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Abstract

“Non-fouling” polymer brush surfaces can greatly improve the performance of /in vitro diagnostic
(IvD) assays due to the reduction of non-specific protein adsorption and consequent improvement
of signal-to-noise ratios. In this progress report, we briefly review the development of synthetic
polymer brush architectures that suppress adventitious protein adsorption and discuss their
integration into surface plasmon resonance and fluorescent sandwich immunoassay formats. We
also highlight a novel, self-contained immunoassay platform (the D4 assay), that transforms time-
consuming laboratory-based assays into a user-friendly and point-of-care format with a sensitivity
and specificity comparable or better than standard ELISA directly from unprocessed samples.
These advancements clearly demonstrate the utility of non-fouling polymer brushes as a substrate
for ultra-sensitive and robust diagnostic assays that may be suitable for clinical testing, in field and
laboratory settings.
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The development of non-fouling polymer brushes surfaces has ushered in a new wave of vitro
diagnostic (IVD) tests. Polymer brushes eliminate non-specific protein adsorption to the surface
and thus enable ultra-sensitive detection of proteins directly from complex biological milieu.
Diagnostic platforms capable of point-of-care testing are highlighted in this article.
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INTRODUCTION

In vitro diagnostics (1\VVDs) play a critical role in the clinical diagnosis, management, and
monitoring of disease. IVDs are designed to* analyze biological specimens to identify
analytes of interest (i.e. proteins, lipids, metabolites, etc.) that can be insightful in guiding
clinical decision making. Enzyme-linked immunosorbent assay (ELISA) and “ELISA-like”
sandwich immunoassays are the clinical gold standard I\VD for precise, sensitive, and
quantifiable protein detection [1: 2] with many tests developed for the detection of protein
biomarkers, ranging from infectious diseases to cancer. Recently, much effort has been
dedicated to the development of IVDs amenable for point-of-care testing, thereby
democratizing access to clinical-grade diagnostics independent of clinical infrastructure.

While ELISA offers exquisite analytical sensitivity and specificity, the assay procedure is
quite complex, cumbersome and time consuming, and typically requires a dedicated
centralized laboratory with highly-trained personnel and specialized equipment. A typical
96-well microplate ELISA procedure requires incubation of a clinical sample such as blood
or serum (which often needs to be diluted) onto a plate pre-coated with a capture reagent—
most commonly an antibody (Ab) or antigen (Ag)—addition and incubation of a detection
Ab followed by a secondary Ab, and several wash steps in between.[?] Even though ELISA
is often automated in centralized laboratories and manufacturers supply ready to use Kits,
which greatly reduce the challenges related to assay fabrication and assay standardization,
the procedure typically takes 4 — 5 hours, which can delay clinical decision making. To
improve upon the standard 96-well plate ELISA systems, miniaturized and microfluidic-
driven ELISAs have been developed, which can speed up the process workflow
tremendously (< 2 hours) using small sample volumes to facilitate clinical decision making.
[3-8] The analytical performance of several of these platforms is encouraging and discussed
later in this progress report. However, miniature and microfluidic ELISAs often have
“active” components (i.e. pumps and valves), which increases the complexity, costs, and
likelihood of device malfunction, especially if the intended use is in point-of-care settings.
In both traditional ELISA and many of the new configurations, several steps in the assay
attempt to maximize the signal-to-noise ratio (SNR), either by amplifying the signal or by
reducing non-specific binding (NSB) of non-target proteins in the sample. For example,
enzymes are often used to amplify the signal and thereby the SNR, and blocking buffers are
used to eliminate adventitious protein adsorption, which can lead to an elevation in
background signal and loss in sensitivity of the assay.

Increasing analytical sensitivity has traditionally been accomplished by using signal
enhancement techniques; however, these methods can often raise the noise threshold of the
detection system and can also increase the complexity of the assay. Due to the importance of
eliminating NSB for 1VDs, much effort has been dedicated into further understanding
protein adsorption processes with the goal of creating “non-fouling” surfaces that resist NSB
of proteins below the limit-of-detection (LOD) of label-free sensitive techniques.[9-11]
Rather than employing blocking buffers, synthetic polymer coatings offer an alternative
approach to engineer surfaces to prevent non-specific protein adsorption. The use of non-
fouling surfaces can reduce or eliminate NSB and therefore increase the SNR, improving the
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assay’s LOD while eliminating the need for complex signal amplification.[10. 12, 13]
Increasing the sensitivity of clinical diagnostics can enable earlier and more reliable
diagnosis of disease, which can lead to early intervention, better patient outcomes and lower
healthcare costs.[24]

Historically, polyethylene glycol (PEG) has been the most popular coating to confer protein
resistance to a surface.[1 161 PEG’s protein resistance is attributed to its highly hydrated and
random conformation. PEG surface modification can be performed by either “grafting to” or
“grafting from” the surface. Physisorption [17], chemisorption [18] and covalent grafting

[19. 20] are amongst the most popular “grafting to” techniques. Although these
immobilization methods can create strongly bound polymer chains to the surface (especially
with covalent grafting), the “grafting to” approaches usually suffer from low polymer
density due to the diffusion-limited nature of the immobilization process.[2X] During
immobilization, mushroom-like structures are formed by the long chains of the polymer,
sterically hindering the approach of other chains in their radius, ultimately preventing their
attachment. Surface densities normally achieved with PEG coatings by “grafting to”
methods can reduce the adsorption of proteins in the ng cm=2 regime, but have difficulty
preventing non-specific binding upon exposure to complex biological milieu.[21-23]

The extensive prior work performed on PEG and the development of non-fouling self-
assembled monolayers (SAMs) of oligoethylene glycol-terminated alkanethiols on gold by
Prime and Whitesides [24: 2] Jaid the foundation for our laboratory’s interest in the rational
design of non-fouling polymer coatings. We sought to combine the ease of formation of
SAMs with thicker and more robust polymer architectures to engineer a protein resistant
surface coating. Specifically, surface-initiated polymerization (SIP) of three-dimensional,
PEG-like brushes was a promising alternative to design thicker and more robust surface
coatings. With SIP, the architecture and overall properties of brushes such as the grafting
density, thickness of coating and hydrophilicity of the structure can be precisely controlled,
as described extensively in a separate review by Krishnamoorthy et al.[26] The development
of SIP by living radical polymerization (LRP) provided the tools to synthesize high density
polymer brushes with accurate control of thickness and composition. Amongst the different
types of LRP, atom transfer radical polymerization (ATRP) is most commonly used for the
synthesis of non-fouling surfaces for several reasons: (1) ATRP initiators can be easily
synthesized and immobilized onto surfaces by different methods such as plasma grafting,
covalent coupling, Langmuir-Blodgett deposition and chemical self-assembly; (2) ATRP
conditions can be tuned to control the thickness and polymer graft density; and (3) ATRP
can be performed in a diverse range of solvents and under mild experimental conditions

[27, 28] and recently, various SI-ATRP schemes have been developed that can be performed in
air under ambient conditions without the need for deoxygenation.[29-31]

