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The development of sensitive and high-throughput protein
detection assays capable of multiplexed analysis is crucial for

advancing bothmedical diagnostics and biological discovery. The
majority of existing protein detection schemes rely on the use of
antibodies for both target capture and reporting.1 Despite high
affinities for their targets and well-characterized epitope interac-
tions, antibodies have several major disadvantages, including
expensive and time-consuming selection processes, in vivo pro-
duction requirements, and storage instability.2,3

An emerging class of molecules called aptamers has shown
promise as an alternative to antibody-based protein detection.
Aptamers are short nucleic acid sequences that bind to their
targets with high specificity and with dissociation constants in the
low-nanomolar range.2,4 They are selected through an iterative
process known as SELEX (systematic evolution of ligands by
exponential enrichment) in which large random libraries of nuc-
leic acid fragments are tested against the target of interest for
specific and effective binding.5�7 Several aptamers can be selected
against a single target, allowing for the use of multiple aptamers
to either enrich target affinity through avidity effects or to deve-
lop sandwich-based target capture and reporting.4,7,8 Protein cap-
ture is facilitated by the folding of the nucleic acid probe seq-
uence into a tertiary structure upon interaction with a particular
epitope of the target.4,5

Aptamers’ stability in solution and the relatively simple in vitro
selection and production processes used for their generation
provide an attractive alternative to the antibody-based methods
currently used in the field of proteomics. Due to the stringency
imposed by the iterative in vitro selection process, aptamers bind
to their protein targets with high specificity and thus generally

exhibit less cross-reactivity with other nontarget proteins than
antibodies.3,7 These qualities make the aptamer a desirable bio-
assay reagent for applications in complex biological samples such
as plasma, serum, and urine. The primary challenge in integrating
aptamers into biosensing platforms is their sensitivity to the ionic
environment. Specific ionic species are required for aptamers to
fold into the complex structures necessary to maintain target
binding, and aptamers which are selected under different tem-
perature, pH, and ionic conditions may not always be compatible
with each other.4,9 The need for unique buffers and experimental
conditions for each aptamer can lead to complications during
multiplexing or when using poorly characterized biological
samples. However, since aptamers may be a better option than
antibodies in certain applications, there is a strong need to further
characterize their performance when integrated with next-gen-
eration sensing platforms.

A number of protein detection technologies utilize micro-
arrays or encoded microparticles to enable multiplexing, a crucial
component in clinical proteomic profiling. Although the spatial
encoding provided bymicroarrays allows analysis of thousands of
targets simultaneously, these systems suffer from low through-
put, long incubation times, and inability to accommodate rapid
probe-set modification.10 An alternative system introduced by
Luminex uses polystyrene beads doped with fluorescent dyes to
generate spectral codes. The use of such a particle array leads to
faster assay kinetics, high-throughput analysis, and flexibility in
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ABSTRACT: Highly sensitive and multiplexed detection of
clinically relevant proteins in biologically complex samples is
crucial for the advancement of clinical proteomics. In recent
years, aptamers have emerged as useful tools for protein analysis
due to their specificity and affinity for protein targets as well as
their compatibility with particle-based detection systems. In this
study, we demonstrate the highly sensitive detection of human
α-thrombin on encoded hydrogel microparticles functionalized
with an aptamer capture sequence. We use static imaging and
microfluidic flow-through analysis techniques to evaluate the
detection capabilities of the microgels in sandwich-assay for-
mats that utilize both aptamers and antibodies for the reporting of target-binding events. Buffers and reagent concentrations were
optimized to provide maximum reaction efficiency while still maintaining an assay with a simple workflow that can be easily adapted
to the multiplexed detection of other clinically relevant proteins. The three-dimensional, nonfouling hydrogel immobilization
scaffold used in this work provides three logs of dynamic range, with a limit of detection of 4 pM using a single aptamer capture
species and without the need for spacers or signal amplification.
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assay design.10 However, the Luminex encoding system offers a
maximum of only 500 codes and relies on a complex array of
lasers and photomultiplier tubes to decode particles and quantify
target. Additionally, coefficients of variation from this system are
often high, especially in complex samples.11 Other next-genera-
tion technologies have been developed using barcoded metallic
rods, doped rare earth materials, or photoresist materials for
encoding and detection, but these technologies lack high-
throughput analysis schemes, often demonstrate poor sensitivity,
and have complicated protocols for particle fabrication.10,12,13

