
Ultramicro protein arrays for cytokine detection 
 

K. Radke*, K. Ryckman*, **, S. Nettikadan*, M. Lynch*, C. Mosher*, J. Xu* and E. Henderson*, ‡ 
 

* BioForce Nanosciences, Inc., Ames, IA, USA, snettikadan@bioforcenano.com 
** Vanderbilt University, Nashville TN, USA 

‡  Iowa State University, Ames, IA, USA 
 

 
ABSTRACT 

 
Several solid phase microarray based methods for the 

detection of genomic materials have been developed 
based on amplifying the target molecules. Since proteins 
cannot be amplified, a similar approach to protein 
detection faces some unique technical hurdles. The spot 
size limitation of microarray methods is among the 
primary contributor to these difficulties. Miniaturization 
of capture domains will enable the analysis of extremely 
small volumes of samples that cannot be amplified or 
replaced (e.g., cancer biopsy material). We have 
developed instrumentation (NanoArrayer™), surface 
patterning tools (SPT™s) and methodology to construct 
functional ultramicro arrays. In this report we describe the 
application of ultramicro antibody arrays for the capture 
and detection of mouse cytokines from small volumes.  
 
Keywords: Ultramicro array, protein array, cytokine, 
femtogram 
 

1   INTRODUCTION 
 

The need for rapid, sensitive, low cost detection and 
quantification of proteins has resulted in an explosive 
development in the field of protein microarrays.  In recent 
years, protein microarrays have become an indispensable 
tool in proteomics by carrying out traditional biochemical 
assays in miniaturized high throughput format. These 
include arrays of purified proteins to study the 
biochemical function on the proteome scale (1), arrays of 
antigens for seroprofiling (2), arrays of cell lysates or sera 
(also called reverse phase arrays) (3) and arrays of 
antibodies to detect specific proteins (4).   

Although protein microarrays have been of immense 
use in proteomics, one of the major limitations has been 
in the detection of low concentration proteins. Unlike its 
predecessor, the DNA microarrays, protein samples 
cannot be amplified and hence can limit the amount of 
material that is available for analysis. Also in cases such 
as biopsies and laser capture microdissection (LCM) 
samples, very small amounts of material are available for 
multiple tests. Further reduction in size of the capture 
domain should alleviate some of the difficulties with 
microarrays. Reduction in size should result in reduced 
sample requirements, faster chemistry, lower cost and 
potentially higher sensitivity (5). 

 We have developed the instrumentation 
(NanoArrayer™), tools (SPT™s) and the methodology 
for the construction of ultramicro arrays (6, 7). Ultramicro 
arrays are defined as “arrays with domain sizes in the 1-
20 µm range”. The NanoArrayer can be used to construct 
proteins arrays with spot sizes as small as 1 µm with a 
pitch of 2 µm (8). Since even these small arrays are 
resolvable by optical methods, it makes them available for 
a large number of researchers. Ultramicro arrays can be 
easily integrated into lab-on-a chip concepts, 
microfluidics systems and they enable the development of 
novel applications. 
 In this report, we demonstrate the feasibility of 
the construction of ultramicro cytokine capture arrays. We 
present data of ultramicro arrays, with domain sizes of 
5 µm and a pitch of 10 µm, capable of capturing 
cytokines specifically with a sensitivity of 10 pg/ml. We 
demonstrate that this level of sensitivity is achievable 
from only 1 µl of sample, resulting in an absolute 
sensitivity in the order of femtograms. This level of 
sensitivity from low volumes of samples should be 
sufficient to analyze cell lysates from a few cells, LCM 
samples and biopsy samples.  
 
 

2 MATERIALS AND METHODS 
 
2.1 Antigens and Antibodies  

 
The capture antibodies used in this study were rabbit 

anti-mouse Tumor Necrosis Factor-α polyclonal antibody 
and rabbit anti-mouse Interleukin-1α affinity purified 
polyclonal antibody (Chemicon Intl.). All of the 
recombinant proteins including, TNF-α and IL-1α were 
purchased from R&D Systems Inc. Biotinylated anti-
mouse IL-1α (R&D Systems Inc.) and biotinylated anti-
mouse TNF-α  (Pierce Endogen) were used as the 
detection antibodies. Alexa Fluor 488 goat anti-rabbit IgG 
and Alexa Fluor 594 Streptavidin (Molecular Probes) 
were used to generate the fluorescent signals.  
 