Herein, we discuss the progress in designing non-fouling synthetic polymer brushes and
using them as a substrate for IVDs, with a special focus on immunoassays using optical
transduction methods. We highlight advances from our laboratory towards the successful
translation of IVVDs from a microarray format to a point-of-care test (POCT). Finally, we
discuss future opportunities and directions for the field to enable the successful development
and clinical implementation of novel POCTs.
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2. POLYMER BRUSHES WITH NON-FOULING PROPERTIES

While many different polymer brushes with varying chemical structures have been
synthesized, (Figure 1) [26] poly(oligo(ethylene glycol) methyl ether methacrylate), poly[N-
(2-hydroxypropyl) methacrylamide], and zwitterionic brushes are most commonly used
coatings to suppress NSB in complex biological milieu and for 1\vVDs.[26] Although multiple
surface coatings have been developed, comparing and ranking them is challenging as there is
a lack of a standard evaluation methodology. There are multiple techniques and analytical
methods to evaluate non-fouling surfaces. Surfaces can be challenged by either: (1) complex
biological samples, such as human serum, plasma, or whole blood; (2) living cells; and or
(3) purified protein solutions. NSB is typically determined analytically by measurement of
protein adsorption by radiolabeling [32], surface plasmon resonance (SPR) spectroscopy [33],
ellipsometry [34] quartz crystal microbalance [3%, or fluorescence imaging [3°] and of cell
adhesion by optical microscopy. Because of the variability in NSB studies performed and
analytical methods used, it is difficult to compare (or rank) surfaces across studies in the
literature. Further, the conditions used for brush synthesis can vary depending on the study,
which can lead to different brush properties and therefore additional variability in NSB
determination. There have also been reports of divergent results for fouling studies from
human plasma depending on the source of plasma.[36] Therefore, throughout the text, the
nature of the non-fouling studies performed are explicitly stated. The synthesis and non-
fouling behavior of several high-performing brushes are discussed in the following section.

2.1 Poly(oligo(ethylene glycol) methyl ether methacrylate) brushes

Over the past 15 years, poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA)
—a PEG derivative with a comb-like architecture— has been investigated as a substitute for
linear PEG for various biomedical applications.[10: 34 35, 37-491 POEGMA brushes exhibit a
highly branched architecture with a high density of oligoethylene glycol (EG) moieties,
which are responsible for the excellent non-fouling behavior of the material.[5% The first
demonstration of the non-fouling properties of POEGMA brushes in serum were reported by
our laboratory nearly 15 years ago.[34 44. 451 |n these initial reports, Ma et al. used surface-
initiated atom transfer radical polymerization (SI-ATRP) to grow POEGMA brushes from
gold, glass, and silicon oxide surfaces using bifunctional molecules and different initiators
with an appropriate functional group for SAM’s formation. We —and later others—
observed that protein resistance is a function of brush thickness and density which can be
tuned by varying the polymerization times and surface density of the active initiator.

[34, 44, 51-53] As the chain length and brush density can be controlled independently of each
other, they provide two orthogonal parameters to precisely control the architecture and —
thereby— properties of the polymer brush. We also found that a relatively low initiator
surface density is sufficient to create protein-resistant coatings due to the much larger
footprint of the polymer brush. POEGMA brushes with five EG units in the PEG sidechain
(EGs) that were greater than 10 nm thick (in the dry state) conferred resistance to lysozyme,
fibronectin, bovine serum albumin (BSA), and undiluted fetal bovine serum (FBS) solutions
below the detection limit of ellipsometry (1 A of adsorbed protein). Additionally, these
POEGMA brushes prevented cell adhesion, as measured by fluorescence

microscopyl34 44, 54, 55]
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We also expanded the range of materials capable of supporting the formation of POEGMA
coatings to make this technology broadly useful. Engineering plastics are cheap and
ubiquitous but are more difficult to functionalize with an ATRP initiator as they do not
support the formation of SAMs. To solve this problem, Hucknall et al. developed facile
methods for installation of an ATRP initiator on their surface.[5] A POEGMA overlayer
could be grown by ATRP from a spin or dip coated layer of poly(vinylbenzylchloride)
(PVBCQ), as its benzyl chloride side-chain acts as an ATRP initiator. This work also showed
that plasma polymerization of 2-chloroethylmethacrylate yielded surface functionalization
with sufficiently high concentration of ATRP-initiators to permit ATRP of POEGMA on the
surface. More recently, we have shown controlled POEGMA growth for brushes grafted
from high-x dielectric materials, such as TiO9, ZrO,, Al,03 and that they show a low level
of BSA adsorption. This finding may enable future development of complementary metal—
oxide—semiconductor (CMOS) devices for biosensing in complex biological mediums.[3%]
Combined, these studies demonstrate that POEGMA brushes fabricated via SI-ATRP offer a
robust approach towards coatings that greatly reduce NSB on a variety of substrates.

Despite the success of POEGMA surfaces in greatly reducing NSB, there are several
drawbacks to PEG-coated surfaces. First, PEG and its derivatives can auto-oxidize when
exposed to oxygen or transition-metals, which may affect the stability of the brush and the
non-fouling properties.[5¢] Second, the antigenicity of PEG has become a major concern in
recent year [57], as human anti-PEG antibodies (APAs) can bind to PEGylated drugs causing
premature clearance of the drug from circulation and thereby decrease its effectiveness.

APAs can also — albeit in a small minority of patients— cause an adverse immune response.
[58]

Of particular relevance to human 1VVDs, APAs may cause interference in Ag-down assays for
the detection of Abs (“serology”), such as in indirect sandwich immunoassay formats
(ISIA). Although APAs may not interfere in sandwich immunoassays, serological assays are
routinely performed in clinical laboratories and APA binding is thus an important
consideration. In ISIA, APAs may hind to PEG-derived surfaces and thus be labelled (along
with the Ab of interest) resulting in an elevation in background signal and a poorer assay
sensitivity. In a recent study unrelated to clinical diagnostics, we showed that the anti-PEG
antigenicity of a drug-POEGMA conjugate was significantly reduced compared to two
FDA-approved PEGylated drugs (Krystexxa® and Adagen®).[5% 601 We also demonstrated
that shortening the EG side-chain length of POEGMA from EGg to EG3 eliminated nearly
all APA reactivity for our drug-POEGMA conjugate.[®%] Therefore, to mitigate the possible
consequences of APA interference for I\VVDs, we investigated the effect of EG side-chain
length on surface APA reactivity. We found that shortening of EG side-chain lengths
increased the hydrophobicity of the polymer brush, but still provided sufficient surface
coverage with EG side-chains to eliminate Cy5-labeled BSA adsorption, cell adhesion, and
did not bind to a panel of APAs.[61]

While we have developed strategies to drastically reduce NSB and to alleviate the presence
of interfering APAs, another solution is to use polymer brushes that are non-fouling but do
not have a PEG repeat unit. Poly[N-(2-hydroxypropyl) methacrylamide] and zwitterionic
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polymer brushes, discussed next, offer such an alternative. In many of the studies described
next, POEGMA brushes were also included, so their performance is highlighted as well.

