spot is not well
controlled and spot boundary is not clear enough to
accommodate an exact volume of analyte proteins.

In this regard, we have developed Well-on-a-Chip
(Well-Chip), which is a ProteoChip with arrayed mini-
wells with 1.5mm diameter and useful for quantitative
detection of bio-marker proteins. ProteoChip isa dide
glass coated with ProLinker™, which captures pro-
teins such as antibody very efficiently and tightly. In
the previous report, it was estimated by QCM method
that ProLinker™ surface can capture 5-6x10* anti-
body molecules per 1cm? . Indeed, ProteoChip has
been proven to be well applicable for preparation of

sensitive antibody microarray for antigen detection.

Regarding to the detection sensitivity, it has been
emphasized that the detection sensitivity of an analyti-
cal method should not be miss-led as a criterion of the
LLOQ, which is based on linearity in calibration cur-
ves for quantitative analysis®34. According to our
unpublished experiments, it has been observed that
there is increased detection sensitivity in the chip-
based biomarker detection due to avidity effect of an-
tigen-antibody interaction. Such increased detection
sengitivity at lower concentration range of analyte pro-
tein may be attributed to the increased number of anti-
body immobilized on chip surface™. However, it is
stressed that the lower concentration ranges is not
acceptable for quantitative analysis of biomarker pro-
teins due to out-of-linearity range for calibration and
increased variation of signal-to-noise ratio. Such an
increase in detection sensitivity appears to be highly
dependent not only on the performance of capture anti-
body immobilized on chip surface and consistency of
assay processes, but also overcoming of intrinsic limi-
tation of fluorescence detection systems and mini-
mum detectable number of antigen molecules in a
given volume for application.



From the assay values of 15 analytical points obtain-
ed from the present experiments, we have estimated
the lower limit of detection (LLD) and the biological
limit of detection (BLD), based on the standard devia-
tion of the response and the slope®*3*, which were
0.49ng mL* and 2.94ng mL ! for AFP and 0.28 ng
mL ! and 3.07 ng mL* for CEA, respectively. We
concluded that the estimated value of BLD was rea-
sonably well agreeable with LLOQ vaue. LLOQ, re-
gardless of matrix components was reproducible at 4
ng mL-%, which can be determined with an accuracy
between 100+ 20%. Since the CV values of assay re-
sults for both CEA and AFP at LLOQ were found to
be less than 20%, the concentration range may be
considered to be a level of ‘functional sensitivity’ for
the Well-Chip method.

In this report, we presented validated analytical
performance of the Well-Chip method useful for tu-
mor marker assays in terms of specificity, precision,
accuracy, repeatability and reliability of assay results
according to the recommendation in Guidance for In-
dustry, Bio-analytical Tool Validation®. It was con-
firmed that the chip-based assay method is applicable
for quantitative analysis of tumor marker proteins in
human serum. The assay results obtained by the Well-
Chip method showed high correlation with those ob-
tained by different immunoassay methods such an
ELISA. In correlation results, low concentration in
serum samples were more corresponded than high
concentration in serum sample above 200 ng mL 2.
Dilution as variable can influence the bias of correla-
tion. But, as dose-response graph by chip-based assay
showed that concentration above 200 ng mL ! was
saturated, serum samples of high concentration needed
dilution. It has tested at various seria dilution rates
with buffer solution in serum matrix. Up to 10 fold,
dilution rate had no effect on result of quantified con-
centration. In this study, as focusing on the quanti-
fication of cut off level of tumor marker such as 4 ng
mL~* of AFP and 10ng mL ! of CEA, we evaluated
test samples containing tumor markers within 2-480
ng mL 1. According to our unpublished data for AFP
assays in human serum, the analytical results of the
tumor marker by the Well-Chip method were also re-
markably well correlated with those obtained by three
different assay methods such as ELISA, RIA and
AXSYM autoanalyzer (Abbott Labs.). These test re-
sults suggested that the Well-Chip method for tumor
marker assay is highly reliable in comparison with
existing immunoassay methods. Thus, it is proposed
that the Well-Chip method can be well applicable for
guantitative determination of serum tumor markersin
the concentration range higher than 1ng mL 2.

