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Cytokines are important molecules that play an inte-
gral role in the initiation and promotion of most 
immune responses. These proteins have impor-

tant functions in the regulation of pathways governing 
inflammation, angiogenesis, and cellular chemotaxis. The 
ability to rapidly and accurately determine the effect vari-
ous stimuli have upon cytokine levels is important to the 
research, clinical, and diagnostic communities. In support 
of these efforts, we have developed four human 12-plex 
cytokine/chemokine antibody microarrays featuring many 
improvements over currently available alternatives.

The microarray, or biochip, allows for the simulta-
neous screening of tens to tens of thousands of selected 
biological targets. As the use of microarray technology in 
genotyping and gene expression experiments has devel-
oped over the past decade, nucleic acid arrays are widely 
produced and utilized in numerous core facilities and 
research laboratories.1–3 Protein microarray technology is 
not as developed as nucleic acid microarray technology, 
but the potential uses of protein microarrays are equal to, 
if not greater than, those of the nucleic acid microarray. 
Examples of the utility of protein microarrays as screening 
tools for protein expression and protein interactions are 
abundant.4–9 The multiplex antibody microarray format 
offers several important advantages over the traditional 
single-plex enzyme-linked immunosorbant assay (ELISA), 
including time, cost, and sample/reagent savings.
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Multiplexed antibody microarrays are protein 
microarrays that, when properly designed and validated, 
result in a high-throughput immunoassay platform 
capable of generating high-quality data with low-pg/
mL sensitivity. To realize this level of sensitivity, anti-
body microarrays must display low background levels, 
minimal antibody cross-reactivity, and minimal spot 
size and volume variability. Although both assay types 
(ELISA and antibody microarray) typically use the same 
materials in assay construction (i.e., capture antibodies, 
analytes, detection antibodies, and a reporting system 
such as fluorescence, chemiluminesence, etc.), there are 
inherently more difficulties in validating the perfor-
mance of a multiplexed antibody microarray compared 
to a single-plex ELISA. This increased difficulty is due 
to the requirement that the materials used to detect each 
specific analyte, when tested in combination with other 
analytes simultaneously, not significantly cross-react. 
Cross-reactivity, the nonspecific interaction of assay 
components with unintended targets, skews calculated 
analyte concentrations. Additionally, sample diluent 
and other assay reagents and formulations must be opti-
mized to ensure simultaneous performance of all capture 
antibody-analyte-detector antibody combinations.

We have constructed four antibody microarrays for 
the detection of cytokines and chemokines released by 
cells during human inflammation, angiogenesis, and 

cellular chemotaxis processes (Table 1, Figure 1). These 
microarrays are printed on PATHplus Microarray Slides. 
The PATHplus surface allows for increased dynamic 
range, high signal-to-noise ratios, and good reproduc-
ibility compared with conventional derivatized glass and 
nitrocellulose pad slides. Streptavidin-conjugated DyLight 
649, a fluorescent molecule exhibiting superior photosta-
bility and fluorescence intensity, is utilized as the detector 
molecule.

All components of these antibody microarrays were 
developed to maximize performance in a multiplexed 
format. All assay standards are calibrated and validated 
against National Institute for Biological Standards and 
Controls (NIBSC) standards (when available) to ensure 
accurate analyte quantification. Finally, the performance 
of each assay was validated by analyzing both null samples 
spiked with recombinant protein standards and natural 
samples expressed from stimulated human peripheral 
blood mononuclear cells (PBMCs).

Presented here is work compiled during the develop-
ment of these microarrays and applications work in which 
the cytokine/chemokine response of the Jurkat human 
T-cell leukemia cell line and the A549 human non–small 
cell lung carcinoma cell line were monitored. Cell culture 
supernatant samples were assayed on the four antibody 
microarrays, allowing for the simultaneous analysis of 41 
different cytokine/chemokine analytes.

T a b l e  1

Microarray Content

Thermo Scientific 
ExcelArray Inflam-
mation I

Thermo Scientific 
ExcelArray Inflam-
mation II

Thermo Scientific 
ExcelArray Angio-
genesis

Thermo Scientific 
ExcelArray Chemo
taxis

IFNγ IL-1α Angiogenin Eotaxin

IL-1β IL-3 EGF I-309

IL-2 IL-5 FGFb IP-10

IL-4 IL-7 GROα MCP-3

IL-6 IL-13 HGF MDC

IL-8 IL-15 IL-8 IL-8

IL-10 IL-17 HB-EGF Fractalkine

IL-12p70 FasL KGF TARC

RANTES G-CSF PlGF RANTES

MIP-1α GM-CSF VEGF MIP-1α

MIP-1β TNFβ TIMP-1 MIP-1β
TNFα MCP-1 TNFα MCP-1

The protein targets for the four human cytokine/chemokine arrays are tabulated.
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Material and Methods