2.2 Poly[N-(2-hydroxypropyl) methacrylamide] brushes

Although poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) has been extensively
studied for use in drug delivery systems [62], Rodriguez-Emmenegger et al. were the first to
investigate PHPMA brushes as a substrate for 1VDs.[63] Controlled ATRP reactions are well
established for methacrylate (and acrylate) monomers [64], however development of a robust
system for methacrylamides has proven to be more difficult.[85-671 For polymerizations
performed in bulk or solution, monomer conversion can be low and the reaction may not
proceed by a living process.[67: 681 Further, control over the reaction may be poor due to
nucleophilic displacement or inactivation.[83] For I\VDs, precise control over the thickness
and architecture of the brush are necessary to eliminate variability in assay performance, and
if more complex copolymer architectures are desired.

Despite these limitations, Rodriguez-Emmenegger et al. identified polymerization conditions
to graft PHPMA, POEGMA, poly(2-hydroxypropyl methacrylate) (PHPM), and
poly(carboxybetaine acrylamide) (PCBAA) —a zwitterionic polymer— brushes from a gold
SPR sensor using SI-ATRP.[63] All surfaces prevented NSB below the detection limit of SPR
(0.3 ng cm~2) when exposed to single protein solutions of human fibrinogen,
immunoglobulin G (IgG), human serum albumin (HSA), and lysozyme. When challenged
with undiluted human blood plasma, PCBAA and PHPMA surfaces remained non-fouling;
however, POEGMA and PHPM surfaces had plasma deposits of 22.5 ng cm=2 and 40.5 ng
cm~2, respectively.[83] In a subsequent study, Vaisocherové-Lisalové et al. synthesized
PHPMA brushes—along with copolymer brushes composed of HPMA and zwitterionic
monomers—and assessed fouling from food samples using SPR. The PHPMA brushes
exhibited undetectable fouling from milk, spinach, cucumber, hamburger, and lettuce
samples, making them a suitable substrate for a biosensor for food security and safety.[6°]

In another study, PHPMA brushes (as well as POEGMA and zwitterionic polymer brushes)
were grafted from a polycarbonate substrate using SI-ATRP.[7%1 Fouling from human blood
plasma was measured using an electromagnetic piezoelectric acoustic sensor. Modification
with the polymer brushes resulted in a drastic reduction in NSB, consistent with previous
results.[53. 721 Thrombogenicity of the surfaces was also assessed by flowing whole human
blood with fluorescently labeled cells over the surface. Surface modification with a PHPMA
brush led to a substantial reduction in thrombus formation and platelet aggregation as
visualized by fluorescence microscopy.[70]

Collectively, recent reports have demonstrated that PHPMA coatings can drastically reduce
protein adsorption to levels below the detection limit of SPR, even from undiluted human
serum, plasma, and complex food samples. Although the synthesis of PHPMA brushes by
ATRP is less controlled than other monomers, optimal conditions identified by some groups
(63, 71] or alternative polymerization schemes [72] may provide a robust route for the
synthesis of these coatings for biomedical applications.
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2.3 Zwitterionic polymer brushes

As another alternative to PEG-derived coatings, zwitterionic polymer materials have been
investigated extensively for the generation of non-fouling surfaces. Zwitterionic polymer
materials vary widely in architecture, but their common characteristic is a side-chain that
contains a cation and anion within the same side chain. Zwitterionic polymers with varied
backbones, [33. 73] charged groups, [52] and distances between the positive and negative
charges [74] have been studied; of these, phosphorylcholine (PC), carboxybetaine (CB), and
sulfobetaine (SB) are the most widely used —through which it has been learned that their
non-fouling behavior is due to the strong hydration at the solid-liquid interface of
zwitterionic polymer brushes.[”>: 761 It has also been shown that zwitterionic polymer
materials are “invisible” to potential interfering APAs. For further details of the different
types of zwitterionic polymer materials, we refer the reader to the following reviews.[77-79]

Like POEGMA brushes, zwitterionic polymers are compatible with “grafting to” and
“grafting from” LRP techniques. Although a dip-coating “grafting to” procedure has also
successfully been applied [80], “grafting from” approaches are most commonly used. One of
the first demonstrations of the excellent non-fouling properties of zwitterionic materials
came from Lad et al. where poly(carboxybetaine methacrylate) (PCBMA) and
poly(sulfobetaine methacrylate) (PSBMA) brushes (as well as POEGMA) were grafted from
a gold-substrate.[33] In this study, PCBMA, PSBMA, POEGMA, and oligoethylene glycol
SAM surfaces were subjected to 10% human serum and plasma, and the non-fouling
properties were characterized by SPR spectroscopy. All three brush surfaces exhibited
superior protein resistance compared to the oligoethylene glycol SAM, with fouling levels
approaching the detection limit of SPR. When undiluted serum and blood plasma were
tested, PCBMA coatings slightly outperformed both PSBMA and POEGMA coatings,
although the protein adsorption was below 50 ng cm~2 on all three surfaces.

In a follow-up study Yang et. al, fabricated poly(carboxybetaine acrylamide) (PCBAA)
polymer brushes via SI-ATRP.[8] In this study, the polymer brush thickness was varied, and
protein adsorption from undiluted human serum and plasma was measured at both 25°C and
37°C. PCBAA coatings with a dry thickness of ~20 nm exhibited undetectable levels of
fouling using SPR. This result was further corroborated by Rodriguez-Emmenegger et al.
who demonstrated undetectable fouling from human plasma for PCBAA coatings with a dry
thickness of 17 nm.[63] In follow-up study, they showed that PCBAA and PHPMA coatings
completely resisted NSB from human cerebrospinal liquid, saliva, urine, FBS, calf serum,
chicken egg and whole cow milk below the detection limit of SPR (0.3 ng cm™2), suggesting
these surfaces could be useful for diagnostics from a variety of sample mediums.[71]
Interestingly, both PCBAA and PHPMA showed zero fouling despite having very different
hydrophilicity, which suggests that surface hydrophilicity is not the primary factor that
prevents fouling.

In our own work, we have confirmed the non-fouling nature of zwitterionic polymer
brushes. PSBMA and POEGMA surfaces were exposed to FITC-BSA in PBS, washed, and
then fluorescently imaged. We found that the protein resistance of both surfaces were
comparable.[82] Zwitterionic polymer brushes are highly water wettable with a water contact
angle close to zero which contributes to their excellent non-fouling properties. However,
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unlike POEGMA brushes that have an intermediate surface wettability, they do not allow
inkjet printing of reagents on to their surface.[82] To enable non-covalent inkjet printing
functionalization, we engineered hybrid zwitterionic—cationic polymer coatings where by
controlling the surface density of the zwitterionic and cationic side chains, we could
minimize NSB but also tune the surface wettability to allow inkjet printing Abs, thus
allowing for simple fabrication without the need for covalent chemistry to biofunctionalize
the surfaces, as described in further detail in the next section.[82]

Overall, several polymer brushes have been investigated to suppress NSB from complex
biological samples. Surman and coworkers reported that PHPMA and PCBAA were the
most successful non-fouling surfaces (compared to POEGMA and PHEMA coatings), when
challenged with undiluted serum or plasma samples as they suppressed NSB below the
analytical sensitivity of SPR (0.3 ng cm~2) (Figure 2A-E). Further, these surfaces drastically
reduced cell adhesion (Figure 2F).[83] These non-fouling surfaces and others have been
utilized for the development of many sensitive 1VDs, several of which are discussed in the
next section.

