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Abstract 

The primary barriers to multiplexed point of care immunoassays are: (1) cost; (2) 

response time; and (3) sample handling. Described herein is a self-contained, 

multiplexed immunoassay platform for point of care detection that leverages a number 

of enabling technologies to address these barriers. This platform is referred to as the 

“D4” assay, as it is composed of the following four sequential, concerted events (Figure 

1): (1) Dispense (droplet of blood); (2) Dissolve (printed reagents on chip); (3) Diffuse 

across surface; (4) Detect binding event.  

 

Figure 1: Schematic of the D4 Assay. 



 

 

v 

The D4 assay process begins when a finger-stick is administered and the 

resulting droplet of blood is applied to the surface of a detector chip.  Hydrophobic ink 

printed onto the surface of the chip confines the blood droplet to a non-fouling region 

containing soluble, labile spots of detection antibodies and insoluble, non-labile spots of 

capture antibodies. As the soluble detection antibodies are dissolved from their printed 

spots by the droplet of blood, three serial events occur to generate signal (Figure 2): (1) 

the first half of the detection complex is formed by the binding of analytes present in 

blood to the stable capture agent spots; (2) diffusion of the blood laterally through the 

polymer brush, resulting in the dissolution and diffusion of soluble detection antibody 

spots; (3) solubilized detection antibodies bind to their respective analyte-capture agent 

spots, completing the detection complex and resulting in signal generation at the 

position of the non-labile capture antibody spots.  

This assay relies upon the ability of labeled detection antibodies, printed into a 

nonfouling brush as “labile spots”, to be carried by blood flow to adjacent rows of stably 

immobilized capture antibodies by diffusion of the analyte solution (Figure 2). 

Generation of signal at a given capture spot location provides identification of 

individual analytes (positives).  Quantification of the concentration of the different 

analytes is carried out identically to a conventional fluorescence immunoassay by pre-

calibration of the system using a dilution series of the analyte spiked into whole blood. 
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Figure 2: D4 assay format. Two types of spots are printed on the chip: 1) stable 

spots of capture antibodies, which capture the analyte from blood and form the 

bottom half of the detection complex, and 2) soluble detection antibody spots which 

dissolve, label the target, and form the top half of the detection complex 

The D4 assay addresses several critical needs in point of care testing: First, the 

cost of testing is reduced through miniaturization, multiplexing and one-step, on-site 

processing of undiluted whole blood obtained from a finger stick.  Second, in order to 

simplify the immunoassay process, the D4 relies on diffusion to bring spatially localized 

reagents together to create a functional assay and thereby eliminate the need for liquid 

transfer steps, microfluidic manipulation of sample or reagents, and wash steps. Third, 

this multiplexed platform is capable of screening for a panel of markers in a single drop 

of blood with no sample preprocessing.  Fourth, the assay is fast, which alleviates the 
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difficulties often associated with communicating the outcome of diagnostic tests. A 

prototype of the D4 assay is shown in Figure 3 below. 

 

Figure 3: (A) Glass slide with POEGMA brush is stamped with grid of wax, 

and an antibody array is spotted in the center of a single wax corral. (B) Magnification 

of inner 4x4 antibody array surrounded by spots containing soluble fluorescent 

detection antibodies. (C-E) Actual assay—(C) Dispense blood, (D) incubate for 5 min; 

and (E) displace blood droplet with 1 mL of eyedrops from squeeze bottle. All images 

were acquired by handheld digital camera except image (B), which was acquired with 

a fluorescence slide scanner. 
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Summary 

This document traces the evolution of the D4 point of care test (POCT) platform 

over the past decade, which occurred in three stages.  In the first stage from 2003-2006, 

Ma and Chilkoti developed a protein and cell resistant surface coating by surface 

initiated polymerization of a PEG-containing monomer that is widely applicable to 

different materials such as gold, glass, and plastics; these results are summarized in 

sections 1.2, 1.3 and 3.1 and references therein. In the second stage, described in sections 

1.5 and 3.2, we developed the precursor of the D4 POCT.  This was a conventional 

antibody microarray that allowed multianalyte sandwich immunoassays to be carried 

out on the POEGMA rush.  This precursor platform has the following important 

attributes that were highly relevant to the subsequent development of the D4 POCT: (i) 

Capture antibody spots are printed on the POEGMA brush by inkjet printing with no 

covalent chemistry—this greatly simplifies fabrication of the D4 POCT; (ii) Printed chips 

can be stored at ambient conditions with no need for hydration or refrigeration for over 

two months because the POEGMA brush provides sufficient interfacial bound water of 

hydration to preserve antibody structures at room temperature, which eliminates the 

“cold chain” required for storage of most antibody functionalized surfaces; (iii) The 

platform requires only 10-20 µl of blood depending on the number of analytes to be 

tested, and because the POEGMA brush resists protein adsorption and cell adhesion, it 

enables sandwich fluoro-immunoassays to be carried out in whole blood.  This 
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precursor platform solved many of the problems of POCTs, but did not solve the 

problems of reagent incubation and rinse steps or the need for a cheap and portable 

point of care detector (a conventional fluorescence microarray slide scanner was used for 

quantification of this precursor platform).  In the third and current stage of evolution of 

this POCT platform, described in sections 4, 5 and 6, we focused on: (1) developing a 

self-loading and sealing chip design to contain the blood in order to address safety 

concerns; (2) eliminating all reagent incubation and rinse steps via a passive, 2-D 

diffusion driven mixing design, and (3) developing a low cost 3-D printed detector that 

works with a smart phone camera to provide quantitative readout of the assay. Each of 

these steps in the development of the D4 POCT is described in greater detail in the 

following sections. 
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1. Review of Non-fouling POEGMA Surfaces 

Protein resistant or “non-fouling” surfaces are of great interest for a variety of 

biomedical and biotechnology applications. This chapter briefly reviews the 

development of protein resistant surfaces, followed by a description of a specific 

methodology to fabricate non-fouling polymer brush surfaces by surface-initiated 

polymerization. These polymer brushes present short oligo(ethylene glycol) sidechains 

and are exceptionally resistant to protein adsorption and cell adhesion.  

The importance of the protein and cell resistance conferred by these surface 

tethered brushes is illustrated by their use as substrates for the fabrication of antibody 

microarrays that exhibit femtomolar limits of detection in complex fluids such as serum 

and blood with relaxed requirements for intermediate wash steps.  This example 

highlights the important point that the reduction in background noise afforded by 

protein resistant surfaces can greatly simplify the development of clinical immunoassays 

with increased sensitivity and utility. 

1.1 Introduction 

The use of protein resistant or “non-fouling” surfaces is of great interest for a 

variety of biomedical devices where the prevention of unwanted adsorption of proteins 

is critical to the performance of the device.[1] Examples of applications in which 

reducing protein adsorption can be beneficial range from in vitro diagnostics where 

adventitious adsorption can compromise the sensitivity of the diagnostic, to in vivo 
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applications such as biomedical implants where protein adsorption can lead to an 

undesirable sequence of events that can include thrombus formation or fibrosis and scar 

tissue formation. Indeed, the importance of protein resistance in medicine and 

biotechnology spans length scales from the macroscopic to the molecular: modification 

of the macroscale surfaces of clinical diagnostics with protein resistant polymers can 

significantly increase their analytical sensitivity, while modification of nanoscale drug 

delivery vehicles, such as polymer micelles and liposomes, and the molecular surfaces of 

protein pharmaceutics with this class of polymers can confer long in vivo circulation 

times and thereby improve their efficacy.[2]  As an example of the practical utility of 

protein resistance, this chapter will demonstrate the important point that the reduction 

in background noise afforded by protein resistant surfaces is an often overlooked 

alternative to signal amplification for the development of heterogeneous –surface based– 

clinical and proteomic assays with high signal to noise and consequently low limits-of 

detection (LOD).[3]  

To date, the most common approach to reduce protein adsorption on a surface is 

via a coating of poly(ethylene glycol) (PEG).[4] Although the kinetic and 

thermodynamic origins of the protein resistance of PEG are still debated,[5-11] studies 

over the last few decades have shown that surface modification with long-chain PEGs 

(nominally defined as PEGs with a molecular weight of ≥ 2000 Da) can significantly 

reduce protein adsorption. Consequently, many methods to immobilize PEG on surfaces 
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have been developed that include physisorption,[12-15] chemisorption,[16-18] covalent 

grafting of PEG onto surfaces,[19, 20] and plasma polymerization of oligo(ethylene 

glycol) (OEG) precursors.[21] With the exception of plasma polymerization, these 

approaches involve the deposition of PEG onto a surface from solution. Grafted or 

adsorbed PEG on surfaces decreases the adsorption of proteins, but most of these 

approaches to surface modification with PEG or PEG-containing copolymers do not 

reduce the adsorption of proteins below the nominal limit of several ng cm-2, which can 

be considered a useful operational definition for protein resistance as it is the 

approximate limit-of-detection (LOD) of most label-free interfacial detection techniques 

such as surface plasmon resonance (SPR).[22] The limited success of physisorption and 

covalent grafting (the “grafting to” approach) in reducing protein adsorption has been 

attributed to the low surface density of PEG chains on the surface (e.g., < 4 g cm-2),[23] 

because of the excluded volume effect.[24, 25]  

A breakthrough in the development of protein resistant materials came from the 

work of Prime and Whitesides, who showed that self-assembled monolayers (SAMs) of 

OEG-terminated alkanethiols (OEG-SH) confer protein resistance to gold, as determined 

by SPR.[16] Although OEG-SH SAMs on gold exhibited significantly better protein 

resistance than grafted PEG, they have several limitations. Substrates which can be 

modified with these SAMs are limited to metals, and because SAMs are a single 

molecular layer, they have limited robustness, which is further exacerbated by the 
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existence of defects in the SAM[26-28]and the propensity of the chemisorbed thiolate to 

oxidize.[29, 30] Nevertheless, OEG-SH SAMs yielded two important insights into the 

protein-resistance of PEGylated surfaces.  First, they clearly demonstrated that long 

chain PEGs were not essential to limit the adsorption of proteins, as OEG-SH SAMs 

outperformed most surfaces modified with longer chain PEGs.  Second, studies by 

Grunze and colleagues on the origin of the non-fouling properties of OEG-SH SAMs on 

gold suggested that their protein resistance is controlled by two primary structural 

features: the terminal hydrophilicity of the head-group combined with the formation of 

a dense, but disordered OEG brush with significant penetration of water into the OEG-

SH SAMs.[6] Together, these insights suggested that alternative macromolecular 

architectures (i.e., those other than linear, long chain PEGs) might also confer protein 

resistance to surfaces. 

Recognizing that methods to synthesize non-fouling coatings that combine the 

advantages of SAMs –high surface density and ease of formation– with those of 

polymers –thicker, more robust films with versatile architecture and chemistry– are of 

significant interest for a variety of applications, Chilkoti et al. focused their attention on 

surface-initiated polymerization (SIP) to investigate the in situ synthesis of a high 

density coating of a PEGylated polymer at a surface.[31]  SIP is carried out by the 

immobilization of a polymerization initiator onto a surface, followed by polymerization 

of the desired monomer solely from the surface. SIP was chosen because it had been 
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shown to enable the synthesis of polymer brushes with a high surface density of up to 

~8.5 g cm-2 with good control of surface thickness.[32, 33] Chilkoti et al. hypothesized 

that coatings of this nature would be a prerequisite for protein resistance, based on the 

findings of Whitesides, Grunze and others.[6, 16, 34]  

Many polymerization mechanisms have been realized in a SIP format, including 

living cationic and anionic polymerization,[35, 36] ring-opening metathesis 

polymerization,[37, 38] condensation polymerization,[39, 40] free radical 

polymerization,[32, 41-43] and atom transfer radical polymerization (ATRP).[44-47] The 

Chilkoti group chose ATRP largely because it is simple to perform, affords good control 

of polymerization kinetics, and is compatible with a range of solvents. The commercial 

availability of oligo(ethylene glycol) methacrylate (OEGMA), a PEG-like, ATRP-

compatible monomer, also made ATRP a convenient choice. 

1.2 Growth of POEGMA functionalized polymer brushes on 
surfaces 

Using surface initiated atom transfer radical polymerization (SI-ATRP), 

poly(OEGMA) brushes have been grown on gold and silicon oxide.[31, 48, 49] Figure 4 

shows the scheme that was employed to grow poly(OEGMA) from gold and glass. [48] 

In the example shown here, the attachment of the initiator was achieved by the synthesis 

of bifunctional molecules that contained an ATRP initiator at one end (a 

bromoisobutyrate moeity), and a thiol (Figure 4B) or silane (Figure 4C) moiety at the 
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other end, to allow one-step functionalization of the surface with the initiator via the 

formation of an alkanethiol SAM on gold or a silane layer on glass.  