In this study, we interface aptamer-based protein sensing with
a graphically encoded particle array previously developed and
validated for DNA, microRNA, and antibody-based protein
quantification.14�17 We use microfluidic stop-flow lithography
(SFL) to generate microgel particles bearing spatially segregated
regions for encoding and target capture.14,18 Particles are simul-
taneously polymerized, encoded, and functionalized with probe
(Figure 1A). Our encoding scheme allows for the production of
millions of unique codes using permutations of unpolymerized
holes of varying dimensions in the fluorescently doped “code”
region of our particles. This expansive coding library is important
for multiplexed analysis and for the pooling of particles from
different incubation reactions for rapid postassay analysis. Acry-
dite-modified probes can be readily incorporated into the three-
dimensional gel network of a separate “probe” region, providing
detection capabilities and biomolecule incorporation efficiencies
that are superior to surface-based sensing platforms.15,19,20

Furthermore, biological interactions tend to be more thermo-
dynamically favorable inside the hydrated gel matrix, which offers
probes more freedom for movement and provides an environ-
ment conducive for folding into appropriate tertiary structures
with less steric hindrance.20 Here we investigate these gel-specific
detection advantages in the context of aptamer-based sandwich
assays.

Our study is performed using well-characterized aptamers
against α-thrombin, a serine protease which plays a key role in
the blood clotting cascade.21 Since α-thrombin catalyzes the
formation of fibrin from fibrinogen, its concentration in the
bloodstream is of considerable clinical importance. Themeasure-
ment of α-thrombin in the blood is important for the diagnosis

and monitoring of several cardiovascular disorders.22 The
protein has even been suggested as a potential biomarker for
Alzheimer’s disease and other neurodegenerative disorders.23,24

The DNA aptamers used in this study, designated HTQ and
HTDQ, interact with the fibrinogen and heparin exosites of the
protein, respectively. In previous surface-based studies, HTQ has
exhibited a Kd of 2.6 nM when binding with α-thrombin, while
HTDQ has exhibited a Kd of 0.5 nM.21,25 The availability of
aptamers that bind at different sites of the protein allows us to
develop a sandwich assay, with distinct “capture” and “reporter”
aptamers (Figure 1B). Although several studies have examined
detection performance of these aptamers for α-thrombin sensing
in microarrays and other surface-based particle arrays, these
molecular probes have not been previously characterized in the
context of a hydrogel environment.25�35 Here, we assess the
detection performance of the HTQ and HTDQ aptamers within
our hydrogel particles with respect to concentration of probe in
the particles, type of reporting moiety, and composition of buffer
at various stages of the assay.We show that by using an optimized
buffer system, it is possible to extend our system to multiplexing
alongside more traditional antibody-based detection schemes,
and we characterize the sensitivity, specificity, and dynamic range
ofα-thrombin detection using different reporting ligands and our
high-throughput analysis system (Figure 1C). We also examine
the effect of incorporating thymine spacers into the aptamer
probe. Finally, we examine the ability of the particles to discri-
minate and bind target in the presence of interfering proteins
commonly found in complex biological matrixes.