3. NON-FOULING SURFACES FOR IN VITRO DIAGNOSITCS

3.1 Surface biofunctionalization

For protein-resistant surfaces to be relevant to clinical diagnostics, their surface needs to be
functionalized with biomolecules that enable the detection of analytes from a complex
milieu. The challenge of devising a surface that is non-fouling when exposed to complex
media (i.e. serum, plasma, or whole blood), but also allows substrate functionalization with
biomolecules, has been approached in several different ways. For a thorough discussion, we
refer the reader to a review by Badoux et al.[84]

Covalent attachment is the most widely used method for immobilization of biomolecules on
polymer brushes. One method for covalent attachment is to change the monomer
composition of the brush to include a monomer with a reactive chemical handle that can be
used for conjugation. For example, Trmcic-Cvitas et al. used hydroxy-terminated POEGMA,
which contains hydroxy moieties for immobilization, but still retains non-fouling properties.
[85] Streptavidin was attached through N,N-disuccinimidyl carbonate (DSC) coupling to the
terminal hydroxyl group so that biotinylated Abs could be immobilized onto the surface
(Figure 3A).[851 Hu et al. —and later others—employed poly[oligo (ethylene glycol)
methacrylate-b-glycidyl methacrylate] (POEGMA-co-PGMA) co-polymerization to include
both non-fouling properties and epoxide groups for functionalization via reaction with
reactive nucleophilic groups on Abs under mild conditions (Figure 3B).[86-88] Another
common surface functionalization technique, popular with zwitterionic polymer brushes, is
surface activation with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and N-
hydroxysuccinimide (EDC/NHS) coupling chemistry. Yang et al. functionalized their
PCBAA surface with Abs via EDC/NHS coupling and subsequent deactivation of unreacted
NHS ester groups by hydrolysis under mild conditions (Figure 3C).[8] Importantly, no
further blocking was required after surface functionalization, as the PCBAA surface in the
deactivated state provided sufficient reduction of NSB. However, some studies have found
contradictory results in that surface functionalization with Abs using EDC/NHS-activated
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covalent chemistries can lead to an increase in fouling from plasma compared to non-
functionalized surfaces.[89] Therefore, it is important to test how surface functionalization
impacts the non-fouling properties of brushes during IVD development.

Despite the success of covalent coupling methods, biofunctionalization of a surface with
multiple different biological recognition elements requires multiple sequential steps and thus
increases the complexity of fabrication of the sensing interface. Previously, we devised a
simple and direct method of fabricating Ab-based microarrays via non-covalent
immobilization of Abs on POEGMA using noncontact inkjet printing followed by mild
desiccation.[19: 481 Upon rehydration of the surface, the printed Ab spots do not bleed, even
upon overnight exposure to biological fluids, showing that the printed Abs remain stably
immobilized, even upon rehydration of the brush.

3.2 Fluorescent antibody microarray immunoassays

In a previous review 191, we reported on Ab microarrays for IL-1p, IL-6, IL-8, tumor
necrosis factor alpha (TNF-a) and osteoprotegerin (OPG) that were fabricated on POEGMA
brushes and were used in a sandwich immunoassay format. Analysis of the dose-response
curves for OPG in buffer and whole serum revealed that the dynamic range and LODs were
virtually identical in PBS and serum and that the LOD of an IL-6 assay was 100-fold lower
compared to the same assay on nitrocellulose.[10 48] This result was intriguing as complex
biological matrices typically present LODs that are orders of magnitude greater than those in
analyte-spiked buffer due to background noise caused by NSB. This simple yet novel
approach addressed several key limitations of protein microarrays: (1) inkjet printing of Abs
onto a dried POEGMA brush is a simple method to immobilize the Ab on the surface and
obviates the need for complicated surface chemistry or activation/inactivation steps. (2)
When hydrated, the tendency of proteins in the sample milieu to adsorb non-specifically was
dramatically reduced due to the non-fouling properties of the surface coating. (3) The need
for separate blocking steps after capture reagent immobilization becomes unnecessary due to
the dramatically reduced NSB. We have recently transformed this microarray platform into a
POCT, which is highlighted later in this progress report.

Since our initial demonstration, other groups have developed similar technologies for protein
microarray fabrication and Ag detection, although they use covalent chemistry for surface
biofunctionalization. For example, Liu et al. developed a flow-through microarray
immunoassay utilizing a polyGMA-co-poly(ethylene glycol) methacrylate] (P(GMA-co-
PEGMA)) brush surface that could be functionalized with Abs via covalent coupling of the
GMA moiety with amine groups on Abs using a contact printing method.[871 In the flow-
through configuration, samples were injected through a microfluidic network over the
microarray, followed by fluorescently-labeled Abs, enabling the detection of
carcinoembryonic antigen (CEA) with a detection limit of 10 pg mL™1 in 10% human
serum.

Lei et al. synthesized P(GMA-HEMA) brushes as a substrate for protein and peptide
microarrays for the detection of rabbit antihuman IgG Abs and matrix metalloproteinases
(MMP) activity.[9%] While detection of rabbit anti-human 1gG Abs was used as a proof-of-
concept study for the platform, MMP activity is related to several pathological processes [91]
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and is thus potentially important clinically. MMP activity was assessed by immobilizing
biotinylated peptide sequences (subsequentially labeled with avidin-Cy3) that can be cleaved
by specific MMP enzymes. Therefore, as the concentration of MMP increases, the
fluorescence signal decreases, due to the biotin-avidin-Cy3 complex being liberated from the
surface. When combined with an RGD anchoring matif, this platform was used to determine
MMP-2 and MMP-9 activity secreted from cells cultured on-chip. In this study, while the
P(GMA-HEMA) brush presumably decreased NSB significantly, the fouling studies were
carried out using only single protein solutions and the chips were further blocked with BSA,
suggesting that additional blocking was required to sterically hide the unbound and reactive
GMA groups.