 

Figure 4: (A) Schematic illustration of SI-ATRP of OEGMA strategy to create a 

protein-resistant surface. Molecular structure of (B) thiol-terminated initiator, and (C) 

silane-terminated initiator. [48] 

We have recently used an alternative method for the attachment of the ATRP 

initiator on glass, which does not require independent synthesis of the 

bromoisobutyrate-terminated silane. The glass surface is initially functionalized with a 

commercially available, amine-terminated silane, which is easily modified to present the 

bromoisobutyrate initiator, and is described in the enabaling technologies chapter.[3, 50] 

ATRP in general, and that of OEGMA in particular, has several important 

attributes that are relevant for the modification of surfaces of diverse materials with a 

protein resistant coating. First, ATRP initiators can be easily immobilized onto surfaces 

by various methods such as covalent coupling, Langmuir-Blodgett deposition, plasma 
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grafting and chemical self-assembly.[51, 52] Second, the footprint of the poly(OEGMA) 

“bottle brush” that is created is significantly larger than that of the initiator, which 

allows a high density poly(OEGMA) brush coating to be synthesized from a relatively 

low surface coverage of initiator;[49] this feature is especially important for materials 

that are likely to yield a low surface coverage of the initiator. Third, ATRP is a “living 

polymerization” and allows easy control of the polymer graft density and thickness, 

which are important parameters that can be used to control the protein resistance of 

these coatings.[44] Fourth, ATRP is compatible with a range of solvents and can be 

carried out at room temperature, which makes it compatible with a variety of substrate 

materials. These attractive attributes of ATRP have led to its use for the in situ 

polymerization of diverse monomers from the surface of silicon, silicon oxide, and 

metals such as Au, Ti, and stainless steel.[48, 53, 54] 

1.3 POEGMA surfaces resist protein and cell adhesion  

Poly(OEGMA) polymer brushes are exceptionally resistant to protein and cell 

adhesion; in an initial study, it was observed that the adsorption of fetal bovine serum 

on a poly(OEGMA) film grown from a single component bromosiobutyrate-terminated 

alkanethiol SAM (i.e., from a high surface concentration of the initiator) was below the 1 

ng cm-2 LOD of SPR (Figure 5A).[49]  In order to determine the minimum surface 

density of initiation sites that would provide protein-resistant polymer brushes, 

poly(OEGMA) coatings were synthesized by SI-ATRP from binary SAMs of thiols 1 and 
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2 (Figure 5A)[49] on gold, where the solution –and hence surface– concentration of the  

initiator was systematically varied across the entire range of possible compositions. SPR 

measurement of the adsorption of plasma proteins such as fibronectin and fibrinogen 

from single component solutions, as well as that of proteins from complex protein 

mixtures such as undiluted fetal bovine serum, revealed a useful design metric for the 

synthesis of protein-resistant poly(OEGMA) coatings by SI-ATRP: irrespective of the 

starting concentration of the initiator on the surface of gold, poly(OEGMA) coatings that 

exhibited an ellipsometric thickness of ≥ 10 nm in their dry state exhibited exceptional 

resistance to protein adsorption, presumably because these coatings present a high 

enough surface density of OEG moieties at the solid-water interface to prevent the 

adsorption of proteins (Figure 5B)[49].  These results were also validated on glass, where 

poly(OEGMA) layers with  a thickness of ≥ 10 nm also resulted in undetectable levels of 

adsorbed protein, as measured by ellipsometry (LOD of ellipsometry ~1 Å) (Figure 

5C)[48]. The protein resistance of poly(OEGMA) brushes has been confirmed by a number 

of groups, including Katira et al who found that adsorption of kinesin was 20 fold lower 

on poly(OEGMA) surfaces compared to OEG-SH SAMs on gold.[55] 
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Figure 5: A) Schematic showing the SI-ATRP of OEGMA from a mixed SAM 

of an initiator-functionalized thiol 1 and a diluent thiol 2 on gold. B) Three 

dimensional plot of BSA adsorption on poly(OEGMA) surfaces studied by SPR  

(scattered squares, 36 data points). The thickness of the poly(OEGMA) layer is 

plotted versus the mole fraction of thiol 1 in the initiator deposition solution, with the 

corresponding BSA adsorption as measured by SPR plotted on the z axis. C) Protein 

adsorption onto the poly(OEGMA) brush on silicon oxide and initiator silane 

modified silicon oxide (control) measured by ellipsometry. The x-axis is the thickness 

of poly(OEGMA) coatings (or initiator silane as control, labeled as a film with 0 Å 

thickness), and the y-axis is the thickness of the adsorbed protein. Legend: Ly 

(lysozyme), Fn (fibronectin), BSA (bovine serum albumin), FBS (fetal bovine 

serum).[49] 

SI-ATRP of OEGMA (and other monomers) is also compatible with various 

methods of patterning (Figure 6)[31]. An ATRP initiator with a terminal thiol group was 

patterned on gold by microcontact printing (μCP), followed by SI-ATRP to yield 

micropatterns of poly(OEGMA) (Figure 6A). Ma et al. also showed that polymer brushes 

can be patterned at the nanoscale by using dip pen nanolithography (DPN) to pattern 

the initiator-terminated thiol, followed by SI-ATRP of OEGMA (Figure 6B and C). The 

protein resistance of poly(OEGMA) brushes also translates to excellent cell resistance, 

and allows facile patterning of proteins, as the protein-resistant regions of 
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poly(OEGMA) in the micropatterns prevented the adhesion and outgrowth of cells on 

these regions, leading to conformal patterns for up to 30 days (Figure 6 D and E). 

 

Figure 6: Patterns of poly(OEGMA) brush and attached cells.  A) SEM image of a 

patterned poly(OEGMA) brush on gold that was fabricated by µCP of thiol initiator 

followed by SI-ATRP of OEGMA.  B) Three-dimensional image of a poly(OEGMA) 

nanoarray over a 5µm x 5µm area grown from the initiator thiol patterned using DPN 

on gold.  C) The line profile of (B) shows that the poly(OEGMA) nanostructures have 

a diameter of ~90nm and a height of ~14nm.  D,E) NIH 3T3 fibroblasts cultured on a 

pattern of adsorbed fibronectin (20µm circles (D) and 40µm stripes (E)) separated by 

cell-resistant regions of poly(OEGMA) brushes fabricated by SI-ATRP on gold.[31] 

In the interim, it has also become increasingly clear that PEG-containing 

polymers are not the only materials that confer protein resistance to surfaces. Whitesides 

and coworkers screened SAMs with different headgroups, and found that certain 
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zwitterionic headgroups reduced protein adsorption on the SAM to levels that were 

comparable to the OEG-SH SAMs.[56] Jiang and coworkers have translated these 

findings to a polymer architecture by growing polymer brushes by SI-ATRP that present 

zwitterionic side-chains, and have shown that these polymer brushes are exceptionally 

resistant to protein adsorption.[57]  

1.4 Biofunctionalized non-fouling surfaces 

Poly(OEGMA) brush surfaces can be easily functionalized because they typically 

present reactive hydroxyl groups on their surface that can be derivatized with 

complementary reactive moieties. For example, Tugulu et al. modified poly(2-

hydroxyethyl methacrylate) and poly(OEGMA) brushes with RGD tripeptides using p-

nitrophenyl chloroformate to create surfaces that promote integrin-mediated cell 

adhesion.[53] Lee et al. activated the hydroxyl groups of poly(OEGMA) with N,N′-

disuccinimidyl carbonate in order to form biotinylated poly(OEGMA) films.[58] Xu et al. 

grew binary brushes of poly(poly(ethylene glycol)methacrylate-co-poly(ethylene 

glycol)methyl ether methacrylate) and activated the terminal hydroxyl groups on the 

sidechains directly with 1,1-carbonyldiimidazole for the covalent coupling of human 

immunoglobulin (IgG).[59] In an alternative approach, Lutz et al combined ATRP with 

click chemistry using the bromine ends of poly(oligo(ethylene glycol) acrylate) for 

nucleophilic substitution by azides, followed by reaction with alkynes.[60] While 

acheiving biofunctionalization of the brush through chemical activation is certainly 
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attractive, caution must be exercised when modifying the brush in this way as this 

process may affect the non-fouling properties of poly(OEGMA).  

1.5 Protein microarrays on Poly(OEGMA) Brushes 

A protein microarray is typically a solid substrate with an array of different 

proteins that are spatially localized on the surface by printing or spotting each protein 

with micrometer resolution.[61-66]  Protein microarrays are used to detect and/or 

quantify proteins in solution and have been used for a variety of applications.[67-70] The 

most common type of protein microarray is the antibody microarray, where antibodies 

are used as capture molecules to detect and/or quantify the concentrations of analytes in 

solution.[63, 71] 

The development of antibody microarrays for proteomics and clinical diagnostics 

has been limited by: (1) the availability of high affinity and high specificity antibodies 

for capture and detection of protein biomarkers; (2) the susceptibility of proteins to 

denaturation upon adsorption; and (3) the propensity of proteins to avidly adsorb to 

surfaces, commonly referred to as the “non-specific adsorption” problem.[72, 73] In 

contrast to attempts at improving the performance of protein microarrays by increasing 

the surface concentration ("loading density") of the capture antibody, as well as 

sophisticated attempts at signal amplification (both of which simply increase the 

absolute signal but do not necessarily appreciably increase the signal-to-noise ratio), an 

often overlooked critical limiting factor that controls the LOD in protein microarrays 
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(and in fact all surface-based diagnostics) is the threshold of noise in the assay.  

Excluding receptor specificity for its target as a source of noise (an important problem 

which biointerface design cannot solve and which requires the development of better 

antibody selection strategies and antibody engineering approaches such as affinity 

maturation[74]), we hypothesized that the “biomolecular” noise in heterogeneous 

immunoassays that stems from the adventitious adsorption of proteins (such as 

extraneous proteins that are present in the analyte solution) is a primary factor that 

controls the LOD.  

To test this hypothesis, identical antibody arrays were spotted on both non-

fouling POEGMA surfaces as well as traditional nitrocellulose surfaces, which exhibit 

exceptional capture antibody immobilization but suffer from high levels of background 

noise due to non-specific adsorption. Although the absolute signal from the spotted 

arrays on poly(OEGMA) was lower than that obtained from arrays spotted on 

nitrocellulose, the background signal obtained from the poly(OEGMA) (which 

approached the autofluorescence levels of the glass substrate) was significantly lower 

than that from nitrocellulose, and the LODs in serum for arrays spotted on 

poly(OEGMA) brushes were 100-fold lower than the same protein microarrays spotted 

on nitrocellulose. This clearly demonstrated that despite the lower absolute signal from 

the antibody arrays spotted on poly(OEGMA) versus nitrocelluose, the significantly 

lower background fluorescence on the poly(OEGMA) brush more than compensated for 
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the lower signal. This work is described in detail in the enabling technologies chapter 

and is only highlighted here as a practical example of the utility of non-fouling 

surfaces—see section 3.2.2  for experimental details and data. 

1.6 Conclusions 

Recent work on poly(OEGMA) brushes shows that they have significant utility in 

lowering the adsorption of proteins from serum/blood to undetectable levels. These 

studies highlight the important role that contemporary materials and surface science can 

play in the development of biointerfaces for clinical diagnostics. Specifically, the 

femtomolar LODs in serum and blood and the wide dynamic range of antibody arrays 

spotted on poly(OEGMA) brushes prove the hypothesis that lowering nonspecific 

binding during the interrogation of protein microarrays can lead to significantly lower 

LODs. The results also suggest that these microarrays may be useful for applications in 

proteomics and clinical diagnostics that require the quantification of low abundance 

protein biomarkers directly from complex mixtures such as whole blood. 
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2. Need for Improved POC Immunoassay Platforms 

The following is a description of several barriers inherent in the current 

immunoassay process, as well as solutions that we believe can reduce these barriers. 

These same issues often become even more apparent as health workers screen for 

biomarkers in low resource settings, and the impact of our enabling technologies in this 

specific arena is described in this section.  

2.1 Cost  

The most accurate immunoassay-based blood tests for a single marker are 

enzyme linked immunosorbent assays (ELISA) that cost approximately $16 and six 

hours of technician time per marker tested.[75]  Recent improvements that enable 

multiplexing are now capable of testing for an array of four markers at a cost of $14 and 

4.5 hours of technician time.[75]  However, these tests require the use of approximately 

$110,000 - $160,000 of  specialized laboratory equipment.[75]  Also, each test requires the 

use of approximately 200μL of serum or plasma, which must be separated from a 

sample of whole blood taken from a patient by a venous blood draw.  This blood draw is 

generally taken at the point-of-care and must then be transported to a centralized 

laboratory for the actual test. 

The system described in this work significantly reduces cost by streamlining the 

key aspects of sample collection, processing and testing as follows: (1) elimination of all 

preprocessing by directly testing undiluted whole blood, obtained from a finger stick; (2) 
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test miniaturization to decrease the amount of reagents – the antibodies that are spotted 

as capture and detection agents; and (3) one-step, on-site processing.  In addition, the 

test is multiplexed and capable of targeting a panel of markers, without significantly 

increasing cost over that of a single marker test.  

It is important to note that this will be achieved without the use of sample 

preprocessing or the use of microfluidics to separate cells from the analyte solution 

because of the unique protein and cell-resistant POEGMA polymer brush that allows 

fluoroimmunoassays to be carried out with femtomolar limits-of-detection from whole 

blood,[76] which is described in the chapter on Enabling Technologies.   

In addition, the novel application of engineered functional surfaces[76-78] allows 

for the miniaturization of the diagnostic system to significantly reduce the amount of 

capture agent needed, effectively eliminating one of the most significant costs in 

standard immunoassay tests, such as plate-based ELISA assays.  Further, by employing 

recently developed techniques of inkjet bioprinting,[79] disposable, multiplexed sensor 

chips can be manufactured at a cost on the order of several cents per chip. 

Relevance of cost reduction to low resource settings: Reducing the cost of the assay 

offers obvious advantages: test more people for less money. But the cost reduction 

achieved by reducing the required dependence on a highly developed health care 

infrastructure is also important—for example, traveling clinics in developing nations 

have limited time and personnel, and a multiplexed test with single-step, on-site 
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processing significantly increases patient throughput. In addition, creating a 

miniaturized, multiplexed assay eliminates vast amounts of materials and significantly 

reduces the burden of transportation, storage and disposal.  In particular, the protein-

stabilizing property of our sensor chip surface enables transportation and storage of the 

chips in ambient conditions, avoiding the need for costly climate-controlled storage and 

transport. 

2.2 Assay Simplicity and Time-to-readout.  

More than 50% of patients do not return if a second visit is required to receive 

test results. In fact, it has been shown that up to 50% of patients will leave before 

receiving test results if wait time is 100 minutes, and approximately 20% of patients will 

leave if wait time is 50 minutes.[80] The platform described here has the potential to 

reduce this problem by providing results within 15 minutes. This helps ensure that both 

the test and the result are provided during a single visit, which will also remove the 

need for patients to provide contact information for result notification (providing this 

information can lead to patient privacy concerns, another reason for test avoidance).  