’EXPERIMENTAL SECTION

Particle Synthesis. Fabrication methods for particles bearing
DNA and antibody probes have been described in detail else-
where.15�17 Briefly, monomer solutions were mixed using dif-
ferent ratios of poly(ethylene glycol) diacrylate (PEG-DA 700,
MW700 g/mol, Sigma-Aldrich), poly(ethylene glycol) (PEG 200,
MW 200 g/mol, Sigma-Aldrich), Darocur 1173 (Sigma-Aldrich),
and 3� Tris�EDTA (TE, USB Corporation) buffer. Monomer
solutions were loaded into a 38 μm tall poly(dimethylsiloxane)
(PDMS) microfluidic device for synthesis. Particles were rinsed

Figure 1. Assay workflow. (A) Particles bearing aptamer probe are synthesized using SFL. The code stream contains 0.6% rhodamine acrylate. The
schematic shows a particle bearing the graphical code “02223”. Particles with additional chemistries can be synthesized by altering the number of streams
in the channel. (B) Particles are used to detect thrombin using a sandwich assay in which the reporting ligand is biotinylated to facilitate labeling with
SA�PE. The two reporting ligands shown are a DNA aptamer (HTQ-30) and a polyclonal antibody against thrombin (PAb-T). (C) Fluorescently
labeled complexes are analyzed using either flow-through scanning or static imaging. Custom MATLAB scripts are used to extract individual particle
profiles from scan data and images. Static particle image shown is false-colored.
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and stored in 1�TEwith 0.05% (v/v) Tween-20 (T-20, TET) at
4 �C after synthesis. Further details about synthesis can be found
in the Supporting Information.
Reagents. DNA aptamers were purchased from Integrated

DNA Technologies (IDT) with appropriate modifications (see
the Supporting Information). Capture probe aptamers were
purchased with an acrydite modification (Acryd) on the 50 end
to facilitate integration into the PEG-DA gel matrix of the parti-
cles upon polymerization. Reporter probe aptamers were pur-
chased with biotin modifications with a “GGG” spacer on either
the 30 or 50 end to enable fluorophore labeling. Aptamers were
reconstituted and aliquoted in 1� TE and stored at �20 �C.
Phosphate-buffered saline (PBS, 1�) was purchased from
Cell Gro (21-040-CV) with the following formulation: 1 mM
KH2PO4, 155 mMNaCl, 6 mMNa2HPO4. Human α-thrombin,
human serum albumin, and IgGs from human serum were pur-
chased from Sigma-Aldrich (St. Louis, MO) and reconstituted
into PBS containing 0.1% (w/v) bovine serum albumin (BSA)
and stored at�20 �C. Polyclonal biotinylated antibodies against
α-thrombin and IL-2 and monoclonal capture antibodies against
IL-2 were purchased from R&D Systems (BAF1148, BAF202,
MAB202) and stored in PBS with 0.1% BSA at�20 �C. Human
prothrombin, β-thrombin, and γ-thrombin were purchased from
Haematologic Technologies (Essex Junction, VT) and stored
at �20 �C.
Protein Assay. All protein assays were conducted in 0.65 mL

Eppendorf tubes in a total reaction volume of 50 μL at 25 �C.
Protein serial dilutions were performed in PBS with 0.1% T-20
(PBST). Addition of reagents to tubes was done in the following
order: reaction buffer, exogenous protein, particles. Reaction
volumes were agitated at 1800 rpm using a thermoshaker (Rio).
After the initial incubation, particles were rinsed three times
using the buffer for the subsequent incubation step, and after
each rinse, the reaction volume was brought back to 50 μL.
Reporter ligands and streptavidin�phycoerythrin (SA�PE,

Invitrogen) were diluted in PBST. Target incubations lasted
2.5 h, reporter incubations lasted 1.5 h, and SA�PE incubations
lasted 30 min. The latter two reactions were performed in the
same buffer. Approximately 25 particles of each type were used
in each assay. HTQ-30 was provided at 406.4 nM, and PAb-T
was provided at either 16.7 nM or at 10 nM, depending on the
assay. PAb�IL-2 and SA�PE were provided at concentrations
of 6.67 and 13.3 nM, respectively.
Data Analysis. Prior to imaging, particles were resuspended in