Hu et al. developed a sensitive competitive immunoassay built upon a POEGMA-co-GMA
polymer brush modified glass slide for the detection of mycotoxins.[%2] The copolymer
brush was grown via SI-ATRP, followed by spotting of aflatoxin B1-, ochratoxin A-, and
zearalenone-BSA conjugates. In the competition format, mycotoxins in a sample compete
with the mycotoxins immobilized to the brush to bind a monoclonal Ab introduced to the
system, which is then labeled by a secondary Ab. Therefore, a weaker signal is observed
when higher concentrations of mycotoxin are present. Using mycotoxin-spiked PBS, the
LOD for aflatoxin B1, ochratoxin A and zearalenone were 4, 4 and 3 pg mL™1, respectively.
[92] Fyrther, spiked peanut samples were tested and the recovery rate was 85.8 — 109.2%,
suggesting good agreement with the PBS calibration curve. Overall, the performance of the
test was far superior to that of an immunoassay carried out on a glycidoxypropy! trimethoxy
silane-based microarray blocked with BSA, which is attributed to the high protein loading
capacity of the GMA moiety and non-fouling characteristics provided by the POEGMA
brush.

A particularly successful demonstration of an Ab microarray built upon a protein resistant
surface was also developed by Hu et al.[93] Here, randomly-oriented zinc oxide (ZnO)
nanorods were grown from a glass slide, followed by SI-ATRP of POEGMA-co-GMA
copolymer brushes. The ZnO nanorods were used to amplify the fluorescence intensity of
nearby fluorophores and the POEGMA-co-GMA brush was functionalized with Abs at a
high-loading density and used to suppress NSB, thereby greatly enhancing the performance
of the assay. In a sandwich immunoassay format, CEA was detected from undiluted human
serum with an LOD of 100 fg mL~1 (Figure 4), which is 100 times more sensitive than the
same assay performed without ZnO nanorods on a POEGMA-co-GMA surface. This work
clearly demonstrated how signal amplification and suppression of background signal can be
integrated together to yield ultra-sensitive detection schemes.

While the work described in this section utilized fluorescent transduction, non-fouling
polymer brushes are of broad utility across all transduction modalities in clinical diagnostics.
We discuss in the next section, their use in a label-free detection system —SPR— that is in
even more acute need for reduction of NSB, because the lack of a label does not provide any
intrinsic mechanism to discriminate between the signal originating from receptor-analyte
interactions and noise that originates from NSB.
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3.3 Surface plasmon resonance immunoassays

SPR is a label-free optical biosensing modality that measures the change in refractive index
when a specific biorecognition event occurs (i.e. Ab binding Ag) or a non-specific event
occurs (i.e. adventitious protein adsorption) at or in close proximity to a noble metal surface.
SPR can measure the binding kinetics of analytes to a surface bound receptor and records
the binding event as resonance units versus time in a sensorgram. Sensorgrams can be fitto a
kinetic model to determine the association rate constant or on-rate (ko) and the dissociation
rate constant or off-rate (Kor) and hence the equilibrium dissociation constant (Kp = Kgn Koft
~1).[941 SPR can also be used for the detection of a target protein using a surface-coupled
biorecognition element (usually an Ab) [95 %61 among many other applications.[97-991 As
SPR detects binding events at a surface, the performance of SPR immunoassays is extremely
sensitive to NSB. Commercial SPR sensors are often coated with a dextran-based coating
which greatly reduces NSB from single protein solutions or biofluids diluted 10-times;
however, significant fouling occurs (> 800 ng cm=2) when exposed to undiluted serum.

[96, 100, 101] Therefore, integration with a high-performing non-fouling surface is vital for
detection from complex biological milieu.[192] Although not intended to be a comprehensive
review of SPR biosensors, several examples are summarized below. The topic of SPR
biosensors and their application for label-free sensing from complex biological milieu has
been more thoroughly reviewed in the following reviews.[22. 103]

One of the first demonstrations of an SPR immunoassay functionalized with a non-fouling
surface was conducted by Jiang’s group at the University of Washington. In this study,
Zhang et al. grafted a PCBMA polymer brush upon a gold-coated SPR sensor and
functionalized the surface with an anti-human chorionic gonadotropin monoclonal Ab.[104]
They showed that the sensor exhibited minimal non-specific adsorption, even when exposed
to high concentrations of lysozyme and fibrinogen. In a follow up study, Vaisocherova et al.
grafted PCBAA from a gold-coated SPR chip and further functionalized with Abs specific
for activated leukocyte cell adhesion molecule (ALCAM), a potential biomarker for various
types of cancer.[19%] Remarkably, they were able to detect ALCAM with a 10-fold greater
sensitivity using the PCBAA coated surface as compared to traditional ~-COOH/OH
oligo(ethylene glycol) (OEG) surfaces that had also been blocked using standard procedures.

More recently, an SPR biosensor with a non-fouling PCBAA coating was used for the
detection of Escherichia coli (E. coli) and Salmonella sp. contamination in food samples.
[108] |, this study, several signal amplification steps were incorporated. Bacteria were
captured with a primary anti-£. coli or anti-Sa/monella Abs immobilized to the surface,
followed by labeling with a biotinylated secondary Ab, followed by streptavidin-coated
spherical gold nanoparticles. With the additional labeling steps, the sensor response
enhancement was 250-fold compared to the label-free format, which resulted in detection
limits below 60 cfu mL™1 for £. coliand 11.7x103 for Salmonella sp, even from crude food
samples (Figure 5). Another SPR sensor, developed by the same group, utilized a
P(CBMAA-co-HPMA) coating for the detection of £. coli from hamburger and cucumber
samples.[%] The LOD was 2.1x10% CFU mL™1 for direct detection and 81 CFU mL1 when
secondary labeling was incorporated.
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In another study, Riedel et al. developed a hydroxy-functional POEGMA-coated SPR sensor
for the detection of Epstein—Barr virus (EBV) Abs from clinical serum samples.[107] Here,
the brush surface was functionalized with several EBV Ags using a covalently bound
streptavidin and biotinylated-Ag system. Using SPR, they were able to stage EBV infection
by monitoring the presence of Abs in clinical samples. Riedel et al. later developed an SPR
sensor built upon a P(HPMA-co-CBMAA) polymer brush for the detection of hepatitis B
Abs from diluted (10%) clinical serum samples.[198] Hepatitis B Ags were attached to the
brush using EDC/NHS chemistry. The copolymer brush completely resisted NSB (fouling
below the detection limit of SPR) when challenged with undiluted serum both before and
after functionalization with the hepatitis B Ags. The sensor was capable of clearly
discriminating between positive and negative hepatitis B samples, suggesting it could be a
viable platform for clinical testing.

Zhang et al. engineered a methoxy-PEG-coated SPR sensor surface which served a dual
purpose: (1) the surface was non-fouling and greatly reduced NSB in diluted serum or
plasma, and (2) the methoxy-PEG modified surfaces were reactive towards APAs.[109]
Because the surface was “invisible” to serum proteins, but presented many binding sites for
APAs, it was used as an SPR sensor to quantitatively detect APAs in serum. Other surfaces
were investigated, such as EGg POEGMA; however, methoxy-PEG proved to be the most
sensitive. Importantly, this method produced a linear response with concentration of APA,
and APA isotypes could be discriminated by binding of an isotype-specific secondary Ab.