Tests requiring whole blood samples drawn by venipuncture require significant 

effort, time and the availability of highly skilled workers.  In addition to the actual 

drawing of the blood sample, many diagnostics require that the blood be separated into 

serum or plasma. This requires additional equipment and expertise, increases assay cost 

and time-to-readout, and limits the ability to provide point-of-care diagnosis.   
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Additionally, the process of venipuncture itself can lead to medical 

complications for the patient, and the strong aversion that many individuals feel toward 

venipuncture is a significant barrier to testing.  All of these concerns can be reduced by 

creating a test that analyzes just a few microliters of blood, which can be easily obtained 

via a finger-stick.  

By creating a test with the ability to detect multiple targets in only a few 

microliters of blood, increased access for the testing of neonates becomes possible, where 

drawing larger quantities of blood is problematic and often requires a blood transfusion 

at the time of the blood draw due to the quantity of blood required. This has the 

potential to make a significant impact on the screening of newborns. 

Finally, by relying on the same basic principle employed in LFAs—liquid 

transport via capillary action—this design will eliminate the need for washing or liquid 

transfer steps. This is a very important point, as there will be no need for expensive or 

complex microfluidics, which thereby reduces chip cost and eliminates a major cause of 

failure so common to most contemporary “lab-on-a-chip” designs when they are field-

tested with clinical samples. 

Relevance of assay simplicity to low resource settings: Higher throughput of 

biomarker testing will be achieved by reducing required materials (in this case, the 

elimination of needles and blood collection vials, as well as the concern of their proper 

disposal) and decreasing personnel burden (eliminating venipuncture and sample pre-
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processing). In addition, the only disposable item created in this design, other than the 

finger stick lancet, is a small piece of glass or plastic, which serves as the assay’s blood 

contacting surface. Thousands of these could be disinfected with a single liter of bleach 

solution—disposal of these surfaces alongside normal trash would then be possible.   

Additionally, testing in low resource settings often occurs in isolated regions. 

While bringing testing to these areas increases access, it is often the case that any type of 

follow up is non-existent or occurs only after long periods of time. In addition, face-to-

face communication is often the only option, as other methods such as mail, telephone, 

or e-mail are unavailable or unreliable. For these reasons, rapid results are essential. As 

mentioned above, options such as lateral flow strip-based tests are available for these 

situations, but their sensitivity is limited, as is the potential for highly multiplexed tests 

in this format. 

2.3 Sensitivity.  

It is our goal to combine the sensitivity found in standard laboratory tests, such 

as plate-based ELISA assays, with the advantages of inexpensive, hand-held and rapid 

result lateral flow strip assays. We believe the key to achieving this is our utilization of 

novel materials in the design of this system. Through the use of an inexpensive surface 

coating capable of eliminating the non-specific adsorption of biomolecules and cells, this 

assay should be capable of improving sensitivity through the elimination of adventitious 
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adsorption of proteins, one of the single largest sources of background noise in 

bioassays. 

Relevance of improved sensitivity to low resource settings: Typically, the most 

sensitive assays require the support of a technologically sophisticated and capital-

intensive healthcare infrastructure, where patient samples are collected at the point-of-

care and transported to a lab that maintains the equipment and personnel required to 

perform the actual test.  Low resource settings simply do not have access to such 

facilities, which precludes these areas from utilizing the most sensitive diagnostics.  This 

system offers on-site analysis, which would allow this highly sensitive diagnostic to be 

utilized in settings where the health care infrastructure is less developed.  
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3. Enabling Technologies  

The D4 assay retains the most attractive features of the lateral flow assay format, 

namely the elimination of microfluidics and fast results, but makes significant 

improvements in sensitivity and usability through a suite of three enabling 

technologies: (1) Synthesis of POEGMA brushes on glass and plastics which eliminate 

nonspecific binding of proteins and cells; (2) The use of ink jet printing for the non-

covalent immobilization of capture antibodies on POEGMA brushes, enabling antibody 

arrays that have a long shelf-life and provide limits of detection as low as 15 fM in whole 

blood; and (3) Soluble microspots capable of dissolving into a blood sample and 

providing the secondary reagents necessary for “sandwich” detection.   

3.1 Enabling Technology I: Non-fouling POEGMA brushes  

3.1.1 POEGMA brushes can be grown on glass, silicon oxide and 
plastics 

POEGMA brushes can be synthesized by surface initiated atom transfer radical 

polymerization (SI-ATRP) on glass and silicon wafers (with a thermally grown oxide 

layer) as shown in Figure 7. First, aminopropyltriethoxysilane (APTES) is used to form 

an amine-terminated self-assembled monolayer (SAM) on the surface (step 1), followed 

by attachment of the ATRP initiator –bromoisobutyryl bromide– to the amine groups 

presented by the APTES SAM (step 2), and subsequent ATRP from a solution that 

contains CuBr, bipyridine and the monomer –OEGMA– under argon (step 3).This 
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procedure allowed convenient synthesis of ~100 nm thick films that were found to be 

useful for printing Abs and other proteins used in immunoassays. 
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Figure 7: Synthesis of POEGMA brushes on glass via SI-ATRP.  Cleaned slides 

were functionalized with APTES in step 1, and modified to present an ATRP initiator 

in step 2.  Slides were then immersed in a polymerization solution in step 3 to 

synthesize surface tethered brushes of POEGMA. 

For POEGMA brushes grown on glass or silicon, the ATRP initiator can be 

conveniently immobilized by a silane SAM. However, plastics, which may be a 

preferred class of substrate materials for the D4 assay, do not support SAM formation. 

To overcome this limitation, we investigated three substrate-independent methods for 

deposition of an initiator layer: (1) plasma polymerization of 2-chloroethyl methacrylate 

(2-CEMA) on glass; (2) dip-coating a range of industrially relevant, planar polymer 
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substrates (PS, PMMA, PET and PE) in a solution of poly(vinylbenzyl chloride) (PVBC); 

and (3) spin coating of PVBC on silicon.[77] These layers were then used to initiate SI-

ATRP of OEGMA. We chose these methods because: (1) they are capable of 

functionalizing a broad range of materials, and (2) they do not rely upon custom-

fabricated initiators deposited as SAMs.  

X-ray photoelectron spectroscopy was used to assess the functionalization of 

substrates with initiator. The survey scans, summarized in Table 1, provide information 

of overall surface chemical composition. We found that in all cases, the overall chemical 

composition matched the expected composition reasonably well. High-resolution C1s 

spectra (Figure 8) provide insight into the chemical bonding environment of carbon. In 

Table 1, we compare the observed contributions of each chemical state of carbon to the 

expected contributions based on the stochiometric ratios present in each chemical 

structure.  In the case of plasma polymerized 2-CEMA, the observed contributions of 

oxygen and chlorine are less than expected. This is a result of the higher susceptibility of 

C-Cl and C-O bonds to degradation during plasma exposure.[81] The high-resolution 

C1s peak of the poly(OEGMA) brushes can be fit with five unique carbon moieties: 

CHx(285.0 and 285.7 eV), C–O–R (286.6 eV and 287.3 eV), and COOR (289.1 eV).[82] 
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Table 1: Atomic % From Survey and High Resolution C1s Scans in Figure 8 

 
C1s Survey 

1 2 3 4 5 C O Cl 

2-CEMA 
Observed 46.6 23.3 11.4 10.4 8.1 79.9 14.4 5.6 

Expected 33.3 16.6 16.6 16.6 16.6 66.6 22.2 11.1 

2-CEMA-POEGMA 
Observed 17.5 8.7 56.1 8.7 8.7 70.3 29.6 - 

Expected 16.6 8.3 58.3 8.3 8.3 66.6 33.3 - 

PVBC 
Observed 64.2 21.4 14.3 - - 91.5 .5 7.9 

Expected 66.6 22.2 11.1 - - 90 - 10 

PVBC-POEGMA 
Observed 17.2 8.6 56.9 8.6 8.6 70.5 29.0 .5 

Expected 16.6 8.3 58.3 8.3 8.3 66.6 33.3 - 

 

 

Figure 8: High resolution spectra of the C1s peak and chemical structure (inset) 

of substrates before (A, C) and after (B, D) OEGMA polymerization on initiator 

functionalized substrates. Fitted peaks are numbered to correspond with labeled 

carbons within each chemical structure. Polystyrene dipcoated with PVBC (A) before 

and (B) after SI-ATRP of OEGMA. Plasma-polymerized 2-CEMA (C) before and (D) 

after SI-ATRP of OEGMA. 
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 From the deconvoluted C1s spectra of the poly(OEGMA) brush seen in Figure 8 

B and D, the sum of components 3 and 4 arising from the pendant oligo(ethylene glycol) 

sidechains accounts for 64.8% and 65.5% of the total signal, respectively, which is within 

experimental error. The ratios of the carbon moieties, obtained by deconvolution of the 

high-resolution C1s spectra of POEGMA brushes synthesized by the three different 

methods, revealed no significant differences and were close to those obtained previously 

for POEGMA.[49, 83] These results suggest that our initiator deposition methods are 

robust and lead to chemically well defined POEGMA brush structures on the variety of 

substrates tested. 

A number of complementary approaches can be used to grow POEGMA brushes 

on the diverse substrates used for clinical diagnostics: attachment of a bromo group to a 

silane on glass or a simple dip-coat of the substrate into a solution of a halogen-

containing polymer both provide the necessary halogen moieties needed to initiate SI-

ATRP of POEGMA brush structures on glass and a variety of industrial polymers.  

These results strongly indicate the feasibility of coating the top surface of a variety of 

substrates with the POEGMA brush prior to inkjet printing of capture agents for 

development of the D4 assay.   
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3.1.2 POEGMA brushes resist protein and cell adsorption 

3.1.2.1 Glass   

The protein resistance of the POEGMA brushes grown on silicon wafers was 

tested by adsorption of fibronectin (Fn), bovine serum albumin (BSA), lysozyme (Ly) (all 

proteins at 1 mg mL-1 in PBS, pH = 7.4), and undiluted fetal bovine serum (FBS).  The 

thicknesses of the protein layers as a function of the POEGMA film thickness was 

measured by ellipsometry, and are shown in Figure 9.[83] The thickness of the adsorbed 

protein on the control surface varied depending upon the protein, ranging from ~10 Å 

(Ly) to ~25 Å for the other proteins and serum. In contrast, a thin POEGMA brush (~14 Å 

thickness) showed significantly less protein adsorption of all proteins and of serum.  

Increasing the thickness of the POEGMA brush to ~95 Å or greater eliminated the 

adsorption of all proteins, and most notably that of serum proteins, to below the 1 Å 

detection limit of ellipsometry. These results are consistent with our previously 

published results on gold that a POEGMA brush with ≥10 nm ellipsometric thickness is 

dense enough to completely resist protein adsorption from serum.[84] 
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Figure 9: Protein adsorption on POEGMA brushes of different thicknesses on 

silicon oxide and initiator-silane modified  silicon oxide (control: 0) measured by 

ellipsometry. Legend: Ly (lysozyme), Fn (fibronectin), BSA (bovine serum albumin), 

FBS (fetal bovine serum). 

3.1.2.2 Plastics 

The resistance to non-specific protein adsorption of the POEGMA brush layers 

grown on plasma-deposited initiator layers was evaluated by first incubating the 2-

CEMA and 2-CEMA-POEGMA surfaces in undiluted fetal bovine serum for 12 hours, 

and then subjecting the substrates to XPS analysis. The XPS data in Table 2 show that 

there is considerable protein adsorption on the 2-CEMA surface (N = 3.2 atomic %) but 

no detectable protein adsorption on the POEGMA modified substrates. Furthermore, the 

resistance to non-specific protein adsorption of the POEGMA brush layers grown on 

plasma-deposited initiator layers was evaluated by first incubating the 2-CEMA and 2-
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CEMA-POEGMA surfaces for 12 hours in a solution of human umbilical vein 

endothelial cells in serum containing media, with subsequent fluorescence imaging of 

the surface.  Figure 10 shows that the POEGMA brushes resisted cell attachment, as no 

fluorescence could be observed.  These results further support the conclusion that these 

surfaces are protein resistant, as anchorage dependent cells are extraordinarily sensitive 

to trace levels of adsorption of extracellular matrix proteins such as fibronectin, which 

can provide anchorage sites for cells via the formation of focal contacts at levels 

corresponding to RGD surface concentrations as low as 10fmol/cm2.[85, 86] 

These data show that protein-resistant POEGMA brushes completely prevent 

non-specific adsorption of serum proteins when their thickness is ≥ 10 nm, a feature that 

is incorporated in the fabrication of the D4 assay by the use of ~100 nm thick brushes. 
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Table 2: Atomic % from XPS Spectra taken before and after FBS incubation 

 
Observed Atomic % 

N C O Cl 

2-CEMA 
Before 0 79.95 14.4 5.66 

After 3.20 75.07 16.11 5.62 

2-CEMA-

POEGMA 

Before 0 70.32 29.68 0 

After 0 70.33 29.67 0 

 

 

Figure 10: Fluorescence images (20X) of 2-CEMA (A) and 2-CEMA-POEGMA 

(B) after exposure to HUVECs for 24 hours and subsequent cell staining. The 

POEGMA coating eliminated cell adhesion. Scale bars represent 120 microns. 

 

3.2 Enabling Technology II: Stable Microspots on POEGMA 
brushes.  

We have discovered a remarkably simple method to print antibodies on a 

nonfouling polymer that involves adsorption of the antibody into the polymer brush by 

macroscopic drying of the printed array. The interfacial architecture of the POEGMA 

traps sufficient water within the brush to enable retention of the antibody’s folded 
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structure, allowing these printed spots to retain their activity even after storage at the 

lab-bench for many months.   This is an important feature that is relevant to the D4 

assay, as it means that such printed diagnostics will not need to be stored in buffer at 4 

ºC, thereby making this technology very useful as: (1) printed chips can be transported 

at room temperature, (2) the chips are amenable to use in low resource settings because 

of relaxed constraints on transportation, storage and handling requirements, and (3) the 

chips can be used in POC situations where refrigeration may not be easily available. 