2.2 Substrates 
 
 The substrates were made from a polished <111>-
silicon wafer. The wafer was first cleaned by RCA 
standard cleaning process. The wafer was coated with 
positive photoresist and exposed to UV light using a pre-
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made photomask corresponding to 4mm chips with 15 X 
15, 100 µm square pad array with a pitch of 120 µm. Each 
chip also contained an alphanumeric index for easy 
localization of the protein array. The UV exposed 
photoresist was removed and the pattern was used as a 
hard mask to etch the exposed surface of silicon by RIE 
(reactive ion etching). The photoresist-protected area was 
embossed on the wafer surface. The etched wafer was 
coated again with a thin layer of photoresist to protect the 
surface during dicing. The chips were sequentially soaked 
and rinsed in acetone, ethanol and deionized water prior 
to O2 plasma treatment (10 min) to completely remove the 
photoresist. 
 Freshly cleaned chip surfaces were coated with a thin 
film of chromium (5 nm) and gold (10 nm) using a dual-
gun, ion beam sputterer operating at 4 mA and 6-7 keV 
(IBC 2000, South Bay Technologies, CA). The sputtered 
coated chip surfaces were immediately immersed into a 1 
mM solution of Prolinker B (Proteogen, Korea) in 
chloroform and incubated for 1 hr to form an amine 
reactive surface. The surfaces were washed in chloroform 
and distilled water, blown dry using a stream of dry 
nitrogen and stored in an inert atmosphere flushed with 
nitrogen. 
 
2.3 Instrumentation (NanoArrayer™) 

 
 The instrumentation used to construct the ultramicro 
arrays was designed and constructed at BioForce 
Nanosciences and is termed the NanoArrayer™. The 
NanoArrayer enables the direct transfer of materials onto 
various surfaces with high spatial resolution. Full details 
of the NanoArrayer instrumentation will be reported 
elsewhere (6).  In brief, the NanoArrayer consists of 
precision motion control X and Y axes stages, a coarse Z 
axis stage, a high precision fine Z axis stage, a video 
monitoring system, an environmental control system for 
the instrument enclosure, a local environmental control 
system at the array construction surface, a force feedback 
system to control and maintain printing force, and a 
graphical user interface (GUI) for easy pattern design and 
instrument control. 
 Visual access during the deposition process is 
achieved by incorporating an optical system that includes 
a long working distance, high magnification lens coupled 
to a motorized sliding tube (for focus control) and an 
imaging CCD camera. 
 
2.4 Surface patterning tool (SPT™) 
 
 The SPTs are microcantilever devices that have been 
specifically designed to facilitate material flow and 
transfer to surfaces with high reliability and efficiency. 
These can be used to precisely transfer attoliter volumes 
of liquids onto surfaces (8). Typical designs include 
features such as a reservoir for the material to be 
deposited, channels to transport these materials to the 

distal end of the microcantilever and micron scale gaps at 
the distal end to control material flow on the surface. 
These devices are described in detail in Xu et al. (7)   
 
2.5 Array Construction 
 
 The SPTs are treated by exposure to ultraviolet light 
and ozone in a TipCleaner™ (BioForce Nanosciences, 
Inc.) for 30 min in order to render the device surface 
hydrophilic. Capture antibodies are mixed 1:1 in a 
spotting buffer (BioForce Nanosciences) and 1µl of this 
mixture is placed onto a glass cover slip. The SPT and the 
coverslip containing the protein droplet are mounted into 
the NanoArrayer stage and the distal end of the SPT 
cantilever is immersed into the protein droplet, thereby 
loading the SPT. The protein solution that spontaneously 
wicks into the hydrophilic SPT is sufficient for the 
construction of several hundred ultramicro domains. The 
dimensions of the deposited protein domains are 
determined by the geometry of the distal end of the SPT, 
the duration, angle and force of contact of the SPT with 
the substrate, the chemical nature of the substrate and the 
humidity levels at the deposition surface. 
 
2.6 Standard assay 

 
The capture antibodies were diluted 1:1 in protein 

spotting buffer and loaded onto the SPT in a serial 
fashion. After arraying each antibody, the SPT was 
washed, treated with UV/ozone and loaded with the next 
antibody. Antibody arrays (5 X 5) with 10 µm pitch were 
constructed on Prolinker B surfaces. A minimum of 5 
arrays was constructed on each chip. The chips were 
incubated overnight at 70% humidity at room 
temperature. 

The chips were then blocked with 1X ViriBlock 
solution (BioForce Nanosciences) at room temperature for 
30 min on a rocker. The chips were then washed with 
dH2O and blown dry using a stream of dry nitrogen. The 
chips were incubated with 10 µl of the corresponding 
antigen at room temperature for 1 hr in a humid 
environment. The chips were washed in PBST two times 
for 5 min each and tagged with the corresponding biotin 
labeled anti-cytokine antibody (diluted 1:1000 in PBST) 
for 1 hr at room temperature.  The chips were then 
washed in PBST 2 times, 5 min each and tagged with 
Alexa Fluor 594-streptavidin (diluted 1:1000 in PBST) 
and Alexa Fluor 488-goat anti-rabbit IgG corresponding 
to the capture antibody arrayed (diluted 1:1000 in PBST). 
In the absence of Alexa Fluor 594 signal, Alexa Fluor 488 
was used to ensure that the capture antibody was arrayed 
on the surface. The surfaces were then washed three times 
in PBST (3 X 10 min) and then observed by a 
fluorescence microscope. 
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Data Capture and Analysis 
 
A Nikon inverted microscope, TE 2000U, equipped 

with 40X oil objective and filter sets for Cy2 (Alexa 
488) and Alexa 594 dyes was used for fluorescence 
imaging. Images were captured using a cooled CCD 
digital camera with 1.3 Mega pixel resolution. The net 
fluorescent intensity (raw-background intensity) of the 
arrayed spots was obtained using Array Pro Analyzer 
software (Media Cybernetics). Statistical calculations 
were carried out using Microsoft Excel and the results 
were graphed using Sigma Plot (SPSS Inc.). Each 
experiment was repeated at least 3 times with at least 5 
arrays for each attempt. Each data point on the graph was 
the statistical average of at least 15 different data sets.  