Overall, several groups have demonstrated the successful integration of non-fouling surfaces
for SPR-based diagnostics. SPR immunoassays have the benefit of label-free detection, and
binding of a secondary Ab improves the sensitivity and specificity of the assay, albeit at the
cost of a longer workflow. As the performance of these assays is extremely sensitive to NSB,
non-fouling surfaces play a crucial role in eliminating non-specific adsorption from blood
and serum samples. Despite the examples outlined above, there have been very few
demonstrations of SPR systems capable of detecting protein biomarkers at sufficiently low
levels from complex biological samples at the point-of-care for successful translation to
clinical practice.

4. TRANSITION TOWARDS POINT-OF-CARE IMMUNOASSAY
DIAGNOSTICS

IVDs must be easy to use with minimal user intervention, yet provide clinically acceptable
performance. While clinical ELISA can be implemented in abundant resource settings, it is
not amenable for point-of-care testing nor in limited-resource settings. A particularly
successful example of an IVD platform that can be performed at the point-of-care with no
ancillary instrumentation is the lateral flow assay (LFA). LFAs require minimal user
intervention and usually provide a visual qualitative readout in less than 30 minutes. They
have become the most widely used POCT because of their simplicity and reliability.[110. 111]
However, LFAs relying on colorimetric readout are typically not as sensitive as their clinical
laboratory equivalent (i.e. ELISA), thus limiting their utility for detection of low abundance
disease biomarkers.[112. 113] Addressing this limitation requires incorporating an
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amplification scheme into the LFA to increase sensitivity, which can significantly improve
the performance,[114: 1151 hut the added complexity then dilutes the most attractive attribute
of LFAs— their simplicity.

An ideal POCT should provide a low-cost, single-step procedure where the detection and
capture reagents can be contained in the same device, while retaining the exquisite
sensitivity and quantitative readout of clinical ELISAs. The World Health Organization
(WHO) has developed the ASSURED —affordable, sensitive, specific, user-friendly, rapid
and robust, equipment-free and deliverable to end users— criteria for evaluation of POCTs.
[116] Syccessful implementation of the ASSURED criteria in point-of-care diagnostics can
have a tremendous impact in improving global health in resource-limited settings but also in
reducing health care costs in the developed world. Our groups’ contribution toward this goal
is highlighted in the next section.

4.1 The D4 point-of-care immunoassay

Recently, we set out to re-design and simplify the sandwich immunoassay to turn it into a
POCT.[49] Towards this goal, Ab microarrays were fabricated on POEGMA brushes by
inkjet printing of capture Abs (cAb), as outlined in our previous work.[19: 481 However, in
contrast to our previous work, fluorescently labeled detection Abs (dAb) were also printed
—mixed with an excipient such as PEG or trehalose— directly onto the POEGMA brushes
in close proximity to the cAbs. Printing the dAb with an excipient allows the dAb to
solubilize upon exposure to a liquid sample. Therefore, with this architecture, all the
necessary reagents to complete a sandwich immunoassay are contained on-chip, thus
avoiding multiple separate incubation and or wash steps that are required for ELISA and
other protein microarrays.

This platform is named the “D4” assay for the series of events that occur during the assay
(Figure 6A): (1) blood is Dispensed onto the array, (2) the dAb Dissolve from the POEGMA
brush into solution, (3) both the dAb and target Ag in the sample Diffuse towards the
immobilized cAb, and (4) Detection of the binding event with a fluorescent detector, where
the fluorescent intensity scales with Ag concentration. In addition to being user-friendly,
assay fabrication is also simple and easily scalable (Figure 6B). Glass slides are
functionalized with a ~30 nm thick POEGMA brush by SI-ATRP (dry thickness), followed
by inkjet printing of the cAb and dAb. Upon printing the Abs onto the brush, they are
stabilized and retain their tertiary structure in the brush even upon prolonged storage at room
temperature without the need for refrigeration or hydration because of the interfacial
hydration provided by the polymer brush.[48: 1171 Qur fabrication strategy also consumes a
minimum amount —pico to nano-liters— of Ab reagents to fabricate a single chip, which
reduces the cost of assay fabrication and makes it more amenable for point-of-care
applications, especially in low-resource settings. The non-fouling POEGMA interface is the
core technology of the D4, which enables simple assay fabrication, a long shelf-life of
printed chips, and a simple assay with high analytical performance. As an example, the
qualitative detection of human IgG and human IgM from a fingerstick of blood is shown in
Figure 6C-D.
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We also demonstrated the ability of the D4 assay to quantify the concentration of analytes
from complex matrices such as blood and serum in a multiplexed format. Multiplexed
detection is a highly desirable attribute, especially for diagnosis of infectious diseases, as
many infectious diseases share common symptoms and are endemic in the same region.[118]
Multiplexed screening is also important for the diagnosis of various types of cancer where
single biomarkers have poor clinical sensitivity and specificity.[}19] To demonstrate a
multiplexed D4 assay, we developed a 2-analyte assay for IL-6 and TNF-a. and compared it
to the respective single-plex assays. For multiplexed detection of multiple target analytes, we
print the cAbs at spatially separate addresses on the chip and print microspots of a “cocktail”
of fluorescently-labeled dAb conjugates targeting each analyte. Because the cAb spots for
each analyte are spatially discrete and defined, the same fluorophore can be used to label
each dAb, which greatly simplifies assay readout.

The resulting assays yielded sub-picomolar LODs and showed minimal cross-reactivity
between assays. In addition, the dynamic range of each assay was roughly 3-log in
concentration or greater. Importantly, we demonstrated the assays could be run with
incubation times as low as 15 min in unmodified serum or whole blood while retaining
acceptable sensitivity.[4%] More recently, we have extended multiplexed detection to six
analytes for the diagnosis of hepatocellular carcinoma (unpublished).

To ascertain the feasibility of the D4 assay in a point-of-care setting, we deployed the D4 in
a pilot clinical study. We used the D4 assay to quantify serum levels of leptin —recently
identified as a predictive marker of mortality due to severe malnutrition [220)—and compared
these results to an ELISA performed in a clinical laboratory. The data showed a strong
correlation between D4 and ELISA measurements, suggesting that the D4 can replace
conventional ELISA in clinical settings. We also demonstrated that the D4 assay is
compatible with an inexpensive mobile phone-based fluorescence detector (Figure 7).
Although the sensitivity on the mobile platform was inferior to a tabletop fluorescence
scanner, we are actively developing a next generation, low-cost detector, which we anticipate
will match the performance of traditional tabletop scanners.