Capture antibodies were printed as ~150 µm diameter spots on a 100 nm thick 

POEGMA brush at room temperature and humidity using a PerkinElmer Piezorray™ 

noncontact printer (Figure 11 and Figure 12A) and were allowed to non-covalently 

absorb into the 100 nm thick polymer brush. After printing, the spots were dried by 

placing the printed slides under vacuum to facilitate the absorption of the capture 

antibody into the polymer brush; note that this step is necessary as proteins will not adsorb on 

the polymer brush from solution. We also observed that the POEGMA coated glass slides 

could be stored in a closed container and left on the bench-top for up to two months, 

with no observed degradation in performance of antibody arrays that were 

subsequently printed on the polymer brushes. 

3.2.1 Physically printed antibody arrays are stable upon aqueous 
exposure.  

A solution of 1 mg/mL Cy-5 labeled goat anti-mouse IgG (Jackson Laboratories) 

was printed on POEGMA coated substrates to produce the arrays shown in Figure 11A. 
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The arrays were dehydrated for 24 h to promote immobilization of the antibody and 

then subjected to high power sonication for 10 minutes in a 1% (v/v) Tween-20 solution. 

This printing and drying process provides stable immobilization of antibody, as the 

arrayed spots were still visible after high power sonication in a 1% Tween-20 solution 

(Figure 11B).  An advantage of this approach over chemical activation of the POEGMA 

brushes and subsequent covalent attachment is the extreme simplicity of the process, as 

no slide activation/deactivation steps are required.[78]  Direct physical printing provides 

highly stable antibody arrays and provides a simple method for fabrication of antibody 

arrays with minimal processing steps. 

 

Figure 11: Fluorescently labeled antibody arrays are stable to sonication.  (A) As 

printed array, (B) After 10 min sonication in 1% Tween-20 solution. 

3.2.2 Antibody arrays on POEGMA brushes are highly sensitive. 

An antibody array specific for IL-1β, IL-6, IL-8, TNF-α and osteoprotegerin 

(OPG) was directly printed onto a 100 nm thick POEGMA brush grown by SI-ATRP on 

glass and nitrocellulose.[76] A fluorescence image of microarray spots for an IL-6 assay 

spotted on POEGMA on glass shows the increase in fluorescence intensity with 
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increasing analyte concentration (Figure 12A). Remarkably, spots could be visually 

discriminated from background even at an IL-6 concentration of 5 fM.  Figure 12A also 

shows that the POEGMA matrix retained its ability to resist non-specific protein 

adsorption throughout array fabrication and the subsequent sandwich immuno-

fluorescence assay, as the fluorescence intensity in the background areas surrounding 

spots measured prior to the assay showed no increase in intensity upon completion of 

the procedure (the only background fluorescence detected on the POEGMA substrates 

was due to the autofluorescence of the glass slide). This decrease in the background 

signal on POEGMA translated to femtomolar limits of detection (LODs) in serum for all 

five analytes that were tested, and a dynamic range that spans six orders of magnitude 

of analyte concentration. 

The OPG dose response curves in buffer and serum for OPG-specific antibodies 

spotted on POEGMA (Figure 12B) illustrate another important consequence of the use of 

a protein resistant substrate, as they show that the LODs are virtually identical in buffer 

and serum.  These results are in contrast to most other fluorescence immunoassays, 

where the LOD is typically orders of magnitude greater in complex physiological 

solutions containing high concentrations of extraneous proteins compared to the LOD of 

the assay in buffer.[73, 87]  

Although the absolute signal from the spotted arrays on POEGMA was lower 

than that obtained from arrays spotted on nitrocellulose (data not shown), the 
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background signal obtained from the POEGMA (which approached the 

autofluorescence levels of the glass substrate) was significantly lower than that from 

nitrocellulose. The fluorescence response of an IL-6 specific antibody array spotted on 

nitrocellulose and POEGMA as a function of IL-6 concentration in serum are shown in 

Figure 12C. The LODs in serum for arrays spotted on POEGMA brushes were 100-fold lower 

than the same protein microarrays spotted on nitrocellulose, which clearly demonstrated that 

despite the lower absolute signal from the antibody arrays spotted on POEGMA versus 

nitrocellulose, the significantly lower background fluorescence on the POEGMA brush 

more than compensated for the lower signal from the spots. We also found that 

antibodies to IL-6 spotted on a POEGMA brush on glass could detect IL-6 directly from 

undiluted, whole blood with a LOD of ~15 fM (Figure 12D).  Clearly, these results 

demonstrate that the reduction of non-specific protein adsorption is a powerful method 

for decreasing the LOD by dropping the threshold of noise in the dose-response curve of 

these assays to concentrations in the sub-picomolar regime.  

Because these microarrays were physically spotted on POEGMA and did not 

involve any covalent coupling of the capture antibody to the substrate, they also have 

the potential to greatly simplify protein microarray assays by eliminating the need for 

chemical activation and deactivation of the surface.  The ability of these microarrays to 

resist the adsorption of proteins and cells from solution also provides the ancillary 

advantages of simplifying and reducing the time needed to perform the assay by 
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eliminating blocking steps, reducing the rinsing steps during interrogation of the array, 

and enabling the detection of analytes directly from whole blood.  These features 

eliminate many of the time-consuming and tedious sample processing steps found in 

most microarray based assays, which will decrease the labor, cost and time required to 

carry out these assays in a clinical setting, thereby facilitating the use of microarray-

based assays as point-of-care diagnostics.   

 

Figure 12: (A) Image of a typical IL-6 microarray interrogated from serum.  (B) 

Dose response curves of OPG in buffer and serum on poly(OEGMA). (C) Dose 

response curves of IL-6 in serum on poly(OEGMA) and nitrocellulose. (D) Dose 

response curve for an IL-6 microarray exposed to whole blood. In B-D, the ordinate 

shows the average background subtracted fluorescence intensity in spots and the 

abcissa shows the analyte concentration in solution. Error bars represent one standard 

deviation. 



 

37 

3.3 Enabling Technology III. Soluble microspots on POEGMA 
brushes  

On-chip secondary reagents are necessary for the development of a self-

contained immunoassay platform. Novel printing and surface modification methods 

capable of providing labile microspots will allow secondary detection reagents such as 

fluorescently labeled anti-human detection antibodies to be printed alongside capture 

antibody spots. Upon contact with a droplet of blood, these secondary reagent spots 

dissolve into solution and label target present in the blood sample. Concurrently, the 

labeled targets contained within the sample bind to the immobilized, non-labile capture 

spots (Figure 13).  

By printing a blocking-agent into the POEGMA brush and varying the solution 

components of the printed secondary reagents, it is possible to create labile spots which 

dissolve into solution. Soluble PEG serves two important roles in this process. First, a 

PEG solution is printed prior to printing the secondary reagents, where it is adsorbed 

into the POEGMA brush and blocks adsorption of the detection agents into the brush 

layer. Additionally, soluble PEG is added to the spotted solutions of secondary reagents, 

where the untethered PEG stabilizes activity of the detection agents during storage, and 

facilitates dissolution upon contact with the analyte solution. 
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Figure 13: Two types of spots are printed on the chip: 1) stable spots of antigen 

(“capture agents”), which capture the analyte from blood and form the bottom half of 

the detection complex, and 2) soluble detection antibody spots which label the target 

and form the top half of the detection complex. 

As an initial proof-of-principle experiment to illustrate the feasibility of this 

approach, an array of biotinylated antibody spots was printed onto a POEGMA surface. 

In addition, a solution of streptavidin-Cy5 and soluble PEG was spotted on top of pre-

printed spots of soluble PEG. After one week, 50uL of PBS was added to these arrays in 

order to test the ability of the streptavidin-Cy5 spots to dissolve into solution and bind 

to the biotinylated-Ab capture spots. As seen in Figure 14, a sufficient amount of active 

Cy5-streptavidin dissolved into solution and was captured by the biotinylated-Ab spots 

to create a detectable signal.   
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Figure 14: Proof-of-principle experiment demonstrating feasibility of printing 

capture and detection agents simultaneously. Labile Cy5-streptavidin spots dissolved 

into solution and subsequently bound to biotinylated-Ab spots after addition of 

buffer. 

Two approaches were evaluated for their effect on dissolution of the printed 

detection antibody: (1) Soluble PEG added to the print solution of the detection 

antibody, and (2) Soluble PEG pre-printed directly into the POEGMA brush prior to 

printing of the detection antibody.  In investigating both of these approaches, the 

primary variable used to optimize dissolution of the printed detection antibody spots 

upon aqueous exposure was the molecular weight of the soluble PEG.  

In order to determine the effectiveness of adding PEG to the print solution, an 

array of stable anti-BNP capture spots were printed alongside experimental soluble 

spots, as well as a negative control row of anti-PSA capture antibodies, as shown in 

Figure 15 below. 50uL of buffer containing 1 ng/mL BNP was then added to the array, 

which allowed the labeled detection antibody spots to dissolve into solution and label 

any BNP captured by the stable anti-BNP spots. Upon scanning, two parameters were 

used to evaluate the effectiveness of the soluble PEG: signal generated at the stable anti-
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BNP spots after capture of BNP and labeled Cy-5 anti-BNP, and the intensity of the 

soluble Cy-5 anti-BNP detection antibody spots remaining due to lack of dissolution 

and/or residual antibody trapped within the brush. By comparing the level of residual 

intensity to the level of captured intensity, an estimation of the ability of the PEG 

additives to both promote detection reagent dissolution and preserve detection reagent 

activity can be made. For example, low levels of residual intensity coupled with low 

levels of captured intensity would suggest that while the soluble detection agent 

microspots dissolved well, the solubilized Cy-5 anti-BNP Ab did not bind to the 

captured BNP, presumably due to loss of biological activity caused during the drying 

process. 

 

Figure 15: Array format for soluble microspot tests 
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3.3.1 Approach 1: Soluble PEG Added to Detection Agent Print 
Solution.  

Three molecular weights of PEG were evaluated: 960, 11600, and 66800 Da. Each 

of these was added to the print solution of a Cy-5 labeled anti-BNP antibody at 1mg/mL.  

 Buffer containing 1 ng/mL BNP was then added to the array, which allowed the Cy-5 

anti-BNP spots to dissolve into solution and label the BNP. Upon scanning, the major 

parameter used to evaluate the effectiveness of the soluble spots was the signal 

generated at the position of the stable capture spots, which was taken as a direct 

measure of the availability of the dissolved detection antibody. The highest levels of 

active, dissolved detection antibody were observed when PEG of 11,600 and 66,800 MW 

were added to the print solution(Figure 16)—no significant difference in captured 

fluorescence was observed between these two molecular weights. Of these two 

molecular weights, we have chosen to use the 11,600 MW PEG because it consistently 

produces fewer errors during printing, presumably due to our printer’s preference for 

lower viscosity fluids. 
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Figure 16: Fluorescence of capture antibody spots due to specific binding of 

solubilized detection antibodies as a function of PEG MW 

 

3.3.2 Approach 2: Soluble PEG Directly Pre-printed into the POEGMA 
Brush.  

In a second approach to promote dissolution of microspots of detection reagent, 

soluble PEG was printed on the POEGMA brush prior to printing the detection 

antibodies on top of these spots of pre-printed PEG.  It was expected that this pre-

printed PEG would adsorb into the brush and thereby block the adsorption of detection 

agents, enabling a higher degree of dissolution of the detection agent microspots. 1% 

w/v solutions of PEG with molecular weights of 960, 11600, and 66800 Da were printed 

into the brush prior to printing microspots of detection antibody.  The effect of pre-

printing PEG into the POEGMA brush was evaluated by comparing the residual 

intensity of detection agent spots (Figure 17) after BNP spiked buffer was added to the 
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array. Higher molecular weight PEG pre-printed into the brush produced lower residual 

spot intensities, suggesting that the longer PEG chains were more efficient at blocking 

adsorption of the detection antibody. However, the amount of additional detection 

antibody made available by blocking adsorption into the brush with pre-printed PEG 

did not have a significant effect upon the signal intensity observed at the position of the 

capture spots (Figure 16). Presumably, the amount of additional detection antibody that 

dissolved into solution due to the pre-blocking of the surface was such a small 

percentage of the total dissolved detection antibody that no significant difference in 

binding to the capture spots was observed. As such, the pre-printing of PEG into the 

POEGMA brush was not carried forward as part of the optimized printing protocols 

resulting from this work. However, this technique may prove useful in future assay 

design. As the device continues to be miniaturized, it is probable that stable capture 

spots and soluble detection spots will be located in closer proximity. This will create 

greater potential for residual fluorescence from the detection spots to complicate 

quantification of the signal of capture spots. Therefore, pre-printing of PEG in order to 

reduce residual intensity may prove useful in order to reduce the likelihood of the 

residual fluorescence signal from the detection spots interfering with the quantified 

signal of the capture spots. 
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Figure 17: Residual fluorescence of detection antibody spots as a function of PEG 

MW. 

In conclusion, the development and use of “labile” microspots allows the D4 

assay to contain on-chip secondary reagents, which enable an all-in-one, self-contained 

assay. This format simplifies the sandwich assay process by eliminating the numerous 

wash and liquid transfer steps typically required for secondary reagent addition and 

removal. 

3.4 Materials and Methods 

3.4.1 Surface functionalization of substrates with 3-
aminopropyltriethoxysilane 

Unless otherwise stated, all steps described herein are performed under ambient 

conditions.  75 x 25 mm pre-cleaned glass slides (Schott Nexterion Slide B) were 

individually placed in a Teflon slide rack.  In addition, a silicon wafer with 20 nm 

thermal oxide (Si/SiO2) (University Wafer) diced to similar dimensions was added to the 
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slide rack to enable serial monitoring of organic film layer thickness via reflective 

ellipsometry. 25 g of 3-aminopropyltriethoxysilane (APTES) (Gelest) was added to a 

glass bowl filled with 400 mL 200 proof ethanol (Koptec) while stirring, and 

subsequently the rack with slides was slowly immersed and left stirring in this solution 

overnight.  The slides were then rinsed in pure ethanol and three times in 18 MΩ 

deionized water (DI), centrifuged at 150 rcf for 6 minutes to remove water, and placed in 

an oven pre-heated to 100 degrees Celsius for 1 hour. Reflective mode ellipsometry (J.A. 