Microarray Production

Each of the four microarray panels was printed onto 
PATHplus Thin-film Nitrocellulose Slides (GenTel Bio-
Sciences, Madison WI). The concentration of each capture 
antibody was titered to maximize signal generation when 
antibodies are diluted in a proprietary print buffer. This 
print buffer provides optimal spot morphology and spot 
volume consistency. Each capture antibody was printed in 
triplicate, at a volume of 2 nL and nominal spot diameter 
of 250 µm, into 16 subarrays in a 2 column by 8 row for-
mat. Each subarray also contained triplicate positive and 
negative control antibody elements. After the slides were 
printed and checked for element quality and consistency, 
they were treated according to a custom-designed process 
that preserves spot morphology and spot-to-spot consis-
tency. Briefly, the printed slides were blocked using a pro-
prietary buffer formulation and process predetermined to 
minimize nonspecific adsorption, preserve signal strength, 
and greatly enhance antibody stability. The blocked slides 
were then dried and fitted with silicone-backed, reaction 
well–defining overlays (16 wells, one for each subarray). 
The completed slide assembly was then vacuum sealed to 
maximize antibody and preprinted slide stability.

Validation of Antibody Cross-Reactivity

The capture and detector antibodies, as well as the recom-
binant antigen standards, were analyzed for cross-reactivity 
as follows. Preprinted slides were assayed and each sub
array was probed with a single antigen, rinsed and incu-
bated with biotinylated detection antibodies, rinsed again, 
and finally probed with streptavidin-labeled fluorophore. 
Signal intensity was measured across all features to deter-
mine capture antibody–antigen cross-reactivity. It is 
important to note that the zero-concentration analyte well 
of the standard curve used for quantitation also provided 
control against signal generated by the nonspecific inter-
action of detector antibodies. Our criterion for accept-
able cross-reactivity was that antibody pairs should not 
cross-react with any target at a level greater than 5% of 

the signal generated from the specific interaction of the 
individual analyte.

Spike and Recovery
Known amounts of each target analyte were spiked into 
human serum and cell-culture supernatants. These spiked 
samples were run on each of the four multiplexed arrays, 
and the percent recovery for each antigen was calculated 
according to the following equation: 

[(measured analyte concentration – null sample contribution)/ 
(spiked analyte concentration)] × 100 = % Recovery

The criterion for acceptable spike and recovery data 
is a recovery value between 80% and 120% of spiked 
amount.

Sensitivity Calculations
Microarray sensitivity was calculated for each analyte 
according to the following equation: 

(2 × standard deviation null sample) × average RFU of lowest 
standard concentration)/Discrimination (average RFU of lowest 
standard concentration – average RFU of null sample)

Desired sensitivity is less than 10 pg/mL for all analytes.

Natural Sample Recognition
To validate the ability of each multiplexed array to recog-
nize naturally expressed targets, peripheral blood mono-
nuclear cells (PBMCs) were stimulated as described below 
and the cell-culture supernatants were collected and ana-
lyzed on each of the four microarrays. The PBMCs were 
isolated using Ficoll-Hypaque density-gradient centrifuga-
tion of venous blood collected from a normal healthy donor 
and resuspended at 1 × 106 cells/mL in complete medium 
(RPMI + 10% fetal bovine serum [FBS] + 1X penicillin-
streptomycin [Thermo Fisher Scientific (HyClone)]). To 
induce expression of as many targets as possible, PBMCs to 
be analyzed for each multiplexed array were stimulated by 
supplementing medium with 5 µg/mL PHA (phytohemag-
glutinin [Inflammation I, Inflammation II, Angiogenesis 
and Chemotaxis], Sigma-Aldrich), 5µg/mL of concanava-
lin A (Inflammation I, Inflammation II and Angiogenesis, 

Figure 1

Microarray layout. A1–A12 signifies the 12 analyte 
positions available; these positions correspond to 
the targets listed in Table 1. (–C) and (+C) indicate 
the positions of the negative and positive control ele-
ments, respectively.
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Sigma-Aldrich) or 5 ng/mL phorbol 12-myristate 13-ace-
tate (PMA, Sigma-Aldrich) plus 500 ng/mL ionomycin 
(Inflammation II, Sigma-Aldrich). Finally, the PBMCs to 
be analyzed using the Chemotaxis array were stimulated 
with 1 µg/mL staphylococcal enterotoxin B fragment 
(SEB, Sigma-Aldrich). Supernatants were harvested after 
2 d of incubation in the appropriately supplemented media 
and analyzed on the arrays. Nonstimulated control PBMC 
supernatants were also processed as a negative control for 
each multiplexed array.