1�TEwith 0.05%T-20 and 25% PEG 400 (PTET) to gainmaxi-
mum image contrast. Eppendorfs were vortexed gently for 45 s,
and 13 μL of solution was deposited onto a 24 mm � 60 mm
slide and sandwiched with an 18 mm � 18 mm coverslip. Par-
ticles were imaged under fluorescence using a CCD camera
(Andor Clara) at an exposure time of 0.05 s. Unless otherwise
noted, HTQ-30-labeled particles were imaged within 10 min of
their last rinse, and PAb-T-labeled particles were imaged within
30 min of their last rinse. After acquisition, images were aligned
and cropped in ImageJ (NIH), and width-averaged fluorescent
profiles were extracted using a custom MATLAB (Mathworks)
script.
Prior to microfluidic scanning, particles were resuspended in

50 μL of PTET, and the scanning system was set up using
methods detailed elsewhere.17 Briefly, a 532 nm green laser was
used to excite samples through a 4 μm � 90 μm chrome-coated
glass slit. Particles were flowed past this excitation window at
speeds up to 50 cm/s in amicrofluidic flow-focusing device with a

height of 37.5 μm. Laser-induced fluorescence was collected by a
photomultiplier tube (PMT, Hamamatsu H7422-40), amplified,
and reported as a temporal voltage signal which was then ana-
lyzed using a custom MATLAB script. Additional details regard-
ing data analysis are provided in the Supporting Information.

’RESULTS AND DISCUSSION

Detection Scheme and Workflow. Since there are two
unique aptamers against α-thrombin, we developed a sand-
wich-assay approach to capture and label the bound proteins
(Figure 1B). Our selection of the capture aptamer was informed
primarily by affinity characteristics and folding structure of the
two available sequences; we sought tominimize potential dissoci-
ation of complexes during assay rinse steps. HTDQ has a greater
affinity for α-thrombin and a more stable binding structure than
HTQ.21,25 Although both aptamers rely on the formation of a
G-quadruplex structure upon target binding, HTDQ forms an
additional duplex, giving it greater stability.25,36 Previous detec-
tion platforms utilizing these aptamer sequences have found
that HTDQ performs well as a capture aptamer when used in a
sandzwich format.26,28 HTDQ was therefore used as the gel-
embedded capture sequence.
Rather than including extensive spacers between the conjuga-

tion point and the aptamer sequences (necessary for several
surface-based systems to achieve effective target capture and
reporting), we employed only short “GGG” spacers to distance
biotin modifications from the HTQ reporter sequence to enable
fluorophore labeling.25�27,37 Due to the solution-like nature of
target�probe interactions inside hydrogels, we expected that
long spacers were largely unnecessary, and in past assays with our
gel particles, we have attained high levels of sensitivity without
them.15,20 We hypothesize that our flexible and porous hydrogel
scaffold gives us a key advantage in terms of aptamer folding and
protein capture inside the particles. The three-dimensional
nature of the gel microenvironment distances probe molecules
further apart from each other than a typical microspot assay is
able to, minimizing steric hindrance and providing the necessary
flexibility for aptamers to fold into target-binding configurations.20

Before moving forward, we incubated HTDQ-embedded gel
particles with fluorescently labeled α-thrombin to assess pre-
liminary performance. Previous surface-based assays utilizing
labeled thrombin have reported limits of detection in the low-
nanomolar range,9,38 but in this model assay, the gel particles
exceeded these systems in sensitivity with a limit of detection of
65.9 pM (Supporting Information Figure S-2). Unless otherwise
noted, all further experimentation and optimization were con-
ducted with only “GGG” spacers in the reporter sequences.
Three different reporting ligands were evaluated in our study:

the HTQ aptamer with a 30 biotin modification (HTQ-30), the
HTQ aptamer with a 50 biotin modification (HTQ-50), and a
biotinylated polyclonal antibody directed against α-thrombin
(PAb-T). All three reporters were tested in an initial screening
assay with particles that had been incubated with 100 pM
α-thrombin. HTQ-50 labeled complexes with less than 10% the
efficiency of HTQ-30 or PAb-T, presumably due to the biotin
modification on the 50 end of the aptamer interfering with the
ability to fold into the G-quadruplex structure necessary for pro-
longed interaction with α-thrombin, an observation that is corro-
borated by previous studies.36 Since HTQ-30 and PAb-T clearly
outperformed HTQ-50, all further assays were conducted using
only these two reporters.
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Effect of Probe Concentration on Assay Sensitivity. As-
suming a target�probe reaction that follows first-order Lang-
muir kinetics, a higher concentration of probe molecules in solu-
tion will result in a greater number of target�probe complexes
formed at the time of equilibrium and better assay sensitivity. As
previously noted, surface-based systems are challenged by steric
limitations, allowing for a maximum of only ∼104 molecules/μm2

to be immobilized onto the construct; increasing the amount of
probe in the spotting solution does not necessarily achieve a greater
probe density in these systems.20,39 In contrast, gel substrates can
achieve at least 1 order of magnitude greater effective surface
density than surface microspots. For example, a typical gel particle
that contains probe conjugated at a concentration of 10 μM relative
to probe region volume and is 35 μm tall has an effective surface
probe density of ∼105 molecules/μm2 when the particle surface is
vertically projected onto its base. Additionally, when compared to a
microspot loaded with probe tomaximum capacity (which provides
approximate separation of 10 nm between molecules), a typical
gel particle provides an approximate separation of 55 nm be-
tween molecules and can accommodate more probe.19

For our microgel particle system, the maximum feasible probe
concentration was dictated by the chemical nature of the mono-
mer and the experimental requirements of SFL. In order to
maintain miscibility with the monomer and to provide sufficient
monomer loading volumes for particle synthesis procedures,
the maximum monomer probe concentration investigated was
300 μM. The lowest evaluated monomer probe concentration,
100 μM, was chosen based on starting concentrations that have
been successful in past nucleic acid assays with the gel particles.15

For completeness, we also decided to investigate an intermediate
monomer probe concentration of 200 μM in our analysis.
Particles with a coded region and three spatially segregated

probe-bearing regions were synthesized to investigate the effects
of probe loading. The three monomers loaded for the three
distinct probe streams contained the aforementioned concentra-
tions of the capture probe (300, 200, 100 μM). Incorporation of
probe into the particles at the time of synthesis depends primarily
on the composition of the monomer. Monomer mixtures con-
taining higher volume fractions of PEG-DA 700 and lower vol-
ume fractions of PEG 200 will produce gels with a higher cross-
linking density and thus more biomolecule probe incorporation.
However, composition is also tuned to produce a gel network
with pores that are large enough to allow for the penetration
of large biomolecules and labeling reagents. Based on pre-
vious studies examining probe incorporation as a function of
monomer composition, we assumed a 10% probe incorporation
efficiency during UV polymerization and estimated the probe
concentrations within the polymerized particles (the number of
probe molecules per unit volume of the gel probe region) to be
30, 20, and 10 μM for the three probe regions (Figure 2A).40 In
order to avoid fluorescent bleed-over from the code region and to
ensure the same geometry for all probe strips, blank regions
containing neither dyes nor probes were included after the code
region and at the end of the particle.
Particles were incubated with 100 pM α-thrombin and labeled

with 16.7 nM PAb-T, which did not require buffer optimization
prior to use. The resulting fluorescent signature clearly indicated
a proportional relationship between monomer probe concentra-
tion andnumberof labeled complexes at equilibrium(Figure 2B�D).
There was a 2.11� increase in signal between the 10 μM and the
20 μMregions, and a 2.67� increase in signal between the 10 μM
and the 30 μM regions of the gradient particles. In order to

achieve maximum sensitivity, a 300 μM monomer probe con-
centration was used for all other particles in this study. Although
our synthesis methodology provides a simple workflow in which
particles are encoded and functionalized in a single step, this
leads to a slightly higher consumption of probe per assay. We find
that our probe consumption at the aforementioned monomer
concentration of 300 μM (∼7 pmol/assay) is greater than for a
traditional microarray utilizing 15�30 nL of a 25 μM spotting
solution per microspot (∼1�2.5 pmol/assay)25,35 but is less
than for competing particle array systems which have utilized up
to 50 pmol/assay.29 It is possible to use alternate functionaliza-
tion schemes if necessary in future applications to consume apta-
mer probe more efficiently.
Optimization of Aptamer Buffers. Aptamers have been