Woollam Co.) was then performed on the silicon wafer to measure thickness of APTES 

layer, which typically corresponded to about 5 angstroms.    

3.4.2 Attachment of polymerization initiator to APTES layer 

Slides were immersed in dichloromethane, to which 5 mL triethylamine (Sigma-

Aldrich) and 5 mL bromoisobutyrylbromide (Sigma-Aldrich) were added while stirring.  

After 30 minutes the slides were then rinsed with fresh dichloromethane (BDH 

Chemicals), ethanol, and then 3 times with DI, then centrifuged at 150 rcf for 6 mins. 

Reflective ellipsometry was performed on the Si/SiO2 chip to quantitate the increase in 

organic film layer thickness after immobilization of initiator to the surface, which 

typically corresponded to an additional 3 angstroms (8 angstroms total).  

3.4.3 Growth of polymer brushes on initiator-functionalized slides 

50g of inhibitor-free POEGMA (Sigma-Aldrich) was added to 400 mL DI.  10 mL 

each of 0.02 M aqueous solution of 2,2'-Dipyridyl (Sigma-Aldrich), 0.01 M aqueous 
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solution of copper (II) bromide (Sigma-Aldrich), and 0.35 M ascorbic acid (Fluka) were 

prepared. All the above solutions were then degassed for 1 hour and together with the 

surface-functionalized slides were taken into a glovebox purged with argon.  The 

dipyridyl and copper (II) bromide solutions were added to the POEGMA/DI solution 

while stirring, at which point the reaction solution turned light blue; next, upon adding 

the 0.35M ascorbic acid solution, the reaction solution turned reddish brown.  The entire 

brown reaction solution was then poured into a glass bowl containing the functionalized 

slides.   The slides were left in the reaction solution with gentle stirbar agitation for 5 

hours. Upon removal from the polymerization solution, slides were rinsed 4 times with 

DI, and then centrifuged dry at 150 rcf for 6 mins.  Reflective ellipsometry was 

performed on the Si/SiO2 chip to assess the thickness of the POEGMA polymer brushes 

on the slides, which typically corresponded to 50nm. 

3.4.4  Synthesis of POEGMA brushes on plastic 

3.4.4.1 Spincoating 

Following Dressick et al.,[88] Si wafers were first vapor treated for 10 min with a 

10% (v/v) solution of hexamethyldisilazane in acetone in a closed container to promote 

the adhesion of the spin-coated poly(vinylbenzyl chloride) (PVBC) initiator layers. A 

solution of 1% (w/v) PVBC in toluene was prepared and filtered through a 0.2 m pore 

Teflon filter immediately prior to spin coating at 3000 rpm for 30 s. The coated wafers 
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were baked in a vented oven at 90 °C for 30 min to remove excess toluene from the 

PVBC film.  

3.4.4.2 Dipcoating 

Poly(styrene) (PS), poly(methyl methacrylate) (PMMA), poly(ethylene 

terephtalate) (PET) and poly(ethylene) (PE) samples used in the preparation of dip-

coated PVBC initiator layers were first cleaned with isopropyl alcohol to remove organic 

surface contaminants. The substrates were then dipped into a solution of 10% (w/v) 

PVBC in toluene for one second and allowed to dry. Dip-coating was repeated twice and 

the samples were then placed in a vacuum oven at 50 °C for 30 min to remove excess 

toluene from the PVBC film. 

3.4.4.3 Plasma Polymerization of Initiator 

Glass cover slips (15 mm, Ted Pella), used for the deposition of plasma 

polymerized initiator layers were first etched in argon for 5 minutes at 40 W. The 

coverslips were then coated with 2-CEMA (Pfaltz and Bauer, Inc, heated to 33 °C) for 1 

minute at 80W in order to form an adhesion layer, after which the power was lowered to 

10W for 5 minutes and finally to 5W for 5 minutes. A pressure of 250 mT was 

maintained throughout the entire process. 

3.4.4.4 OEGMA polymerization on plastic substrates 

To grow POEGMA brushes on the dip-coated, spin-coated, and plasma-

polymerized surfaces, substrates were immersed in a ATRP polymerization solution of 
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CuBr (143 mg, 1.0 mmol), bipyridine (312 mg, 2.0 mmol), deionized water (degassed, 3 

mL), methanol (12 mL), and OEGMA (8 g, 16.7 mmol).[31, 48, 49] After a specified time 

under nitrogen purge, the samples were removed from solution to stop the 

polymerization, then rinsed with methanol, and dried under a stream of N2 gas. 



 

49 

4. The D4 Assay 

4.1 Proof-of-concept of the D4 assay in blood.  

The first proof-of-concept of the D4 assay in blood was the detection of human 

IgG and IgM. These analytes were chosen for their relatively high concentration in blood 

and because healthy donor blood can be used for this purpose. Figure 18 shows the 

fabrication of the assay.  

First, a ~30 nm thick POEGMA brush was grown on a glass slide by SI-ATRP. 

The coated glass slide was stamped with a grid pattern of wax using a slide imprinter to 

confine blood samples to the active area of the chip (Figure 18A).  Creating a prototype 

in this format on a standard 1”x3” slide with a slide imprinter that creates a grid of wax 

corrals was chosen for its convenience and availability, but in practice, each test would 

simply correspond to an array (immobile + labile spots) within a single hydrophobic 

corral on an appropriately sized glass or plastic chip. An antibody array was next inkjet 

printed in the center of a single wax corral; each spot is ~150 µm in diameter. The inner 

4x4 array contains spots of capture antibodies (Abc) that comprise the “stable” capture 

spots— rows 1 and 4 are an anti-murine Abc (positive control); row 2: anti-human IgG 

Abc; row 3: anti-human IgM Abc. Next, the detection cocktail was printed as 3 outer rows 

of “labile” spots (Figure 18B). These spots contain a mixture of murine Cy-5-anti-human-

IgG and/or murine Cy-5-anti-human-IgM (detection antibodies with a different epitope 
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against human IgG and IgM than the capture antibodies), and were printed as a solution 

containing 1% PEG (11,600 Mw).  

The images in Figure 18A were acquired with a digital camera while Figure 18B 

was acquired on a fluorescence scanner. The inner 4x4 antibody array has no intrinsic 

fluorescence and is only visible in Figure 18B because of light scattering from the printed 

Ab solutions. The outer spots are visible because they contain Cy5-labeled detection 

antibody at a high enough concentration that they saturate the detector and hence 

appear white. 

 

Figure 18: Glass slide with POEGMA brush is stamped with grid of wax.  (A) 

Antibody array is spotted in the center of a single wax corral. (B) Magnification of 

inner 4x4 antibody array surrounded by spots containing soluble fluorescent 

detection reagents. Images in (A) were acquired by a digital camera, while (B) was 

acquired by a fluorescence scanner. 
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Figure 19 shows photographs of an actual assay.  A drop of blood from a finger 

stick (~10 µL) (Figure 19A) is applied to the surface of a D4 assay chip within the 

hydrophobic corral, and incubated for 5 min (Figure 19B). The surface is quickly rinsed 

with ~1 ml from a squeeze bottle, which displaces the loosely bound blood cells and 

proteins.  Interestingly, the blood binds to the hydrophobic corrals, as seen from the red 

color around the margins (Figure 19C), but is completely removed from POEGMA 

coated surfaces.  

 

Figure 19: Actual assay. (A) Dispense blood, (B) incubate for 5 min; and (C) 

wash with 1 mL from Visine™ bottle. 

Figure 20 shows the output of the D4 assay.  In Figure 20B, detection antibodies 

for human IgG and IgM were co-printed as labile detection spots, so that a complete 

sandwich is created upon incubation in blood, leading to fluorescent spots appearing in 

both rows 2 and 3. The red margins in Figure 20B-F are simply due to scattering from 

the blood (and excess detection antibody) bound to the hydrophobic corral after 

displacement from the POEGMA brush by the rinse step. In whole blood, the 
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concentration of IgG is roughly 5 mg/mL (33 µM) and that of IgM is 1.5 mg/mL (1.6 

µM),[89] suggesting that protein analytes can easily be detected from undiluted blood at 

this level even in this initial experiment. Figure 20E and Figure 20F show negative 

control experiments in which the chip was incubated with either chicken blood (E) or 

PBS (F) so that only the positive control rows 1 and 4 generate signal, while rows 2 and 3 

show no fluorescence. Figure 20C and Figure 20D are two additional controls; in Figure 

20C, only the Cy5-anti-IgG detection antibody was printed in the labile spots, so that 

signal is generated at row 2 but not at row 3, while in Figure 20D, only the Cy5-anti-IgM 

detection antibody was printed in the labile spots, so that row 3 generates signal, while 

row 2 does not. Note that the Cy5-detection antibodies were printed at high 

concentrations in the outer circumference of labile spots, and are only partially dissolved 

upon contact with blood, so that their residual fluorescence still saturates the detector.  
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Figure 20: Results of D4 assay for human IgG and IgM in whole blood. (A) Printed 

assay prior to liquid exposure. (B)-(D) After 10 µL of human blood for 5 min followed 

by rinse. (B) Cy5-anti-IgG and Cy5-anti-IgM spotted in the outer rows of ‘labile’ 

detection spots. (C) Only Cy5-anti-IgG in labile detection spots. (D) Only Cy5-anti-

IgM in labile detection spots. (E) After 10uL whole chicken blood. (F) After 10uL PBS. 

4.2 D4 Assay for Markers of Cardiovascular Disease 

 Because IgG and IgM have micromolar concentration in blood, we next used a 

multiplexed assay for two markers of cardiovascular disease to quantify the sensitivity 

of the D4 assay.  

Cardiovascular disease (CVD) is a global epidemic of unparalleled proportion, 

with atherosclerotic coronary heart disease (CHD) representing the largest and most 

rapidly increasing component, followed by congestive heart failure and venous 

thromboembolism.[90, 91]  In every year since 1900, with the exception of 1918, (year of 

the most severe outbreak of influenza in United States history), CVD accounted for more 

deaths than any other cause or group of causes of death.  While CVD deaths in the 



 

54 

United States decreased by 24.7 percent between 1994 and 2004, the current epidemics of 

obesity, inactivity, and diabetes are expected to reverse this favorable trend by 2020.  If 

these predictions are correct, this would translate to a decreased life expectancy for men 

and women, a first in over 100 years.[92] As such, the decision to create a D4 assay 

targeting markers of CVD was an obvious choice. 

We chose to target two markers of CVD in this initial proof of principle of the D4 

assay: (1) Cardiac specific-Troponin I (cTnI) in peripheral blood identifies the presence 

of myocardial damage, which in turn dictates a specific course of patient 

management.[93] (2) Brain natriuretic polypeptide (BNP) is a 32-amino acid polypeptide 

secreted by the heart ventricles in response to excessive stretching and the measurement 

of BNP represents a standard approach to the diagnosis and management of patients 

with congestive heart failure.[94] 

4.2.1 Multiplexed Assay for BNP and cTnI 

Optimized capture antibody concentrations and detection antibody printing 

conditions were used to print arrays as illustrated in Figure 21. Five replicate spots of 

each capture antibody comprise a single row in the array. There is one positive control 

row of an anti-murine IgG directed against the detection antibodies.  Twenty-four arrays 

were printed on one slide, and four slides were assembled into a 96 well plate format. 
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Figure 21 – Cardiac marker array format 

 

  Dose response curves covering concentrations from sub-picomolar to 

nanomolar were generated using target spiked whole chicken blood. Figure 22 

illustrates the initial dose response curves produced with the multiplexed assay—the 

limits of detection for this initial assay were 62pg/mL for cTnI and 125pg/mL for BNP, 

both of which were well above the limits of detection of current clinical tests for these 

markers.  
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Figure 22: Dose response of multiplexed BNP and cTnI assay. LOD is blank+3SD 

The same array format was then used to detect only cTnI spiked blood, or only 

BNP spiked blood, and the results of these single target assays are shown in Figure 23 

and Figure 24. It can be seen from these results that the anti-cTnI antibodies exhibit a 

high level of cross-reactivity towards the anti-BNP capture spots. Figure 23 shows the 

results of a single target assay for cTnI in which the fluorescence signal generated at the 

position of the anti-BNP capture spots (red triangles) varies inversely with cTnI 

concentration. This highlights the cross-reactivity of the anti-cTnI detection antibodies—

as cTnI concentration decreases, the concentration of free anti-cTnI detection antibodies 

increases, and in the absence of cTnI, these free anti-cTnI detection antibodies bind to the 

anti-BNP capture spots. This results in the generation of higher fluorescence at the anti-

BNP capture spots as cTnI concentration decreases.  
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Figure 23: Multiplexed D4 cardiac assay exposed to cTnI dilution series 

 

Figure 24: Multiplexed D4 cardiac assay exposed to BNP dilution series 

This level of cross-reactivity also limits the sensitivity of the single marker assay 

for BNP, seen in Figure 21—the “background” signal generated by the cross-reactivity of 

the anti-cTnI detection antibodies masks BNP binding at low BNP concentrations (BNP 

binding in the absence of anti-cTnI antibodies is discussed below, see Figure 25). A 
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number of unsuccessful attempts were made to eliminate the cross-reactivity of the anti-

cTnI detection antibodies. Initially, it was assumed that excess conjugation of 

fluorophore (3.8flours/molecule) to the anti-cTnI detection antibodies led to the high 

level of cross-reactivity, so attempts were made with antibodies with a lower 

fluorophore conjugation rate (2.2flours/molecule) as well as with biotinylated detection 

antibodies—the cross-reactivity was still present however. A separate anti-cTnI 

monoclonal detection antibody was also evaluated, but without significant 

improvement.  