 
 

3. RESULTS 
 

Multiplexed antibody arrays of capture antibodies 
against TNF-α and IL-1α were constructed on a Prolinker 
B surface using the NanoArrayer. A single lever SPT was 
used for the construction of these arrays and hence the 
antibodies were deposited in a sequential manner. Capture 
antibodies against TNF-α were deposited first as a 3 X 6 
array with 10 µm pitch. The spots were elliptically shaped 

with a radius of ~3 µm along the short axis and ~5 µm 
along the long axis.  The elliptical spot morphology was 
due to the extended contact area along the axis of the 
microcantilever. The SPT was removed from the 
NanoArrayer, washed thoroughly in water and ethanol, 
treated with UV/Ozone and then loaded with the antibody 
against IL-1α. The graphical user interface and the high 
precision stages enabled the construction of a 3 X 6 array 

of anti-IL-1α adjacent to the anti-TNF-α array to form a 6 
X 6 multiplexed array.  The presence of capture 
antibodies in the deposited array was demonstrated by 
labeling the array with Alexa 488 goat anti-rabbit IgG. 
The fluorescence data from one such array is presented in 
Figure 1. The data presented in Figure 1 shows that the 
IL-1a spots are narrower and elongated in comparison to 
the TNF-a spots. This fact could be attributed to the 
difference in contact force during the deposition process 
and the change in contact angle of the SPT with the 
surface. 

 
Figure 2.  Specificity of capture. Arrays of anti-TNF-
α and anti-IL-1α were used to determine the capture
efficiency of nine different cytokines. The graph
illustrates that the antibodies only captured their
cognate antigens. 

 
 

  Fig 1a.            Fig 1b 
 
Figure 1. Ultramicro array for cytokine capture. A
multiplexed array with antibodies against TNF-α
(first 3 columns) and IL-1α (last three columns) was
constructed. The capture antibodies were labeled
with anti-species antibody (fig 1a). The array was
then used to capture TNF-α (fig 1b). The data
clearly show the specificity of capture. The
detection signal was obtained using standard
sandwich fluorescence assay. 

The functionality of the antibody arrays was 
demonstrated by incubating the multiplexed arrays with a 
biologically relevant concentration of 10 ng/ml of TNF-α. 
The data presented in Figure 1b clearly demonstrates that 
only its cognate antibody spots captured TNF-α. This data 
demonstrates that a multiplexed ultramicro antibody array 
can be used for specific capture of cytokines. ELISA 
cross reactivity studies for these pairs of capture 
antibodies agrees with the data obtained with the 
ultramicro arrays (data not shown).  

To further demonstrate the specificity of capture of 
the ultramicro arrays, antibody arrays against TNF-α and 
IL-1α were incubated with nine different mouse cytokines 
(IL-1α, IL-1β, IL-2, TNF-α, GM-CSF, IFN-γ, IL-4, IL-5 
and IL-6). The results presented in Figure 2 indicate that 
the capture is highly specific and no cross reactivity was 
observed among the nine different cytokines.  

Arrays of anti-IL-1α were incubated with a 10-fold 
serial dilution of IL-1α to determine the sensitivity of 
capture by the ultramicro arrays. The results presented in 
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Figure 3 indicate that with the current labeling strategies 
and readout methods, the ultramicro arrays can detect IL-
1α at approximately 10 pg/ml. However since only 1 µl 
of cytokine is required to obtain this level of sensitivity, 
the effective sensitivity of the ultramicro array system is 
approximately 10 femotograms.  

 

The dynamic range of the capture data present in 
Figure 3 is 1.5logs. This relatively low range is due to the 
limitations in the dynamic range of the camera at defined 
gain settings. This limitation can be overcome by varying 
the gain of the camera at higher protein concentrations 
thereby preventing the camera signal from becoming 
saturated.  By varying the gain of the camera, the dynamic 
range of the capture assay should be increased by a 
minimum of 2-3 logs. 

 
 

4. DISCUSSION 
 

In this report we have demonstrated the construction 
of functional ultramicro antibody arrays and its 
application in detection of mouse cytokines in a standard 
sandwich assay. The protein spots have an average area of 
approximately 10 µm2, which is about 3000-fold less than 
a standard microarray spot of 200 µm diameter. This 
reduction in area of the capture domains enables the 
construction of higher density microarrays. A multiplexed 
array consisting of different capture domains can be 
constructed in the same amount of area required for one 
microarray spot. This feature enables the analysis of 
multiple analytes from a very small volumes. We have 
demonstrated this by capturing and detecting IL-1α from 
1 µl sample volume with a sensitivity of approximately  
10 pg/ml. This level of sensitivity may be sufficient to 

carry out protein analysis from lysates or the supernatant 
of a few cells or even a single cell.  
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