The design of the D4 assay is not limited to POEGMA as the interface; we have also
explored a hybrid zwitterionic polymer brush surface as the biointerface, motivated by their
lack of protein adsorption.[82] We found that the D4 assay on a PSBMA brush failed (Figure
8A-B), as the surface is far too hydrophilic for inkjet printing of Abs due to its extremely
low water contact angle (Figure 8C). To solve this problem, we synthesized a poly-2-
(dimethylamino) ethyl methacrylate (PDMAEMA) brush on glass and derivatized a fraction
of the amine groups to create a hybrid zwitterionic-cationic surface. By controlling the
degree of derivatization, we identified coatings that are suitable for inkjet printing of Abs,
but which also exhibit low protein adsorption.[82] The LOD and dynamic range of the D4
assay on these surfaces was similar to the same assay fabricated on a POEGMA brush and
much better than assays fabricated directly on PDMAEMA brushes (Figure 8D).[82]

The D4 technology satisfies most or all of the WHO-defined ASSURED criteria.[49: 116] |t is
affordable, as the consumption —and hence cost— of Ab reagents per chip is minimal. It
has exquisite sensitivity and specificity due to the high SNR afforded by the non-fouling
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interface. The platform is extremely user-friendly, as only a fingerstick of blood and one
wash step is required in the current format and further automation to eliminate the manual
wash step is being developed. The test is rapid and robust, with results possible in 15
minutes and requires no sample pre-processing even with whole blood. Although not
entirely equipment free, the D4 can be imaged and analyzed using smartphones that are
ubiquitous in both the developed and developing world. Finally, it is deliverable to end users,
as the D4 chip has a long shelf life without the needs for cold-chain —the need for hydration
and refrigeration— as the POEGMA brush preserves Ab activity. The flexible design of the
D4 suggests that it can be rapidly developed —on the order of weeks— to target any protein
biomarker for which Ab pairs are available. When coupled with advancements in Ab
generation and selection, where Abs can be developed against new targets quickly [121-124]
the D4 platform is ideally suited for the on-demand development of the next generation of
diagnostic tests.

4.2 Microfluidic devices

Microfluidic integration is important for the design of next generation point-of-care
diagnostics as it can minimize user intervention. An illustrative example is a fully
microfluidic POCT for the simultaneous detection of HIV and syphilis developed by Sia and
coworkers that brought liquid-based assays traditionally performed in 96-well plate format
(i.e. ELISA) into a field-ready format with data upload capabilities.l4 71 This work utilized
HIV and syphilis Ags immobilized in different locations of a microchannel network
manufactured by injection molding in polystyrene. Samples and reagents were delivered by
a bubble-based method where 14 reagents were sequentially passed through the
microchannels in the assay (reagents consisting of labeled Abs, washing solution and signal-
enhancing solutions) (Figure 9). This assay interfaced with a smartphone dongle for rapid
quantification of the assay and data transmission. The performance of the POCT was similar
to laboratory-based ELISA and was capable of detecting HIV and syphilis with reasonably
high sensitivity and specificity from fingerprick and venous whole blood; however, signal
amplification techniques were required, which increased the complexity of the design.[4 7]

Tokel et al. developed a point-of-care microfluidic chip for the detection of pathogenic £.
coli. They immobilized an anti-lipopolysaccharide Ab by capture on a protein G
functionalized gold substrate and used a portable SPR as the detection modality (Figure 10).
[8] The microfluidic chip design was optimized to maximize bacteria capture based on
modifications to the location of inlet and outlet ports. Calibration samples, clinical samples,
and wash buffers were introduced into the system using a syringe pump. The LOD for E.
coliwas approximately 105 CFU mL™2, in both PBS and peritoneal dialysis fluid. While this
level of analytical sensitivity may be sufficient for some applications and is on par with other
POCTSs [125.126] jt is several orders of magnitude below the sensitivity of a research-grade
Biacore SPR instrument.[8] The sensitivity could presumably be increased by using
secondary labeling steps, but this would involve further user intervention and increase the
complexity of the test.

The challenges illustrated by these microfluidic assays is that they can automate an assay,
but they come at the cost of introducing significant technological complexity that can drive
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up the manufacturing cost of the assay and reduce its reliability, especially when many
sequential steps are involved. Further, many microfluidic platforms utilize BSA blocking to
suppress NSB, which decreases surface fouling, but not as well compared to polymer brush
surfaces, especially when challenged by undiluted serum or plasma.[193] Therefore,
sensitivity could be presumably increased with the incorporation of a non-fouling surface,
such as POEGMA, PHPMA, or PCBAA. We believe that microfluidics has an important role
to play in POCTs, but that their design must be governed by the constraints of ensuring
minimal technological complexity and low manufacturing cost for them to have a broad
impact on POCTSs.

We are pursuing this goal by developing a low-cost, passive microfluidic chip design for the
D4 assay. The POEGMA interface of the D4 assay minimizes NSB and cell adhesion to the
surface and the passive, capillary flow driven microfluidics eliminates the need for an
external power source and moving parts. These modifications will transform the D4 assay
into a POCT that requires no user intervention beyond the addition of a drop of liquid
containing the analyte of interest to a sample port and another drop of wash buffer into a
rinse port.

5. CONCLUSION

IVDs are crucial for effective clinical practice. Over the past decade, advancements in
surface-based polymerization have spurred the development of novel non-fouling polymer
brush surfaces. Polymer brushes are ideal substrates for testing complex biological milieu
because they can be designed to significantly reduce NSB, which greatly improves the SNR
and thereby analytical sensitivity of the assay. Here, we reported on the D4 POCT, a novel
sandwich immunoassay with all the necessary reagents contained on a polymer brush coated
chip, enabling the sensitive detection of low abundance protein biomarkers from complex
mixtures, such as whole blood.

The convergence of a number of innovative approaches in the design of IVDs has created an
exciting time in clinical diagnostics. Currently, much effort is being devoted to the
miniaturization, automation, and integration of assay components into self-contained
platforms that are amenable for testing at the point-of-care. While these advancements have
begun to give rise to versatile platforms that are low-cost and “field-ready” but also retain
the performance, sensitivity, specificity and reproducibility of laboratory-based assays, we
caution that for these developments to realize their full potential, they must be simple in
design, cheap to manufacture and easy-to-use. If these requirements are met, we anticipate a
future of low-cost, reliable, easy-to-use, and sensitive POCTSs that will empower individuals
to track their health and thereby democratize healthcare.
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Figure 1. Chemical structures of polymer brushes used for biomedical applications.
A) General strategy for polymer brush growth from a surface. An ATRP initiator is attached

to a substrate from which a polymer brush is grown by surface-initiated ATRP. B)
Architecture of surface tethered polymer brush (left panel) and commonly used polymer
backbones and side-chains used for polymer brush growth, including polymethacrylates and
polyacrylates (middle panel). A set of neutral and zwitterionic monomers are also shown

(right panel).
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Figure 2. Protein fouling and cell adhesion for various polymer brushes/
SPR sensorgrams of protein adsorption from undiluted blood plasma for (A) PHPMA, (B)

PCBAA, (C) PHEMA, and (D) POEGMA polymer brushes. (E) Protein fouling for surfaces
when challenged by from fibrinogen (1 mg mL™1), human serum albumin (5 mg mL™1) and
undiluted blood plasma. (F) Surface coverage (%) of blood, platelet rich plasma (PRP),
leukocytes, and erythrocytes incubated on gold, PHEMA, POEGMA, PCBAA, and PHPMA
polymer brush coated gold. Adapted with permission.[83] Copyright 2015, John Wiley and