It should be noted that the Well-Chip method en-
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ables multiplex analysis of biomarkers with a small
volume (1 uL) of reagents including capture antibod-
ies and analyte sera, whereas the existing analytical
methods requires a large quantity of reagents(50-100
uL). The use of a micro-quantity of human serum
samples has particular advantage in that multiple
assays can be performed for multiple target anaytes
with agiven quantity of a same serum specimen from
a patient. It is also expected that development of an
automation system for the miniaturized chip-based
immunoassay for serum marker proteins may reduce
the assay costs and times in medical examination.

Conclusions

WEelI-Chip method enables multiplex analysis of bio-
markers with asmall volume(1 L) of reagentsinclud-
ing capture antibodies and analytes. It was validated
that quantitative results of tumor markers in serum
were high correlation between conventional method
ELISA and chip based assay. Also, experimental re-
producibility of assay was verified by repetitive ana-
lyses for within-run and between-day. The use of a
micro-quantity of human serum samples has particular
advantage in that multiple assays can be performed
for multiple target analytes with a given quantity of a
same serum specimen from a patient. It is also expect-
ed that development of an automation system for the
miniaturized chip-based immunoassay for serum mark-
er proteins may reduce the assay costs and times in
medical examination. The overall validation results
by the Well-Chip method was proven to be a useful
tool for quantitative analyses of the tumor markers,
which are further applicable for screening or monitor-
ing of cancer patientsin clinica practice.

Materials and Methods

Materials

AFP, CEA, and anti-CEA polyclonal antibody were
purchased from Biodesign International (Kennebunk,
ME, USA). Anti-AFP monoclonal antibody (clone
5H7) was supplied by Hytest (Turku, Finland). Anti-
AFP polyclonal antibody (rabbit 1gG) was purchased
from Fitzgerald Industries International (Concord, MA,
USA) and Goat anti-rabbit 1gG-Cy5 conjugate from
Invitrogen (Carlsbad, CA, USA). Bovine serum albu-
min (BSA), Tween-20 and human sera(aseptically fil-
led) were obtained from Sigma(St. Louis, MO, USA).

Preparation of Serum Sample
The biomarker assay with Well-Chip was carried out
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by analysis of the selected tumor markers, AFP and
CEA in given concentrations, which were spiked in
normal human serum. AFP and CEA are well known
biomarker proteins frequently found in patient sera
with liver and colorectal cancers, respectively. The
spiked test samples (n=40) were prepared in normal
human serum pool for the marker proteins in several
different concentrations from 2 ng mL ! to 480 ng
mL %, These spiked samples were used to test in both
the Well-Chip and ELISA methods for comparison.
As standard concentration was saturated above 200 ng
mL -1, we set up the high standard concentration of
120 and 200 ng mLL. In the case of test samples at
low concentration below 120 ng mL™* (high concentra-
tion of calibration standard), the neat serum was used
for analysis without dilution. But tumor markers in
neat serum samples of high concentration above 120
ng mL~! were not accurately calculated with standard
samples below 120 ng mL-1. Thus, test samples con-
taining a marker protein more than 120 ng mL* were
diluted 10-fold with a dilution buffer, 10 mM phos-
phate buffered saline (PBS) solution containing 3%
BSA. Dilution rate up to 10 fold had no influence in
the serum matrix.

Sandwich Immunoassay for Detection of
Tumor Markers

Chip-based | mmunoassay

The Well-Chip used in this experiment was design-
ed to array 96 mini-well spots with a dimension of 1.5
mm diameter (the well depth, 10 um) as same as 96
well plate system of ELISA. The chip-based sandwich
immunoassay was carried out by using manual spot-
ting method as described in the previous report’©. The
1uL of application volume of all reagent solutions was
used for the chip-based assay experiments. A capture
protein, monoclonal antibody specific to a marker pro-
tein was immobilized by applying 1 uL of the 100 ug
mL -1 antibody solution prepared in 10mM PBS buffer
containing 10% BSA and 30% glycerol on each spot.
Subseguently, the chip was incubated for overnight in
4°C chamber. The chip was then rinsed with PBS buf-
fer containing 0.5% tween-20 to remove unbound pro-
teins for 10 minutes and dried under nitrogen gas. The
chip immobilized capture protein was blocked with
PBS buffer containing 3% BSA for 1 hour at room
temperature. The pre-fabricated chip with capture anti-
body was used for the marker protein assay by dis-
pensing 1 uL of calibration standard solutions and
test samples on each well spots. The chip thus pre-
pared was incubated in a moisturized chamber for 1
hour at 37°C. In the following step, the conventional
sandwich immunoassay method was adopted for this