criticized due to their frequent incompatibility with universal buffers
such as PBS.3,4 Different aptamers require unique ions to effectively
fold into target-binding structures, creating a need to carefully design
incubation buffers.9 In the general approach for assembling these
buffers, aptamer selection conditions aremimicked.3 However, such
buffer matching often leads to highly specialized buffer systems that
may preclude multiplexing with other targets or probes. Addition-
ally, care needs to be taken in addressing buffer compatibility of the
environment-sensitive hydrogel particles.
In order to address both of these concerns, we built a simpler

buffer system which included only the key ions necessary to
optimize target binding and was pH-adjusted for compatibility in
a clinical setting. These criteria provided the maximum versatility
and flexibility for future applications. HTQ-30 buffer conditions
were engineered first to ensure stability of the HTDQ-bound α-
thrombin and to accommodate HTQ’s sensitivity to incubation
conditions.25,36

There is conflicting literature regarding the role of the K+ and
Na+ ions for the successful folding of HTQ.30,31,41 To parame-
trically study the effect of these ions on aptamer performance, we
designed a series of buffers employing a phosphate base to make
pH adjustments simple and to provide a suitable environment
in which biomolecules could retain integrity. Four buffers were

Figure 2. Evaluation of probe concentration. (A) Schematic of particle
bearing the barcode “123” and three distinct probe regions with different
concentrations of HTDQ probe. The blue regions before and after the
probes are blank regions containing only monomer. (B) Bar graph
showing the fluorescent signal produced from the three different probe
regions from a sandwich assay. Data represent the average of five
particles. (C) Static image of a particle incubated with 100 pM thrombin
and labeled with PAb-T. Regions bearing higher concentrations of probe
in the monomer clearly show higher fluorescent signal. (D) Static scan
showing the average of five particles incubated with 100 pM thrombin
(red) and 0 pM thrombin (blue).
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tested: (1) PBS with 0.1% T-20 (PBST), (2) 10 mM phosphate
with 0.1% T-20, (3) 10 mM phosphate with 10 mM KCl and
0.1% T-20, and (4) 10mMphosphate with 50mMKCl and 0.1%
T-20. All buffers were pH-adjusted to 7�7.4 prior to use.
In all assays, particles were incubated with 100 pMα-thrombin

in PBST prior to the HTQ-30 incubation. PBST had the worst
performance, indicating that the Na+ ion was detrimental toward
HTQ-30 performance. Optimal performance was observed with
the buffer containing 10 mM phosphate with 10 mM KCl and
0.1% T-20 (Figure 3A�D). Too much potassium salt disrupted
HTQ-30 performance, but its complete elimination was also
suboptimal. All further HTQ-30 incubations were carried out in
10 mM phosphate with 10 mM KCl and 0.1% T-20.
Modification of the target capture buffer was not investigated

based on preliminary results from the 100 pM α-thrombin in-
cubations carried out in both PBST and 10 mM phosphate with
10 mM KCl and 0.1% T-20 and followed by HTQ-30 incubation
in 10 mM phosphate with 10 mM KCl and 0.1% T-20. It ap-
peared that, although Na+ seemed to disrupt HTQ-30 binding, it
was crucial for HTDQ�α-thrombin binding. Fluorescent signal
was 75� higher when the target incubation was conducted in
PBST. These favorable results indicated no need to additionally
modify this physiologically matched target incubation buffer.
Buffer System Compatibility with Multiplexed Assays. A

