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Abstract The large scale patterning of therapeutic pro-

teins is a key to the efficient design, characterization, and

production of biologics for cost effective, high throughput,

and point-of-care detection and analysis system. We

demonstrate an efficient method for protein deposition and

adsorption on nanoporous silica substrates in specific pat-

terns using a method called ‘‘micro-contact printing’’.

Multiple color-tagged proteins can be printed through

sequential application of such micro-patterning technique.

Two groups of experiments were performed. In the first

group, the protein stamp was aligned precisely with the

printing sites, where the stamp was applied multiple times.

Optimal conditions were identified for protein transfer and

adsorption using the pore size of 4 nm and thickness of

30 nm porous silica thin film. In the second group, we

demonstrate the patterning of two-color rabbit immuno-

globin labeled with fluorescein isothiocyanate and tetra-

methyl rhodamine iso-thiocyanate on porous silica

substrates that have a pore size 4 nm, porosity 57% and

thickness of the porous layer 30 nm. A pair of protein

stamps, with corresponding alignment markings and

coupled patterns, were aligned and used to produce a two-

colored stamp pattern of proteins on porous silica. Differ-

ent colored proteins can be applied to exemplify the diverse

protein composition within a sample. This method of

multicolor microcontact printing can be used to perform a

fluorescence-based patterned enzyme-linked immunosor-

bent assay to detect the presence of various proteins within

a sample.
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Introduction

Microcontact printing (lCP) is a method in which a stamp

is ‘‘inked’’ with specific molecules with subsequent depo-

sition of those molecules onto a substrate with well-

controlled pattern. Such a technique was first demonstrated

in the patterning of alkanetholate self-assembling mono-

layers (SAMs) on gold substrates (Kumar et al. 1994).

Since then, lCP has been extended to incorporate many

applications, including the patterning of functional proteins

for immunoassays and biosensors (Bernard et al. 2000;

Pattani et al. 2008). Furthermore, to enhance the diagnostic

power of immunoassays, multiple proteins can be patterned

on the same substrate and has been demonstrated in a

variety of ways (Inerowicz et al. 2002; Crozatier et al.

2006; Ghosh et al. 2008). The ability to print multiple

proteins on a single substrate and on such a small scale is

important in creating an efficient point of care detection

and analysis systems.

Enzyme-linked immunoabsorbent assay (ELISA) is a

technique used to detect the presence of specific antibodies

or antigens in a sample (Li et al. 2008). There are many

different types of ELISA, however, the sandwich ELISA

technique described here will be most applicable to the

investigation. It involves affixing an amount of antigen to a

surface specifically via a capture antibody and then wash-

ing the surface with a specific primary antibody. The

antigen binds to the primary antibody. The surface is

washed with a second solution containing an enzyme-

linked secondary antibody. The primary antibody is linked

to the enzyme-linked secondary antibody. Upon the
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addition of a particular substrate, the enzyme is converted

to a detectable signal. For example, in fluorescence ELISA,

when light of a specific wavelength is shone upon the

sample, the antigen–antibody complexes will fluoresce and

the amount of antigen in the sample can be inferred by the

magnitude of the fluorescence. Typical ELISA testing

requires long procedures; involving the use of microliter

well plates as well as generous amounts of reagents for

each immunoassay performed, and quantified using spec-

trophotometry comparisons with standards (Li et al. 2008;

Rolland et al. 2008; Stephan and Vieths 2004; Sun et al.

2010). Applications of ELISA include use in the food

industry to detect food allergens such as milk, nuts, and

eggs (Rolland et al. 2008; Stephan and Vieths 2004).

In this paper, we demonstrate an efficient method for the

deposition and adsorption of two different color-tagged

proteins on a single nanoporous silica substrate through

sequential application of the lCP technique. Furthermore,

we demonstrate the application of multicolor lCP for

multiple antigen detection in immunoassays by performing

a sandwich ELISA for the simultaneous detection of two

common allergens, ovomucoid found in egg white, and

casein found in milk. The ability to microcontact print and

detect multiple antigens in a single sitting, coupled with

fluorescence optical detection and quantification, has the

potential to lay grounds for more efficient immunoassays

and biosensors. The ability to also miniaturize and micro-

scale the immunoassay itself enables wider, more cost

efficient, varieties of biomedical point of care applications.