Stimulation and Analysis of Jurkat Human T-Cell  
Leukemia Cells and A549 Human  

Non–Small Cell Lung Carcinoma Cells

Jurkat human T-cell leukemia cells and A549 human non–
small cell lung carcinoma cells were obtained from ATCC 
(TIB-152 and CCL-185, respectively). These cells were 
cultured according to ATCC recommendations. Cytokine 
release in Jurkat cells was stimulated by addition of 7.5 nM 
PMA and 5 µg/mL PHA to media. Cytokine release in 
A549 cells was stimulated by addition of TNFα (Thermo 
Fisher Scientific) to medium at a final concentration of 
25 ng/mL. Appropriate vehicle controls were performed 
for each cell treatment. Cell-culture supernatants were 
collected at 24–48 h and either assayed immediately or 
stored short term at –20°C.

Sample Analysis

Jurkat and A549 cell-culture supernatants prepared above 
were assayed for cytokine/chemokine concentration using 
Thermo Scientific ExcelArray Inflammation I (Product 
No. 82002), Inflammation II (No. 82003), Angiogenesis 
(No. 82004), and Chemotaxis (No. 82006) microarrays 
(Jurkat supernatants were not assayed on the Angiogenesis 
microarray). Assays were performed according to prod-
uct instructions. Briefly, 100 µL of multiplexed standards 
(1000–12.3 pg/mL) or sample was applied to each well 
and incubated at room temperature for 2 h. After sample 
incubation, the microarrays were rinsed with wash buffer. 
Pre-titered biotinylated detector antibodies were applied 
to each microarray and incubated at room temperature 
for 1 h. Microarrays were rinsed and streptavidin-linked 
DyLight 649 was applied to the microarray and incubated 
for 30 min. The microarray was rinsed and dipped briefly 
in a final rinse solution. Microarrays were imaged using an 
AlphaScan Microarray Imager (Alpha Innotech), and spot 
densitometry was performed using ArrayVision software 
(GE Healthcare). The spot densitometry data generated 
were imported into Microsoft Excel software to calculate 
sensitivities, discrimination, and coefficients of variation 
(CVs).

Results and Discussion

Traditionally, ELISA has been the method of choice for 
the quantification of cytokine and chemokine expression 
levels in cell-culture supernatants and serum samples. The 
antibody microarrays we developed and tested in this work 
were envisaged as a viable alternative to traditional ELISA. 
To be considered as such, the microarrays must meet the 
high performance standards exhibited by ELISA assays. 
The aim of this work was to validate the performance of 
our antibody arrays with respect to the following param-
eters: cross-reactivity, spike and recovery, sensitivity, and 
natural sample response.

Cross-reactivity results from nonspecific inter-
action of assay components with unintended targets. 
Cross-reactivity values for all arrays averaged less than 
2%, with no one target exceeding a cross-reactivity value 
of 5% (Table 2). Minimal cross-reactivity is important for 
avoiding false positives. A cross-reactivity of less than 5% 
is acceptable for the desired level of assay performance. 
Cross-reactivity is a function of analyte homology and 
nonspecific antibody interactions. The antibody pairs that 
yielded the greatest levels of cross-reactivity recognized 
members of the same protein family, namely MIP-1α and 
MIP-1β, and MCP-1 and MCP-3.

Spike and recovery experiments are an important 
step in demonstrating the ability of an immunoassay to 
recognize sample analytes irrespective of sample matrix. 
This parameter is assessed as the ability to recover known 
amounts of recombinant proteins spiked into cell-culture 
supernatants. As an average percentage of spiked stan-
dard recovered, Inflammation I recovered 97% of spiked 
standards (range 84–117%), Inflammation II recovered 
92% of spiked standards (range 82–112%), Angiogenesis 
recovered on average 99.8% of spiked standards (range 
82–119%), and the Chemotaxis microarray averaged 
99.2% recovery (range 86.9–108.9%) (Table 2). These are 
acceptable results for ELISA performance and represent 
excellent performance for a multiplex assay.

The determination of assay sensitivity is an important 
step in delineating the conditions under which an assay 
may be utilized. Sensitivity dictates the lower limit of ana-
lyte concentrations that may be reliably investigated and 
analyte concentration values assigned. Assay sensitivity 
values calculated for the Inflammation I, Inflammation II, 
Angiogensis, and Chemotaxis arrays were 2.8 pg/mL (0.8–
6.5 pg/mL), 3.4 pg/mL (1.7–6.3 pg/mL, 5.1 pg/mL (1.5–
9.3 pg/mL), and 1.25 pg/mL (0.1–5.8 pg/mL), respectively 
(Table 2). Detection limits for all analytes met the sensi-
tivity specifications, with several surpassing the desired 
sensitivity level (10 pg/mL) by more than one order of 
magnitude. The sensitivity value set for these assays was 
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derived from commercially available colorimetric ELISA 
kit sensitivity specifications.