Sons.
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Figure 3. Covalent attachment techniques for surface bio-functionalization.
A) Hydroxyl-terminated POEGMA brushes are activated with DSC. The brushes are then

functionalized with streptavidin (red symbol) and then a biotinylated (green symbol) Ab for
biosensing. B) Abs are contact printed onto a POEGMA-co-PGMA block copolymer brush,
resulting in covalent attachment of the Abs to the epoxide groups under mild conditions.
Subsequently, the remaining epoxide groups are inactivated. C) Carboxylic acid groups from
PCBAA brushes are reacted with NHS/EDC to yield a reactive NHS-ester, followed by
functionalization with an Ab via the formation of an amide bond. Subsequently, the surface
is inactivated and reverts to a non-fouling state.
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Figure 4. Antibody microarray on POEGMA-co-GMA brushes “grafted from” ZnO nanorods.
A) Fluorescent images, with concentration of CEA and B) plotted dose response curve for

detection of CEA spiked into human serum, with a LOD of 100 fg mL"1. Adapted with
permission.[%3] Copyright 2014, John Wiley and Sons.

Adv Mater. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Heggestad et al.

40

food -
Ab J\ Ab o Ostreptavidin
Y : . sample P
s ~1 3ﬂ -
= 711 —Referepod 35 l —Reference e 60 4 —Reference 250x
£ * e Detection . Detection ¢ " = Detection
L Buffer 501 501
2 5 25 - 4] Buffer
2 4] 2.0
8 3] Hamburger 1.5 30+
§ < with E.coli 101 Ab, 204 S-AuNPs
@ 1 Buffer 0.5 Buffer 104 Buffer
0+ 0N —_— 0.04~ 2 P N 0 "o
. ; g 05 : . . . . y y
0 10 20 0 10 20 0 10 20 30
Time [min]

Figure 5. Detection of E. coli from hamburger samples using SPR.

Scheme of the three-step assay is shown, with corresponding SPR sensorgrams and
enhancement in LOD. (1) direct detection using primary Ab, (I) flowing a biotinylated Ab
over the sensor, and (111) flowing a streptavidin-coated spherical gold nanoparticle over the

sensor. Adapted with permission.[198] Copyright 2016, Elsevier.
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Figure 6. D4 immunoassay on POEGMA brushes.
A) A schematic of the steps in the D4 assay. The cAb and dAb are inkjet printed onto the

POEGMA brush. (i) A drop of blood or serum is dispensed directly onto the chip. (ii) dAb
dissolves and binds to Ag in the sample. (iii) Ab-Ag complexes diffuse and bind to their
respective cAb. (iv) a quantifiable fluorescent signal is detected using a fluorescent detector.
B) D4 chip fabrication. A POEGMA brush is grown on glass chips by SI-ATRP. The cAb
and dAb are inkjet printed onto the surface. After desiccation, the D4 chips are ready for
use. C) D4 detection of human 1gG and IgM from fingerstick blood. (i) D4 chip layout with
each of the components labeled. (ii) Addition of a drop of blood to the D4 array. (iii)
Incubation with blood, followed by (iv) rinse with a wash buffer. D) D4 array scanned: (i)
before the addition of blood, (ii) after incubation in buffer (negative control), (iii) after
addition of chicken blood (negative control), (iv) after addition of human blood with both
anti-1gG and anti-lgM dAbs printed on the chip, (v) after addition of human blood with only
anti-lgM dAb printed on the chip, and (vi) after addition of human blood with only anti-1gG
dAb printed on the chip. Adapted with permission.[4°]
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Figure 7. Mobile phone-based imaging of D4 arrays and concordance with ELISA.
Dose-response curves in calf serum spiked with leptin Ag acquired by a (A) benchtop

scanner and (B) a mobile phone-based fluorescence microscope, with representative D4
microspot images. C) Patient sera tested on the D4 assay using a benchtop scanner (red
trace) versus the mobile phone microscope (blue trace), and comparison with ELISA results
(dashed black trace). Reproduced with permission.[4°]
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Figure 8. D4 immunoassay performance on zwitterionic polymer brush surfaces.
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D4 assay dose-response curves for IL-6 Ag on (A) POEGMA and (B) PSBMA polymer

brush surfaces. The PSBMA surface is too hydrophilic to allow inkjet printing

immobilization of Ab reagents, resulting in no visible dose-response behavior in panel B. C)
Optical images and quantification of contact angles for POEGMA and PSBMA brushes,
showing the significantly lower water contact angle on the zwitterionic PSBMA surface. D)
D4 assay dose-respose curves for IL-6 Ag on a poly-2-(dimethylamino)ethyl methacrylate
(PDMAEMA) brush and a PDMAEMA polymer brush surface that was partially derivatized
to PCBMA at 75 °C, pH 5. The assay metrics for the PCBMA surface are similar to the
same assay on a POEGMA brush surface. Adapted with permission.[82] Copyright 2018,

American Chemical Society.
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Figtdl_’lg 9. Smartphone-based point-of-care diagnosis for human immunodeficiency virus and

S IS.

K;Smartphone dongle with a microfluidic cassette for the detection of HIV and syphilis,
connected to an iPod touch (or smartphone). B) The dongle uses the audio jack connector as
the power source to generate vacuum and to transmit the data to a smartphone. C) A reagent
cassette that contains the wash reagents in yellow, the silver enhancing reagents in blue and
green and the detection zones and waste pad in the bottom layer. Reagents are numbered in
the order they flow through the test cassette. First, blood is collected in the cassette via
capillary action, allowing for HIV or syphilis Abs in the sample to bind to Ags immobilized
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in the detection zones. Next, resolubilized gold-labeled Abs flow through the channels and
bind to the captured Abs followed by a water rinse. Once the venting port is closed, the A
and B silver reagents mix and flow through the channel and enhance the signal of the
colloidal gold-Ab complexes captured in the detection zones. D) Comparison of costs for
ELISA versus the smartphone dongle POCT. Reproduced with permission.[”] Copyright
2015, American Association for the Advancement of Science.
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Microfluidic Integrated SPR Platform b
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Figure 10. Portable microfluidic plasmonic platform for pathogen detection.
A) The microfluidic chips are mounted on top of the device. The chip with the inlet and

outlet ports, and the 50 nm thick gold coated glass substrate is shown below. B) The light
emitting diode illuminates a cylindrical lens, which collimates the light onto a rectangular
prism. The reflected light is captured by a CMOS sensor and the image is transferred to a
computer by the control circuitry. The chip is placed on the rectangular prism, with a
refractive index matching oil in between. C) Integrated SPR platform. The bacteria are
captured by Abs immobilized via surface bound protein G in the microchannel, and the
capture event induces a change in the local refractive index. This change is captured by the
sensor and transferred to a computer for analysis. Reproduced with permission.[8] Copyright
2015, Nature.
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