Experimental procedures

Fabrication of porous silica substrates

It has been shown that substrates functionalized with a

nanoporous silica thin film can be used to enhance protein

adhesion and adsorption onto the substrate surface through

physical means (Hu et al. 2009), more so than surfaces

functionalized by chemicals such as 3-aminopropyl-

triethoxysilane (APTES) or glutaraldehyde (GA) (Blinka

et al. 2010). All experimentations described in this paper

used nanoporous silica thin film functionalized substrates

characterized by 4 nm pores, 56% porosity, and 30-100 nm

thickness for optimal protein adsorption and adhesion.

These characterizations along with the nanoporous silica

substrate fabrication process are detailed in a paper by

Blinka et al. (2010). Figure 1 shows the schematic for

nanoporous silica substrate fabrication. The nanoporous

and rough surface of the substrate enhances absorption of

proteins by increasing the surface area of contact between

protein and substrate. In general, a polymer-silicate coating

solution was prepared and spin coated onto glass or silicon

substrate. The evaporation of solvent during spin coating

drives the formation of a silica-copolymer SAM of thin

film nanoscale dimensions. Pore sizes, thickness of the

film, and porosity of the film could be tuned through the

molar ratio of silicate to polymer and deposition rates.

Multicolor microcontact printing

Poly(dimethylsiloxane) (PDMS) stamps were fabricated

from hard silicon masters (Schmid and Michel 2000) with

100 lm diameter by 20 lm high circular patterns and four

corner alignment marks. The circular pattern on the two

separate stamps of a set alternated so that when aligned

correctly using the alignment marks, will form an alter-

nating pattern (ABABAB). Stamps with pattern A was

inked with a 5 lg mL-1 FITC-tagged (fluorescein isothi-

ocyanate) anti-rabbit IgG (Sigma-Aldrich) solution for

20 min. Stamps with pattern B was inked with a

5 lg mL-1 TRITC-tagged (tetramethyl rhodamine iso-

thiocyanate) anti-rabbit IgG (Sigma-Aldrich) solution for

20 min. Both stamps were washed with 0.01 M phosphate

buffer saline solution (PBS) and de-ionized water and dried

under nitrogen (N2) gas. Figure 2 shows the basic sche-

matic for lCP of a single protein onto nanoporous silica

substrate. Stamps A and B were sequentially brought into

contact with the nanoporous silica substrate for 1 min.

Printing was done manually using a home-built stamping

apparatus with a stamp-carrying part capable of microme-

ter level translation in the x, y, and z direction, to allow

alignment precision within 5 lm. In order to align the

stamps and create a patterned substrate of the two different

proteins, alignment markings on both stamps were aligned

with corresponding alignment markings on the substrate.

To visualize the alignment of the stamp with the substrate,

a microscope was positioned above the apparatus. Figure 3

shows the schematic for multiple lCP. Transferred protein

layers were analyzed by fluorescence (Olympus BX51) and

atomic force microscopy (AFM; Digital Instruments Series

Fig. 1 Schematic of the fabrication of nanoporous silica substrates

(Hu et al. 2009)
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IV, Veeco) for surface thickness and roughness to show

monolayer deposition of proteins.

Application of sandwich enzyme-linked

immunoabsorbent assay

The concept of multicolor lCP was used in an application

to a sandwich ELISA detection of two different common

food allergens, ovomucoid in egg white and casein in milk.

Protein sample extraction

A white hen egg (Hill Country) was purchased from a local

grocery store, cracked, and the egg yolk was separated

from the egg white. The egg white was diluted in PBS to

form a 25 lg mL-1 solution. Skim milk (Oak Farm) was

purchased from a local grocery store. The milk was heated

to 40�C and reacted with 2% vinegar (acetic acid) in a drop

by drop technique to separate the two milk proteins, whey

and casein. The whey was discarded and the casein was

diluted in PBS to form a 25 lg mL-1 solution. Both egg

white and milk solutions were then subjected to heated

ultrasonification using an ultrasonic cleaner (Crest 275) to

further break down the sample into a uniform solution.

Microcontact-printed sandwich ELISA

Stamps with one pattern (A) of 100 lm circles were inked

with a 5 lg mL-1 mouse anti-chicken ovomucoid (Cosmo

Bio) capture antibody solution for 20 min. Stamps with a

second pattern (B) were inked with a 5 lg mL-1 mouse

anti-casein kinase 1, c1 (Sigma-Aldrich) capture antibody

solution for 20 min. Both stamps were washed with 0.01 M

PBS solution and de-ionized water and dried under N2 gas.