chip-based assay system. After binding polyclonal
antibody (10 ug mL1) against the target marker pro-
tein, the bound marker protein was detected by appli-
cation of the secondary antibody, Cy5-labeled goat-
anti rabbit 1gG (1 ug mL™) as asignal generator. The
concentration of the detection antibodies was opti-
mized to generate the maximum signal. The chip was
then incubated in a moisturized chamber at 37°C for
30 minutes. It was rinsed with PBS buffer containing
0.5% tween-20 to remove unbound proteins for 10
minutes and dried under nitrogen gas. Finally, flu-
orescence intensity of each well spots on a chip was
analyzed by a fluorescence scanner (Axon Instru-
ments, USA).

Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA was carried out to compare with analytical
results of the chip-based assay method. ELISA tests
were performed as described in standard assay proce-
dures with commercial microtiter plate kits (DRG,
Inc.) with 96 wells, which were pre-coated with a cap-
ture antibody?!. Calibration samples, enzyme conjug-
ated reagent, 3,3',5,5-Tetramethyl-benzidine (TMB)
reagent and stop solution (LN HCI) were provided in
kit. The optical density of each well was measured
with an ELISA reader (Finstruments™ Microplate
Reader) at 450 nm.

Validation Method for Analytical Results

In order to evaluate the validity of the analytical
performance of Well-Chip for tumor marker assay as
anovel bioanalytical tool applicable for clinical diag-
nosis or screening of cancer patients, we have carried
out statistical analysis of assay results according to
the recommendation in The Guidance for Industry,
Bioanalytical Method Validation??. The validation
tests for the chip-based assay method were carried
out with two different tumor markers, AFP and CEA,
spiked in two different carrier solutions, one in buffer
matrix, PBS solution containing 3% BSA and the
other in serum matrix, norma human serum pool.
The 7 different final concentrationsin the ranges of 1,
4, 10, 25, 50, 100, and 200 ng mL " were used as cal-
ibration standard, while test samples of the 4 different
concentration levels of 4, 20, 80, and 120 ng mL !
were used for validation experiments. The tumor
marker assays were carried out three times in a day
(within-run) and serially during 5 days (between-day)
for repeatability tests of different Well-Chips and assay
processes. The five determinants per concentration
level were measured with a Well-Chip for each eight
different calibration standard solutions and four test
samples. To validate analytical values determined by



the Well-Chip method, accuracy and precision, repea-
tability, and reliability of the assay data were evaluat-
ed as a parameter for analytical performance of the
chip-based assay method. Accuracy is the degree of
conformity of a measured quantity to its nominal val-
ue, while precision is the closeness of degree of scat-
ter between a series of values obtained from multiple
sampling of the same sample. Precision of assay val-
ues was evaluated by CV values within +15%. Like-
wise, accuracy was based on recovery rates at agiven
concentration within 4 15% except for lower limit of
guantification (LLOQ). The precision and accuracy of
assay values at LLOQ have been recommended to be
lower than 20% for CV values and in the range of 80-
120% for recovery rate, respectively. All statistical
analyses and graphs were automatically calculated
with OriginPro 7.0.

Data Analysis

The tumor marker concentrations in the arrayed
spots of a Well-Chip were determined by fluorescence
intensities detected with a fluorescence scanner, Gene-
Pix 4000B (Axon Instruments, CA, USA). Fluoresc-
ence signal by Cyanine dye (Cy5) was analyzed in
wavelength 635 nm of fluorescence scanner. The flu-
orescent image was visualized by arainbow color dis-
play system installed with the scanner in such a way
that signals show red color for a high concentration
and blue color for alow concentration. The fluoresc-
ence signals detected by the scanner were converted
into numerical values by GenePix Pro 3.0 software.
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