4.2.2 Single Marker Assay for BNP 

Attempted detection of cTnI was concluded after these measures proved 

unsuccessful, and a single marker D4 assay for BNP was pursued. Figure 25 shows the 

dose response curve for the single marker assay for BNP. This is the same assay as that 

shown in Figure 24, however, only anti-BNP detection antibody was printed. With the 

cross-reactivity interference from the anti-cTnI antibody removed, the limit of detection 

for BNP improved to 1pg/mL.  
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Figure 25: Single analyte D4 assay for BNP. LOD is blank+3SD. 

4.2.3 Finalized Single Marker BNP Assay. 

Given the promising results of the single marker BNP assay, a larger set of 

experiments were conducted in order to determine the exact limit of detection of the 

BNP assay. Array format used is shown in Figure 26. 



 

60 

 

Figure 26: Format of Single Analyte BNP assay. Capture rows consist of: 1) 

Anti-murine positive control row; 2) Anti-cTnI negative control row; 3) Anti-BNP row. 

Cy-5 labeled anti-BNP antibody printed as labile spots in outer border. 

 

 The experimental set consisted of four replicates of each concentration (spiked 

into whole chicken blood), assayed on separate slides, along with a total of 16 blanks. In 

addition, a replicate set of experiments separated from the first set by 22 days was used 

to assess the shelf life of the D4 assay.  Figure 27 shows the dose response curves of 

assays conducted using slides printed after 1 day and after 23 days of storage at room 

temperature.  Images of the scanned D4 assay from a single set of the full dose response 

range of concentrations is shown in Figure 28.  

The analyte was incubated for 20 min to simulate POC testing conditions. Data 

was fit with a 5-parameter logistic fit. The fitted curve for the day one assay was used to 

determine a LOD of 8pg/mL, calculated as the concentration on the fitted curve that 
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corresponds to the average of 16 blanks plus 3 standard deviations. Importantly, there is 

no difference in the LOD or dynamic range of the assay, even after storage for 3 weeks. 

These results are also consistent with previous observations of other investigators that 

PEG can stabilize proteins under ambient conditions.[95]  A long shelf-life under 

ambient conditions is a useful attribute for point-of-care devices—these printed 

diagnostic devices will not need to be stored in buffer at 4 ºC, allowing for transport, 

storage and use at room temperature, which is often essential for use in low resource 

settings where refrigeration may not be easily available. 
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Figure 27: Dose-response curve for a BNP microarray after 1 day (red triangles) 

and 23 days of RT storage after printing (blue squares). Top row: + control, bottom 

row: BNP. 
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Figure 28: Fluorescence scanner image of BNP dose response. Concentrations 

as follows: (A)373ng/mL (B)85ng/mL (C)19ng/mL (D)4ng/mL (E)995pg/mL 

(F)226pg/mL (G)51pg/mL (H)12pg/mL (I)3pg/mL (J)603fg/mL (K)137fg/mL (L)Blank  

4.2.4 Commercially available BNP tests 

Although further testing is needed, these initial studies suggest that the D4 assay 

for B-type natriuretic peptide (BNP) should compare reasonably well to these commonly 

used POC diagnostic tests for BNP: 

(1) Biosite Triage System BNP Test (Biosite Diagnostics)—measures BNP 

concentration from capillary whole blood samples obtained by finger prick. Results are 
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available in 12-15 minutes. The device has a reported lower and upper detection limits 

of 5 pg/ml (LOD) and 5000 pg/ml (UDL), respectively.2 This is a desk-top device, which 

weighs approximately 0.7 kg. Initial studies claim the test has a 98% diagnostic accuracy 

at a cut-off value of 80 pg/ml in an urgent care setting.3  

(2) The Alere Heart Check System (Alere, Stockport, UK) measures BNP 

concentration from a 15 μl sample obtained by finger prick with results available in 15 

minutes using a handheld device.  

(3) The Abbott iSTAT Analyser (Abbott Point of Care) measures BNP 

concentration from a 17 μl sample obtained by finger prick with results available in 10 

minutes from a handheld device. The device has a reported lower and upper detection 

limits of 15 pg/ml and 5000 pg/ml, respectively.4  

(4) The RAMP 200 Clinical System (Response Biomedical, BC, Canada) measures 

NT-proBNP from an EDTA whole blood sample, with results available in 15 minutes. 

The device has a reported lower limit of detection of 18 pg/ml and an upper limit of 

linearity of 23,450 pg/ml.5 The product weighs approximately 2 kg.  

(5) The Cobas h 232/Cardiac Reader (Roche Diagnostics, Burgess Hill, UK) 

measures NT-proBNP from a 150 μl sample of heparinised venous blood with results 

available in 12 minutes. This handheld device has reported lower and upper limits of 

detection of 60 pg/ml and 3000 pg/ml, respectively.6  
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The 8pg/mL LOD of the D4 assay compares well with most of these commercial 

POC tests for BNP. Furthermore, a major advantage of the D4 assay is that it can 

decouple the test from the instrument because all the reagents are printed on-chip and 

there is no need to separate blood cells prior to analysis, whereas many of the 

cartridge/microfluidics based tests have to be performed in a setting where the analyzer 

is available (e.g., doctors office or home), as they require separation of the blood 

components and release of detection reagents from a sealed pouch or reservoir.  In 

contrast, the D4 assay is closer to a LFA in its design in that it can be used when and 

where needed, when combined with a visual read-out or a modified cell phone. This 

enables it to be administered in an ambulatory setting (on the battle-field, sports arena, 

or scene of accident) similar to an LFA, with the added benefit of being multiplexed and 

quantitative.  

4.3 Multiplexed D4 Assay for IL-6 and PSA 

Because a successful multiplexed D4 assay was not realized with the chosen 

cardiovascular disease markers, two additional markers were chosen to demonstrate the 

multiplexed capabilities of the D4 assay: 1) IL-6 and 2) PSA. IL-6 was chosen in order to 

compare results of the D4 assay with that of the first generation assay for IL-6 described 

in section 3.2.2. PSA was chosen because of the potential need for high-sensitivity 

detection of PSA, described subsequently. 
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4.3.1 Need for Highly Sensitive PSA assay 

The limited sensitivity of currently available prostate specific antigen (PSA) 

assays hinders early detection of the recurrence of prostate cancer in patients following 

radical prostatectomy (RP) surgery; in 2009, there were approximately 86,000 RPs 

performed in the US.[96] This is because post-RP, PSA levels are typically undetectable 

due to the fact that RP surgery removes the tissue responsible for PSA production. 

However, several studies have recently shown that a slow increase in blood PSA level 

following RP is an indication of cancer recurrence.[97-102] However, current FDA 

approved PSA tests, with a limit-of-detection (LOD) of only 100pg/mL (3x10-12 M),[103] 

are too insensitive to catch this slow increase in a timely fashion. The ability to measure 

lower PSA levels post-RP can improve the treatment of post-RP prostate cancer patients 

through a more accurate assessment of patient prognosis and response to treatment, as 

well as allow targeted secondary therapy. [104-107] Motivated by this rationale, our 

goal is to use the D4 platform to develop a sensitive PSA assay capable of detecting the 

recurrence of prostate cancer in patients who have undergone RP. 

4.3.2 Multiplexed POC D4 Assay for IL-6 and PSA 

Dose-response curves in Figure 29 were produced by analyzing whole chicken 

blood spiked with human IL-6 and/or PSA—ten microliters of blood at each 

concentration was added to the chip and incubated for 20 minutes, followed by a 1mL 

squirt bottle rinse step as shown in Figure 19. The limits of detection (blank + 3SD) for 
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this multiplexed D4 assay are 15 pg/mL for PSA and 2pg/mL for IL-6. In contrast, an 

optimized ELISA with these Abs that takes 100 µL of serum and 5 hours to complete 

yields detection limits of 30pg/mL for PSA and .7pg/mL for IL-6. These ELISAs are not 

multiplexed nor can they be carried out from whole blood. These results show the 

power of the D4 assay to provide multiplexed, ELISA-like or better sensitivity from just 

10uL of whole blood in a POC setting.  

 

Figure 29: Results of multiplexed D4 assay for human PSA and IL-6 spiked into 

chicken whole blood. LOD is blank + 3SD 

4.4 Materials and Methods 

4.4.1 Slide preparation 

Slides were coated with POEGMA as described in section 3.4. A slide imprinter 

(The Gel Company) was then used to imprint POEGMA coated slides with a thin pattern 
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of hydrophobic wax. The stamp was first immersed in a bath of wax heated to 

approximately 60 degrees Celsius and then lifted out of the wax and placed in contact 

with the slide for 1 second. 

4.4.2 Microarray fabrication 

All antibodies used in our experiment were reconstituted in 1x PBS solutions and 

passed through 0.2 m filters prior to printing of microarrays. 15-20 L of capture 

antibodies at a concentration of 0.5-1 mg/mL were pipetted into a 384 well microplate.  

Next, a 15-20 L solution consisting of 0.5-1 mg/mL fluorescently tagged detection 

antibodies and 1 mg/mL polyethylene glycol excipient (MW 11.6K) was prepared and 

pipetted into a separate well of the microplate.  The microplate was then centrifuged at 

2000 rcf for 30 seconds to ensure solution had settled in the bottom of the microplate 

wells.  

Next, slides coated with ~30 nm poly(oligoethylene glycol methacrylate) 

(POEGMA) were placed on the printing deck of a Perkin Elmer Piezorray Flexible Non-

contact Microarraying System.  The Piezorray is a versatile inkjet printing instrument 

which can array microdrops of ~300 picoliters with high fidelity (better than 5 m spatial 

resolution), allowing precise control of microarray geometry.  Each spot printed in our 

arrays were ~150 m in diameter. The “stable” capture antibodies were first printed in a 

linear 1x4 array, with each spot spaced 300-500 m apart, depending on the experiment.  

Next, fluorescently labeled detection antibodies mixed with PEG excipient were printed 
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as in the geometries described in the main text of this dissertation. Between each sample, 

Piezorray tips were thoroughly purged with HPLC grade water, sonicated in 1% 

tween/PBS solution, and purged again with water to ensure removal of residual sample 

from the previous run.  All printing was performed under ambient conditions.  Slides 

were then vacuum desiccated overnight.  

4.4.3 Diffusion assay 

D4 arrays on POEGMA were incubated with 10 to 100 microliters of analyte-

spiked PBS, heat-inactivated fetal bovine serum, heparinized whole chicken blood, or a 

drop of blood obtained directly from a fingerstick for 5 to 30 minutes under ambient 

conditions. The arrays were then washed with either 0.1% Tween 20 in PBS using a plate 

washer or with several drops of saline solution in order to displace the analyte sample 

prior to imaging. Arrays were imaged using an Axon Genepix 4200 scanner utilizing a 

635nm solid state laser and Cy5 filter set. 
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5. Finalizing the D4 Assay 

 Previous chapters have demonstrated the optimization of the D4 biointerface, 

and all data shown up to this point was generated by using chips in which the blood 

sample was exposed to the environment (see Figure 3D)— i.e., was not sealed or 

contained—and  assays required a final rinse step for removal of the blood cells (see 

Figure 3E), while a fluorescent slide scanner was used to image microarrays. However, 

in order for the D4 assay to provide results at the point of care, the blood must be 

contained, the final rinse step must be eliminated in order to reduce the steps an end-

user will be required to perform, and a portable, low cost method of quantifying 

microspot intensity must be included in the system. Addressing these aspects of the 

assay format is necessary to create a true point of care test that has no user intervention 

and is comparable to a lateral flow assay. Preliminary work towards these two goals is 

presented here. 

5.1 Solving the blood containment problem 

In order to contain the blood sample, the D4 chip was redesigned.  The second 

generation D4 chip consists of a coverslip wherein the central region is printed with the 

capture spots, surrounded by labile spots of the detection reagents, similar to the first 

generation chip. Adhesive is applied and a second coverslip is used to cover the printed 

spots of capture and detection antibodies such that the spots are now contained within a 

central channel exposed on both ends, with the analytical core of the D4 assay contained 
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in the center of the channel (Figure 30A).  The channel width can be controlled by the 

area of the chip that is covered with adhesive and the amount of adhesive applied 

controls the height of the channel. This enables channel volumes of just a few microliters 

of blood, and is consistent with a volume that can be easily obtained from a finger stick.  

Channel dimensions were selected to also provide enough capillary force so that when a 

drop of blood is held up to one of the two ends of the channel, it is wicked into the 

channel by capillary action (Figure 30B –C). Furthermore, the interfacial tension of the 

blood also keeps it contained within the chip (Figure 30D). This self-loading and self-

sealing design completely contains the blood within the chip. 

A	 B	

C	 D	

 

Figure 30 Example of a second generation D4 chip (A).  The antibody 

microarray is printed on the bottom coverslip of the in the center of the channel. 

Illustration of how blood is loaded into the central channel and is retained within the 

channel by capillary action (B-D). 
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5.2 Solving the final rinse problem  

In the original design of the D4 chip, the fluorescence was measured in 

reflectance mode on a microarray slide scanner, which requires that blood is removed 

from the chip by a final rinse.   Wash steps are undesirable in POCTs because they 

require user intervention, which makes a POCT with a rinse step less robust than one 

without any user intervention steps.   To eliminate the final rinse step, an optical 

detector was designed (described in section 5.3) such that both the excitation of 

fluorescence and the imaging of fluorescence occurs through the bottom coverslip so 

that optical interference from the blood sample is minimized in order to eliminate the 

final rinse step and image the array while the central channel is still filled with blood.  

The unique geometry of the D4 biointerface (Figure 31) makes it possible to 

preferentially excite labeled detection antibodies involved in antigen detection while 

minimizing the excitation of unbound detection antibodies present in the blood sample. 