Alignment of the stamps with the substrate surfaces and

printing was done manually using the home-built stamping

apparatus facilitated by a microscope positioned above the

apparatus. Stamp A was brought into contact with one

nanoporous silica substrate (A) and B, with a separate (B),

for 1 min.

To prevent non-specific binding, 20 lL of 5% bovine

serum albumin (BSA) solution was pipetted onto the sur-

face of the substrates over the protein stamped area in a

blocking step. The samples were incubated overnight at

4�C and then triple washed at 5 min intervals using 0.01 M

PBS solution. 20 lL of the egg white sample solution was

pipetted onto the surface of substrate A and 20 lL of the

milk sample solution, onto the substrate B. Both samples

were incubated for 2 h at room temperature and then

washed in the same manner as previously. 20 lL of

5 lg mL-1 rabbit anti-chicken ovomucoid (Alpha Diag-

nostic International) primary antibody was pipetted onto

Fig. 2 Schematic of the microcontact printing process

Fig. 3 Schematic of multiple

microcontact printing. The

alignment marks on the two

stamps were aligned with

corresponding alignment marks

on the nanoporous silica

substrate to ensure a patterning

of the two different proteins
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the surface of substrate A and 20 lL of 5 lg mL-1 rabbit

anti-casein kinase 1, a1 (Sigma-Aldrich) primary antibody,

onto substrate B. Samples were incubated for 2 h at room

temperature and then subjected to a washing step. 20 lL of

5 lg mL-1 of FITC-tagged anti-rabbit IgG was pipetted

onto the surface of substrate A and 20 lL of 5 lg mL-1 of

TRITC-tagged anti-rabbit IgG, onto substrate B. Samples

were incubated for 1 h at room temperature and then

subjected to a final washing step. Figure 4 shows the

schematic for microcontact-printed sandwich ELISA pro-

cess and the theoretical molecular structure of a single

microcontact-printed sandwich ELISA on the surface of a

nanoporous silica substrate. Each substrate was viewed by

fluorescence microscopy (Olympus BX51) for positive

detection of component antigens.

Results and discussion

Quantification of Multicolor microcontact-printed

proteins

Fluorescence observations

It was first demonstrated that two different proteins could

be simultaneously microcontact printed onto a single

substrate via careful manual alignment of a set of com-

plementary stamps to the nanoporous silica substrate,

facilitated by corresponding alignment markings on both

stamps and substrate. The nanoporous silica substrate was

put under a fluorescence microscope and excited under the

FITC filter (excitation wavelength *490 nm) and the

TRITC filter (excitation wavelength *557 nm). Both

proteins fluoresced under their respective filters. Under the

FITC filter, only the FITC rabbit IgG circular pattern

showed positive green fluorescence, while TRITC rabbit

IgG showed negative fluorescence. Under the TRITC

filter, only the TRITC rabbit IgG circular pattern showed

positive red–orange fluorescence, while FITC rabbit IgG

showed negative fluorescence. This indicates successful

transfer of the proteins and hence successful multicolor

lCP of two different proteins on the same substrate.

Figure 5 shows the resulting fluorescence microscopy

pictures. As shown in the overlay, the alignment of the

two stamps on the substrate was relatively precise, giving

a small amount of displacement (about 30 lm). Because

the stamping was manually performed and relative pre-

cision was eyeballed, there is large room for human error.

Although 30 lm may seem small, on a nanoscale level, it

is relatively large. Future improvements to the lCP

apparatus, perhaps even development of an automated

apparatus, will potentially increase the precision and

accuracy of alignment. However, such is beyond the

scope of this paper, and as shown by the overlay, a suc-

cessful multicolor multicontact printing of two different

proteins was demonstrated.

Quantification of printed protein layers

The stamped protein layers were analyzed using AFM

microscopy and Vernier LabPro to evaluate the consistency

of the transfer of the from PDMS stamp to nanoporous

silica substrate. Ten FITC protein circles and five TRITC

protein circles were arbitrarily chosen on the substrate and

evaluated for protein layer thickness and surface rough-

ness. To calculate thickness data, AFM pictures were

divided into regions of protein coverage and regions of

background. 1 lm2 areas were taken from the area where

the regions bordered each other. For each area, the back-

ground height was subtracted from the protein layer height

to get a thickness value. A similar method of calculate

surface roughness was used. Figure 6 shows fluorescence

and AFM images obtained from a single circle of both

FITC and TRITC-labeled microcontact-printed proteins.