The detection of naturally expressed protein, as com-
pared to recombinant protein, is an important facet of 
immunoassay performance. All four microarrays detected 
naturally occurring analyte proteins expressed in periph-
eral blood mononuclear cells (PBMC) (Table 2 , Figure 2). 
The detection of natural samples is important in that 
recombinant proteins often display antigenic epitopes dif-
ferently than naturally produced proteins. By analyzing 
natural sample response, the validity of data generated 
from these microarrays is verified.

Jurkat Human T-Cell Leukemia Cells and A549 Human 
Non–Small Cell Lung Carcinoma Cell Stimulation

Two cell-culture model systems were employed to exam-
ine the ability of the antibody microarrays to accurately 
quantify cytokine levels in a multiplexed format. PHA/
PMA stimulation of Jurkat human T-cell leukemia cells 
has been previously shown to induce release of various 
cytokines, including many contained on our four arrays.10 
Treatment of A549 human non–small cell lung carci-
noma cells with TNFα has similarly been shown to elicit 
a cytokine response.11,12 In our experiments, PHA/PMA 
stimulation of Jurkat cells results in increased expres-
sion levels of 14 cytokines and chemokines (14/31 tar-
gets analyzed) as compared to nonstimulated superna-

T a b l e  2

Microarray Performance Testing Results

Tested Parameter
ExcelArray 
Inflammation I

ExcelArray 
Inflammation II

ExcelArray 
Angiogenesis

ExcelArray 
Chemotaxis

Sensitivity (pg/mL; 
average, range)

2.8, 0.8–6.5 3.4, 1.7–6.3 5.1, 1.5–9.3 1.25, 0.1–5.8

Cross-reactivity of 
antibody pairs (%)

MCP-1&3 ≤5% 
All others ≤1%

All ≤4% All ≤5% All ≤2%

Recovery in Cell 
Culture Media (%; 
average, range)

97%, 84–117% 92%, 82–112% 99.8%, 82–119% 99.2, 86.9–
108.9%

Natural Sample 
Recognition 
(Yes/No,  
Stimulant)

Yes, PHA/Con A Yes, PHA/Con A/
PMA + Ionomycin

Yes, PHA/Con A Yes, PMA/PHA

Standard Curve 
Accuracy 
Four parameter 
curve fit (average 
R2 value)

R2 ≥ 0.990 R2 ≥ 0.999 R2 ≥ 0.98 R2 ≥ 0.98 
(MCP-3) 
R2 ≥ 0.990  
(others)

As outlined in Materials and Methods, the sensitivity, cross-reactivity, percent recovery, natural 
sample recognition, and standard curve accuracy were recorded for each analyte for each array.

Figure 2

Microarray false-color images of tested cell-cultured superna-
tants obtained from nonstimulated and stimulated peripheral 
blood mononuclear cells. (*) PHA used for Inflammation I, II, and 
Angiogenesis; PMA and ionomycin used for Chemotaxis.
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tants (Table  3). TNFα stimulation of A549 cells results 
in the increased expression of 12 cytokines and chemok-
ines (12/41 targets analyzed) as compared to nonstimu-
lated supernatants (Table  3). Interestingly, a significant 
decrease in the level of angiogenin was observed upon 
TNFα stimulation. Images of the unstimulated and 
TNFα-stimulated A549 cell-culture supernatants assayed 
on the Chemotaxis microarray reveal an increased pro-
tein expression level of seven target proteins (IL-8, I-309, 
IP-10, MCP-1, MDC, RANTES, and TARC) (Figure 3). 
These data are consistent with previously published data, 
specifically the increased expression of IL-8 as a result of 
TNFα stimulation.11,12

In conclusion, the use of Thermo Scientific Excel
Array antibody microarrays in these experiments enabled 
the simultaneous screening of 41 human cytokines and 
chemokines in experimental samples. These microarrays 
were used to rapidly analyze cytokine/chemokine levels 
in stimulated and nonstimulated Jurkat and A549 human 
cell-culture supernatants. The multiplexing capability of 
ExcelArray human microarrays results in time and sample 
savings over traditional ELISA methods. Furthermore, 
the ExcelArray microarrays contain thoroughly screened 
antibody pairs, proven slide printing and post-printing 
treatment parameters, and optimized protocols that are 
capable of detecting naturally expressed targets in model 
biological systems. These attributes yield a superior tool 
for cytokine/chemokine analysis as compared to tradi-
tional ELISA.
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Figure 3

Representative microarray images of (A) nonstimu-
lated A549 cell-culture supernatants and (B) TNFα-
stimulated A549 cell-culture supernatants. 