This is possible because of the two tier structure of the polymer brush coating on the 

surface of the D4 chip. A high density polymer brush coating at the substrate surface 

prevents all large biomolecules and cells from approaching the substrate surface. This 

high density surface coating gradually progresses to a lower density coating, which 

provides sufficient free volume for the immobilization of capture antibodies under 

dehydrating conditions. Upon rehydration, the lower density polymer brush corona 

present at the coating/blood sample interface provides a partial barrier to the presence of 
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cells and large, unbound biomolecules, including the labeled detection antibody. Only 

those labeled antibodies which diffuse into the low density corona and become tethered 

to the surface via antigen binding are capable of persisting within the polymer brush 

layer, as the substantial excluded volume of the low density corona effectively limits the 

presence of unbound molecules. 

This unique geometry of the biointerface traps the labeled detection antibodies 

involved in antigen detection within the optically transparent polymer brush layer. 

Unbound detection antibodies remain dissolved in the optically adsorbing and 

scattering blood sample. Excitation light illuminates the bound detection antibodies 

within the optically transparent polymer brush layer, but does not reach unbound 

detection antibodies in solution due to the rapid dissipation of excitation light by the 

blood sample. 
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Figure 31: Geometry of the D4 biointerface. 

5.3 Design of a cell phone compatible optical detector with 
visual backup.    

The optical detector was designed with these requirements in mind:  

(1) The detector should be small and light-weight, so that it can be easily carried in a 

user’s pocket, thereby unchaining the patient from the detector.  This is in stark contrast 

to the design of current point of care tests (e.g., iSTAT and Biosite) which are 

significantly larger, and are more suitable for caregivers than a patient. (2) The optical 

detector should be low cost and easy to manufacture at high volumes using widely 

accessible and low cost manufacturing technology (3) The detector should be compatible 

with a range of smart phones. (4) The optics should not require any alignment or 

adjustment. (5) The detector should be able to quantify the fluorescence signal in the 
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presence of blood. (6) The detector should have visual backup to allow readout of 

qualitative results, if a smart phone is not available. 

The design of the detector is shown in Figure 32.  The casing of the detector was 

fabricated on a Stratasys 3-D printer in ABS thermoplastic as two separate pieces: a lid 

and body. The lid contains an insert for the battery and has threads to allow it to be 

screwed into the body of the detector. The body has 4 cavities into which LEDs can be 

inserted and provide illumination of the test array at a 45º angle, and a frame into which 

the band-pass filter can be inserted.   Assembly of the detector is simple: after fabrication 

of the two printed pieces, the bandpass filter is inserted into its holder, and four LEDs 

are inserted into their prefabricated cavities and wired to allow contact with the lid 

when it is screwed on to the detector. Assembly is complete after a 10X magnification 

lens is added, a battery is inserted into the lid, and the lid is screwed into the body of the 

detector. Finally, a concentric magnetic ring is glued into the rim of the lens of the 

detector. 
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Figure 32: Cutout schematic of detector design. Backside illumination and 

collection reduce optical interference from blood. 

Use of the detector is equally simple (Figure 33).  The lid is unscrewed revealing 

a slot for the blood-loaded chip to be placed, such that the coverslip with the printed 

antibodies is on the bottom (away from the lid). With the chip placed in this 

configuration, the fluorescent spots in the D4 array are illuminated from below by the 

LEDs. Only the emitted fluorescence passes through the band pass filter placed between 

the chip and the lens of the detector.  The spots are magnified 10X by the lens and an 

image of the array is digitally captured by the smart phone camera. The detector and 

smart phone optics have a built-in magnetic self-alignment: a concentric magnetic ring is 

glued both on the lens of the detector and around the lens of the smart phone, which 

magnetically aligns the optics of the two devices.   



 

77 

 

Figure 33: Detector workflow and readout. (A) Magnetically connecting 

detector to phone. (B) Inserting chip into detector. (C) Chip ready for imaging with 

phone camera. (D) Actual phone image of test microarray after addition of blood. (E) 

Direct microarray viewing.  

5.4 Quantum Dot Labels 

Modern immunoassays typically utilize chromogenic, fluorescent or 

electrochemical effects to transduce antibody-antigen binding into a measureable 

output.[108]  Fluorescence detection is generally preferred because: (1) background 

fluorescence is generally weak or nonexistent; and (2) fluorescence signaling relies on 

well-established and generally applicable chemistry.  However, while both fluorescence 

and electrochemical detection are amenable to multiplexed platforms, both typically 
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require relatively sophisticated data capture and analysis platforms.  Chromogenic 

assays, which are technologically simpler than the other two types of detection, are 

already in common practice for pregnancy testing based on human chorionic 

gonadotropin.[109]  Unfortunately, most target biomarkers are not present in 

concentrations sufficient for direct chromogenic detection. To resolve this problem, 

many complex and expensive methods for signal amplification have been 

developed.[110-113]  While these strategies have demonstrated colorimetric gains by 

factors of over 100, this amplification is not sufficient for many applications at the POC 

and in low-resource settings. 

As demonstrated in previous chapters, we have focused on fluorescent signal 

generation. The majority of fluorescence detection systems rely on epifluorescent 

illumination, which typically requires side illumination, relatively expensive band pass 

excitation and emission filters, and a dichroic mirror.  In an attempt to simplify detector 

design, the use of commercially available streptavidin coated fluorescent quantum dots 

is being pursued. The use of quantum dots allows us to perform measurements in 

transmission mode, use less expensive cut off filters, and create a multi-color assay with 

a single inexpensive LED illumination source.  

Quantum dots exhibit a large Stokes shift—excitation and emission wavelengths 

can be separated by 200nm or more, compared to a typical 20nm for organic 

fluorophores. This large Stokes shift makes it possible to design a less complex, less 
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expensive detector due to the fact that excitation and emission wavelengths can be 

separated much more efficiently. For instance, when coupled with a low cost ($1) UV 

light emitting diodes that provide a narrow band of excitation light, the only filter 

necessary for fluorescence detection is a less expensive longpass emission filter (as 

opposed to a bandpass filter). In addition, the large Stokes shift also allows for 

transmission measurements, as excitation wavelengths can be efficiently blocked from 

reaching the detector without significantly affecting emission wavelengths, which 

simplifies the light path when compared to epifluorescence illumination.  

Quantum dots also resist photodegradation to a much greater extent than 

organic fluorophores, which relaxes the light exposure limitations that a pre-printed 

assay chip can withstand and also limits the effects of photobleaching during signal 

acquisition. Finally, the use of quantum dots allows for the development of a multicolor 

assay using a single, unfiltered excitation source. 

These advantages led us to explore the use of quantum dots labels for the D4 

format described herein. As an initial proof of principle, a test array of quantum dots 

was printed in the central channel of a D4 chip. Blood from a fingerstick was then added 

to the chip as shown in Figure 30, and the test array was imaged with the device shown 

in Figure 32 and Figure 33. The resulting image in Figure 33D suggests that this 

approach may prove useful and merits further development. In addition, imaging of the 
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test array prior to the addition of blood is shown below, as is an example of multi-color 

detection with the cell phone compatible device described above. 

 

Figure 34: Image of a test array printed within the central channel of a D4 chip 

prior to addition of blood and imaged with the cell phone compatible device 

described in Section 5.3 
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Figure 35: Demonstration of multicolor imaging of a test array printed using 

quantum dots of various emission wavelengths (labeled with the manufacturer 

quoted emission wavelength for each type of quantum dot used in array). 

5.5 Summary 

To be useful in a field use setting—doctors’ office, home care or clinical test 

site—a diagnostic test should meet the World Health Organization’s ASSURED criteria. 

The acronym ASSURED stands for: A = affordable; S = sensitive  ; S = specific  ; U = 

user friendly (simple to perform in a few steps with minimal training); R = robust and 

rapid (results available in less than 30 minutes); E = equipment free; D = deliverable to 

those who need the test.  With continued development of the modifications described in 

this section, we believe the D4 point of care test has the potential to meet the ASSURED 

criteria by applying novel biointerface science and technology to the design of an assay 

that is markedly different than any other POCT currently in use. 

A = affordable.  The D4 POCT leverages the increasing ubiquity and rapidly 

lowering cost of smart phones, which are increasingly prevalent in LMICs. This 
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significantly reduces the largest upfront cost for most POC assay systems: the cost of 

the dedicated detector and signal analyzer. 

S = sensitive.  Current data, shown in Preliminary Studies, suggests that we can 

already meet the performance metrics of sandwich immunoassays carried out in a 

centralized lab setting.  Hence, the optimized D4 POCT should yield highly sensitive 

results in <20 minutes that are comparable to or better than ELISAs and sandwich 

fluoroimmunoassays that take ~4-6 h to complete in a centralized laboratory. 

S = specific.  Because the test relies on an antibody sandwich that is highly 

specific, as long as an antibody pair that is specific for an analyte is available that does 

not cross-react with other assay components, we can design a D4 POCT for a disease 

of interest.  We have found that for a single analyte assay, specificity is never a problem.  

However, for dual analyte assays, it is important to screen available antibody pairs to 

ensure that the pairs are not cross-reactive with each other.  

U = user friendly (simple to perform in a few steps with minimal training).  

The D4 POCT simply requires a finger stick and touching the edge of the D4 chip to the 

drop of blood, which loads the blood into the chip by capillary action. Capillary action 

also keeps the blood confined to the central channel, so that the chip is both self-loading 

and self-sealing.  After waiting a prescribed duration of time, which ranges from 5 to 20 

minutes depending upon the desired sensitivity required for diagnosis, the chip is 

inserted into the detector, and the detector is connected to a smart phone camera.  The 

magnetic ring on the front of the detector and a matching adhesive backed ring attached 

to the smart phone self-align the optics of the detector and smart phone camera, and the 
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user then takes a picture of the array.  The smart phone app then converts the picture 

into a diagnosis.   

R = robust and rapid (results available in less than 30 minutes).  The test 

appears to be rapid, as preliminary studies have shown it is possible to attain picomolar 

sensitivity with 20 minute incubation times.  It is also robust, as the POEGMA coating 

eliminates non-specific protein adsorption and cell adhesion and thereby removes the 

largest source of assay uncertainty.  The chips also do not require a cold-chain and can 

be stored at room temperature for a month or more. 

E = equipment free.  The D4 POCT is almost equipment free.  It has a small 

detector, the size of a jewelers’ eye-glass that magnetically attaches to a smart phone 

and enables one to take a digital photograph of an antibody microarray. Alternatively, if a 

smart phone is not available, the detector can be held up to the eye and the spots can 

be visualized through the built in lens in the eyepiece (see Figure 33).    

D = deliverable to those who need the test.   The chips cost cents to make by 

inkjet printing, and do not require a cold chain, so they can be stored without hydration 

or refrigeration.  Similarly, the detector prototypes cost ~$30 to make by 3-D printing, but 

a cost close to $5 should be possible when manufactured at large volume. There are no 

moving parts and the detector can be powered by a watch battery or by the smart 

phone’s USB port.  Hence, the test has a number of advantages that should make it 

deliverable in a LMIC setting. While it will likely be preferable to use a smart phone to 

capture images of the spots in the microarray and convert to concentrations by an App 

loaded on the smartphone, it is certainly not imperative. The detector can also be read 

visually through the eye-piece that attaches to the smart phone, and because we plan to 
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print a calibration row of spots of the analyte as a dilution series on the D4 chip (see 

section 6.1 below), we hope to enable visual determination of the concentration of the 

unknown sample by interpolation. 

5.6 Materials and Methods 

5.6.1 Chip Fabrication 

5.6.1.1 Polymerization 

25mm round #2 coverslips (Ted Pella) were loaded into a custom teflon coverslip 

holder and cleaned with a 1:1 HCl:Methanol solution for 30 minutes and then rinsed 

three times with ultrapure water. After cleaning, coverslips went through the same 

silanization, initiator deposition, and polymerization process as that described for slides 

in section 3.4.1 through 3.4.3, with the exception that each process step took place in 

50mL Teflon beakers (Ted Pella) instead of 400mL glass staining jars. 25mm square 

silicon wafer substrates (University Wafer) were processed alongside coverslips and 

POEGMA layer thickness was measured using an M-88 ellipsometer (JA Woollam).   

5.6.1.2 Printing 

Solutions of streptavidin coated quantum dots (Invitrogen) with peak 

emmissions at 525nm, 565nm, 585nm, 605nm, 655nm and 705nm were passed through a 

.2 micron centrifugal filter (Amicon) and resuspended at a concentration of 1 

micromolar in PBS (Sigma). 20 microliters of each solution of quantum dots was added 

to a single well in a 384 well plate (VWR). 6 microliters of each solution was aspirated 

using a Perkin Elmer Piezorray tuned to produce 300pL droplets. Individual 300pL 
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droplets were arrayed onto the surface of POEGMA coated coverslips at a spacing of 900 

microns. 

5.6.1.3 Assembly 

Arrayed coverslips were loaded into a custom fabricated coverslip holder with 

channels to guide placement of double sided adhesive tape. Two pieces of 100 micron 

thick adhesive were applied to the chip surface on either side of the array located at the 

center of the coverslip such that a 25mm by 2mm channel containing the central array 

was formed. A second POEGMA coated coverslip was then added to form the top 

surface of the chip using the same coverslip holder to guide alignment of the two 

coverslips. 