Fig. 4 a Theoretical molecular

structure of a single sandwich

ELISA. The ultimate binding of

the detecting secondary

antibody, tagged by a

fluorophore, enables optical

detection when excited by a

light source. b Schematic of the

microcontact sandwich ELISA

process. The capture antibody is

microcontact printed onto the

nanoporous silica substrate

surface. Subsequent pipetting of

specific antibodies builds and

completes the sandwich ELISA
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Fig. 5 Top, left to right: PDMS stamp used to stamp FITC rabbit IgG

antibodies; PDMS stamped used to stamp TRITC rabbit IgG

antibodies; nanoporous silica substrate. All three have corresponding

alignment markings to facilitate accurate stamping. Bottom, left to

right: Fluorescence microscopy pictures of substrate viewed under

FITC filter; substrate under TRITC filter; overlay of the two pictures.

The proteins on the substrate fluoresced under respective filters and

the overlay demonstrates preciseness of alignment and no overlapping

Fig. 6 Fluorescence and AFM

images of both FITC and

TRITC-labeled circular

microcontact-printed proteins
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Table 1 shows the resulting overall average thickness and

roughness for the FITC and TRITC proteins.

The average thickness of the FITC protein layer

deposited onto the nanoporous substrate was 8.496 nm

with a standard deviation of 1.064 nm. The average surface

roughness was 0.301 nm. The average thickness of the

deposited TRITC protein layer was 9.271 nm with a stan-

dard deviation of 1.075 nm. The average surface roughness

was 0.656. The dimensions of IgG have been reported as

8.5 9 14.4 9 4 nm (Lee et al. 2002). The height dimen-

sions observed for the printed protein molecules are con-

sistent with these accepted dimensions for rabbit IgG. This

indicates that the lCP method was, on average, able to

consistently deposit a single monolayer of rabbit IgG

antibodies onto the surface of the nanoporous silica sub-

strate. Furthermore, the average surface roughness is rela-

tively low, at most 0.66 nm, indicating the layer deposited

onto the substrate is relatively uniform and coverage

(Blinka et al. 2010).

Microcontact-printed sandwich ELISA

The ability to incorporate the lCP technique to perform

a sandwich ELISA on the surface of a nanoporous silica

substrate was demonstrated. The detection of common

allergens egg white protein ovomucoid and milk protein

casein was performed. The two sample substrates were

observed under a fluorescence microscope under FITC

and TRITC filters. Both samples fluoresced under their

respective filters indicating positive detection of the

allergens and successful microcontact-printed sandwich

ELISAs. FITC-detected ovomucoid fluoresced green

under the FITC filter while showing negative fluores-

cence under the TRITC filter. TRITC-detected casein

fluoresced red–orange under the TRITC filter while

showing negative fluorescence under the FITC filter. The

detection method was therefore successfully specific to

the desired allergen under examination. Figure 7 shows

the fluorescence microscopy pictures of both sample

substrates.

Conclusion

In this paper, we describe a method for multicolor lCP on

nanoporous silica substrate that allows for more efficient

detection of multiple proteins on a single substrate with a

potential of enhancing diagnostic power of immunoassays.

In addition, we demonstrate the capability to perform a

miniaturized sandwich ELISA to detect common food

allergens, such as egg white ovomucoid and milk casein,

on nanoporous silica substrate using the lCP technique.

The use of nanoporous silica membranes as substrate

material allows versatile surface functionalization and

provides for better protein adhesion and adsorption (Blinka

et al. 2010). The ability to microcontact print multiple

proteins onto the same substrate surface allows for high-

throughput manufacturing of compact systems with planar

device structures, ideal for detection on-chip designs.

Furthermore, such capability has great potential in

increasing the efficiency of immunoassays, such as sand-

wich ELISAs, with the ability to detect two antigens

simultaneously. With further extension of the multicolor

lCP method described here, a sandwich ELISA of two

different antigens could be conducted on the same sub-

strate. Food samples containing both egg white and milk

would be able to be detected simultaneously on the same

substrate.

Table 1 Thickness and roughness measurements of printed proteins

Proteins Number of

samples

Thickness

(nm)

Roughness

(nm)

Standard

deviation (nm)

TRITC 5 8.496 0.301 1.064

FITC 10 9.271 0.656 1.075

Fig. 7 Fluorescence

microscopy pictures of the

microcontact-printed sandwich

ELISAs on nanoporous silica

substrates. a FITC-tagged egg

white ovomucoid and b TRITC-

tagged milk casein
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