5.6.2 Detector Fabrication 

CAD software was used to design the detector housing, which was printed using 

a Stratasys Dimension 1200ES. Four 5mm light emitting diodes with 30mW radiant 

power and a 15 degree viewing angle were inserted into the detector body, wired in 

parallel, and connected to two CR2450 batteries contained within the detector lid. An 

LED emission peak of 380nm with a 15nm FWHM spread was observed by coupling the 

LED emission light into a fiber optic light guide attached to an Ocean Optics USB4000 

spectrophotometer.  A 12.5mm longpass emission filter (Edmunds Optics) with a cutoff 

wavelength of 500nm was added to the detector housing and press fit into place. A 

magnetic cell phone macro lens (Amazon.com) with an approximate focal length of 
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20mm was press fit into the detector housing directly adjacent to the emission filter.  The 

camera of a Samsung N9000 cell phone was modified with a matching 10mm diameter 

adhesive magnetic ring (provided as part of the macro lens kit) and used to image the 

quantum dot arrays with the phone’s native camera application. 
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6. Design of next generation of D4 chips 

6.1 Self-Calibrating Chips 

The analytical robustness and performance of the D4 platform could potentially 

be enhanced through the development of a self-calibrating scheme in which a dilution 

series of target is printed on the chip as a row of positive control capture spots (Figure 

36).   Signal generation at these control spots will signify a viable assay by verifying 

activity and diffusion of the detection reagents. In addition, by varying the concentration 

of target within these control spots, there will be a signal gradient across the spots that 

can be used to normalize fluorescence intensities and reduce inter-assay variability. This 

control gradient can also be compared to signal generated at the capture antibody spots, 

which will aid in quantification of target levels and reduce sampling variables such as 

volume of blood added to the chip, blood viscosity, incubation temperature and time to 

measurement. In essence, the spot intensity gradient of the positive control spots will 

provide a reference signal, similar to a dose-response curve, that will serve as an internal 

calibration for each chip.  
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Figure 36: Format of self-calibrating D4 microarray. The signal gradient 

produced by varying target concentraton within the +control spots serves as an 

internal calibration standard. 

6.2 Soluble detection reagent position 

In traditional lateral flow immunoassays (LFA), analyte solution dissolves 

soluble detection reagents prior to reaching test lines of capture antibodies. This is 

necessary because the flow stream in an LFA is in one direction only, and therefore the 

detection reagents must be dissolved in the analyte solution prior to reaching the 

capture antibodies. As such, the traditional LFA format allows detection antibodies to 

bind antigen prior to antigen-capture antibody binding, and therefore the potential 

exists for antigen-detection antibody binding to block antigen-capture antibody binding. 

Using a carefully matched pair of monoclonal antibodies minimizes this issue, but can 

significantly increase cost.   

The diffusion based design of the D4 format does not require the upstream 

placement of detection antibodies, and it may be possible to increase sensitivity by 
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allowing the analyte solution to contact capture spots prior to detection spots. This 

should allow antigen to initially bind to capture spots without any interference from 

detection antibodies, as the detection antibodies will only contact the capture spots 

through the diffusion that occurs after the capture spots have been exposed to the 

analyte solution. 

Figure 37 illustratres a test format that could be used to test this hypothesis, 

which involves alternating the position of two separate arrays within the central channel 

of the chip: 1) An array composed of anti-target capture spots (yellow) and target 

calibration spots (blue), and 2) An array of soluble anti-target detection spots (red).  
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Figure 37: Test array format. Two separate arrays will be printed: 1) An array 

composed of anti-target capture spots (yellow) and calibration spots (blue), and 2) An 

array of soluble detection spots (red). The order in which these two arrays are exposed 

to analyte solution will be alternated—blood initially contacts capture spots first in 

panel A, and detection spots first in panel B. 

6.3 Effect of diffusion distance on D4 assay.  

Positioning the soluble detection spots as closely as possible to the capture spots 

has the potential to improve the D4 assay format in two ways: (1) assay reaction time 

will be decreased if each capture spot is surrounded by multiple soluble detection 
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reagent spots in close proximity, and (2) this geometry will be capable of providing 

higher local concentrations of dissolved detection reagents around each capture spot 

and thereby reduce the amount of detection reagent that must be printed on-chip. An 

array format to test this hypothesis is shown in Figure 38. 

 

Figure 38: Test array format. Each stable capture spot is surrounded by labile 

detection spots in order to reduce diffusion distance of detection antibodies. 

This geometry provides shorter diffusion distances and therefore potentially 

faster labeling of captured antigen than the previously described geometry in which the 

capture spots are surrounded by concentric rings of labeled detection antibody. To test 

this hypothesis, the array in Figure 38 should be exposed to a dose response of antigen 

and compared to the standard D4 assay shown. Assuming the figures of merit are 

equivalent to or better than the standard D4 assay, a time course video of the assay can 
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be used to assess the degree to which incubation time can be shortened while still 

retaining the performance metrics of the standard D4 assay.  

While a shortened assay would be advantageous, it is also useful to determine 

how this geometry can potentially decrease assay cost by reducing the amount of 

detection antibody printed on the chip. In this case, local concentrations of detection 

antibody around each capture spot should be higher during detection spot dissolution. 

This higher local concentration due to spot proximity should allow decreased amounts 

of printed detection antibody to produce the same local concentration around each 

capture spot as is achieved with the larger amounts of detection antibody that are 

printed in the first generation D4 format.  By systematically decreasing the amount of 

detection reagent printed in each detection spot, the minimum amount of detection 

reagent necessary to produce figures of merit equivalent to the standard D4 assay will 

be determined.  

In addition to the possible advantages discussed above, this geometry should 

provide each capture spot with a more uniform exposure to detection antibody during 

detection spot dissolution, as each capture spot is located the same distance from the 

nearest detection spots. In conclusion, this geometry should be evaluated to determine if 

a useful reduction in assay time, total printed detection antibody amounts, and/or assay 

variability is observed. 
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7. Future Directions 

7.1 A competitive binding assay for single-step detection of 
microRNA sequences 

This concept (Figure 39) is similar to a competitive immunoassay, however, the 

method of delivery of the labeled/competing target is different—in this format, the 

labeled target is not spiked into the analyte solution, but is instead hybridized directly to 

the probe prior to spotting.  As such, this format relies on microspots of probes that have 

been hybridized to a labeled target prior to spotting.  By designing the sequence of this 

labeled target to include a number of non-complementary bases, there should be a 

displacement of this pre-hybridized, partially-complementary labeled target by any 

target present in an analyte solution (target present in the analyte solution does not 

contain any mismatched bases, and therefore hybridizes with higher affinity to the 

probe sequence). In this format, a decrease in microspot signal intensity is used to 

quantify target in the analyte sample. Ideally, this method would avoid an RNA 

purification step. However, even if RNA purification is required, this method still has 

the potential to eliminate reverse transcription, labeling, and/or PCR amplification. 
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Figure 39: A competitive binding assay for single-step detection of microRNA 

sequences 

The basic uncertainty of this method surrounds: 1) The ability of a 

complementary target (from a patient sample) to bind to a probe sequence which is 

already partially hybridized to a labeled sequence that contains a number of non-

complementary bases; 2) How many non-complementary bases on the pre-hybridized, 

labeled target are needed to obtain a quantifiable decrease in spot intensity from a given 

concentration of unlabeled, complementary target, and is the corresponding limit of 

detection physiologically relevant (i.e. is the physiologic concentration of the target 

quantifiable by these methods); 3) How many non-complementary bases can occur on 

the pre-hybridized, labeled target before specificity is lost (i.e. where sequences found in 
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the analyte solution other than the target sequence also cause displacement of the 

labeled, pre-hybridized target).  

Major parameters that will play a key role are: 1. Length of Sequence; 2. Content 

of Sequence (GC vs AU vs TA); 3. Uniqueness of sequence (does the genome contain 

examples of other extremely similar sequences) 4. Analyte solution properties (Ionic 

strength, pH, etc.);  5. Temperature; 6. Location/Content of mismatched bases 

(beginning/end of probe vs. middle of probe, AC vs AG vs AA, etc.); 7. Length of Probe 

(how many/which overlapping bases occur between target and probe strands, does the 

probe contain overhangs before/after complementary portion); 8. Incubation Time.  

While 1-3 are a function of the targeted sequence and cannot be varied, 4-8 can be used 

to tailor probe-target binding.  

Another strategy would be to print soluble spots of a labeled target alongside 

probe spots. This technique would more closely resemble traditional DNA array based 

assays where fold changes in gene expression are measured by labeling a control group 

with one label (Cy3 for instance), and an experimental group with a separate label (such 

as Cy5). However, in this proposed format, only the “control” target is labeled, which is 

added to the analyte solution as the soluble spots of labeled target dissolve. The degree 

to which this labeled target binds to the probe spots will be inversely related to the 

concentration of the unlabeled target sequence present in the analyte solution. 

Possible test sequences for initial feasibility: 
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•miRNA target (mir-155) 

   5’-UUAAUGCUAAUCGUGAUAGGGGU 

•LNA probe  

   5’-CCTATCACGATTAGCATTAA-biotin 

•labeled miRNA targets with partial complementarity (A changed to C, mutation in red) 

 5’-UUCAUGCUAAUCGUGAUAGGGGU-Cy5 

 5’-UUCCUGCUAAUCGUGAUAGGGGU-Cy5 

 5’-UUCCUGCUCAUCGUGAUAGGGGU-Cy5 

 5’-UUCCUGCUCCUCGUGAUAGGGGU-Cy5 

 5’-UUCCUGCUCCUCGUGCUAGGGGU-Cy5 

 5’-UUCCUGCUCCUCGUGCUCGGGGU-Cy5 

7.2 Targeted Cell Arrays for Enhanced Immunohistochemistry 

Objective:  To improve immunohistochemistry through the use of targeted cell 

arrays based on the following newly developed materials and techniques: 1) An 

inexpensive, non-fouling surface coating that prevents the non-specific adsorption of 

cells and proteins,[78] and 2) A simple yet robust method of patterning cell targeting 

capture agents, such as antibodies, onto this non-fouling surface.[76, 114, 115] 

Context:  Immunohistochemistry (IHC) plays a crucial role in the field of 

pathology, and its importance is destined to increase as companion diagnostics are 

required for new targeted therapeutics. However, the inherent subjectivity of the 
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assessment of an objective value (the in situ protein concentration) suggests that new 

technologies are required to achieve the accuracy required for companion 

diagnostics.[116] 

IHC often plays a crucial role in patient care and the determination of course of 

treatment. An increasing number of drugs are designed to target specific and/or rare cell 

types, but because of the potential side effects and the high cost of many of these drugs, 

IHC is often used to predict drug response prior to drug administration.[117]  For 

example, the use of trastuzumab (Herceptin) is only indicated in the treatment of the 20-

30% of breast cancers in which the HER2/neu receptor is overexpressed, and prior to the 

prescription of trastuzumab, breast cancer tumor biopsies must be evaluated by IHC 

and other methods to determine if HER2 overexpression is in fact present.[118]  

However, achieving reproducible results by IHC is quite challenging due to a number of 

sources of variability, which include fixation conditions, specimen pretreatment, 

reagents, detection methods, washing procedures and interpretation of results.[119, 120]  

This lack of reproducibility presents a major challenge, and a number of studies have 

demonstrated the need to improve the quality control measures used in IHC 

assays.[120-122]  In one study of IHC test results for HER2 overexpression, a 15% 

discordance rate between initial local testing and follow-up central lab testing was 

found.[123]  

Design Principles and Motivation:  
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1) Individual cells are presented in array format for analysis. The natural 

morphology of a tissue sample is largely preserved during traditional IHC,[124] and 

while in some cases this is both necessary and useful, there are many instances where it 

merely complicates analysis. For instance, if a tissue biopsy is being examined for 

overexpression of a particular surface receptor, cells do not have to remain embedded in 

a tissue sample for analysis.[125] By organizing cells into an array, image acquisition 

and analysis is greatly simplified, whether being conducted by eye or in an automated 

format. 

 2) Capture agents specific to the targeted cell type are used to limit the 

number of extraneous cells. Traditional IHC involves the analysis of whole tissue 

sections consisting of large numbers of cells, and quite often the majority of these cells 

are unimportant if the goal is to characterize specific and/or rare cell types. [124]  By 

using surface immobilized capture agents such as antibodies to target specific cell types, 

it is possible to select for the specific and/or rare cell types of interest. This technique can 

be used to limit the number of extraneous cells being analyzed, and thereby  reduce 

analysis time, reagent requirements and the potential for false positives as a result. 

3) Elimination of Background Noise. Signal-to-noise-ratio and assay 

interpretation can be significantly improved by eliminating the noise created by non-

specific adsorption of labeled detection agents to the substrate background, producing 

fewer false positives and more sensitive and quantitative results. In addition, wash 
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procedures can be greatly reduced or even eliminated due to the lack of non-specific 

adsorption, greatly simplifying assay procedures and improving reliability and 

reproducibility. 

Abbreviated Methods: Surface initiated atom transfer radical polymerization 

will be used to coat glass slides with poly(oligo(ethylene glycol)methacrylate) 

(POEGMA). We have recently demonstrated the ability of this non-fouling coating to 

completely eliminate background noise caused by the non-specific adsorption of cells 

and proteins in assays conducted in complex biological fluids such as blood and cell 

lysate.[76] Microspot arrays of anti-HER2/neu antibodies will be printed directly onto 

the POEGMA surface. These microspots will be created using a remarkably simple 

method of patterning antibodies onto POEGMA surfaces developed in our lab, which 

eliminates the need for chemical activation and deactivation to achieve stable antibody 

microspots on the non-fouling surface and greatly simplifies the fabrication process.[76] 

In addition, we have shown that antibodies printed onto POEGMA surfaces using this 

technique have an exceptionally long shelf life under normal ambient conditions, 

without the need to refrigerate or store in buffer, which makes storage and transport of 

these arrays much simpler. Breast tumor samples, which have already received a 

HER2/neu expression score of 0 to 3+, will be used to evaluate the assay. Tumor samples 

will be treated with collagenase D, and the anti-HER2/neu arrays on POEGMA will be 

exposed to the resulting cell suspension. HER2/neu positive cells will be captured by the 
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anti-HER2neu microspots (circular 10um diameter microspots will be used so that there 

will be approximately 1 cell per microspot), and subsequent labeling with a second anti-

Her2/neu antibody will be used to quantify the Her2/neu expression of each cell. Results 

will be compared to the previously determined HER2/neu expression values of 0 to 3+. 

Conclusion: This proposal describes methods that have the potential to make 

IHC tests more reliable, faster, less expensive and more easily applied at the point of 

care. HER2/neu expression in breast cancer tumor biopsies represents a potential system 

for initial proof of principle evaluation. 
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