proof-of-conceptmultiplexing assaywas designed to assess the uni-
versality of the chosen buffer systems. α-thrombin (100 pM)
and interleukin-2 (IL-2, 0.667 pM), a cytokine relevant in the
immune response to inflammation,42 were simultaneously detected
using different graphically encoded particles. The chosen target
concentrations facilitated comparisons to thrombin particles
from previous assays and tested the detection capability of IL-
2 particles close to their previously measured detection limit

of 0.073 pM.17 IL-2 particles carried monoclonal antibody cap-
ture probes and were labeled using a polyclonal biotinylated
antibody (PAb�IL-2). PAb�IL-2/HTQ-30 andPAb�IL-2/PAb-T
(16.7 nM) incubations were carried out in the previously
optimized thrombin reporter buffer. The multiplexed environ-
ment did not impact the robust detection of either target, and the
observed fluorescent signals were comparable to results from
performing the assays in a single-plex manner (Figure 4). The
one minor modification necessary for the PAb�IL-2/HTQ-30
multiplexing reaction was the addition of 200 μg/mL BSA in the
reporter step. In the absence of BSA, particles seemed to accumu-
late particulate matter throughout the course of the assay. De-
spite the need for this small adjustment, the relative compatibility
with other clinically relevant targets makes the HTQ-30 buffer
system suitable for multiplexing applications. It should be noted
that the reporter reaction did not require further optimization
when using PAb-T. Most importantly, aptamer folding was not
hindered by the presence of other proteins in solution.
Evaluation of Detection Capability. Particle performance

was assessed using a high-throughput microfluidic scanner cap-
able of decoding and quantifying signal from the soft gel particles
at rates up to 25 particles/s.17 The ability to analyze several par-
ticles in a short time frame is an important assay feature for
targets such as α-thrombin which are examined primarily in a
diagnostic context. The tendency of HTQ-30 to dissociate from
the target soon after the final assay rinse additionally made such
high-speed analysis an essential feature. When HTQ-30-labeled
particles were monitored over time, there was a 40% drop in
fluorescent signal in just 10 min, and a 75% drop in fluorescent
signal over the course of 60 min (Supporting Information Figure
S-3). Using the microfluidic scanner, it was possible to analyze
the particles before any significant dissociation could occur. All
HTQ-30 particles were scanned within 2 min of their last rinse.
Although the same loss in signal was not seen with PAb-T-labeled
particles over the course of 60 min (Supporting Information
Figure S-3), analysis occurred within 10 min of their last rinse.

Figure 3. HTQ-30 buffer optimization. In all cases, static scans depict
incubations with 100 pM thrombin (red) and with 0 pM thrombin
(blue). Reporter and SA�PE incubations were carried out in (A) PBST,
(B) 10 mM phosphate with 0.1% T-20, (C) 10 mM phosphate with
10mMKCl and 0.1%T-20, and (D) 10mMphosphate with 50mMKCl
and 0.1% T-20. Maximum signal was achieved with the conditions from
panel C.

Figure 4. Multiplexing demonstration. The 100 pM thrombin and
0.667 pM IL-2 were detected simultaneously (M) using different par-
ticles. Assays were performed using both thrombin detection ligands
(1, PAb-T; 2, HTQ-30) and an IL-2 detection antibody (PAb�IL2).
Reporter steps were carried out in optimal buffers (PBST for PAb-T and
10mMphosphate with 10mMKCl and 0.1%T-20 for HTQ-30). Signals
are compared side-by-side with target signal attained using a single-plex
detection for both targets (S). Target signal is unaltered in multiplexed
format, and the HTQ-30 buffer does not have an inhibitory effect on
IL-2 reporter binding.
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PAb-T assay concentration was additionally optimized from 16.7
to 10 nM before calibration points were attained to minimize
nonspecific adherence of the antibody to the particles and
simultaneously maintain dynamic range and sensitivity.
Calibration curves for assays with both reporting ligands are

plotted and sample scan data is provided in Figure 5. Extrapola-
tion of the data points (Supporting Information Figure S-1)
within the linear regime of the curves leads to a limit of detection
(LOD) of 21.7 pM with detection over a dynamic range of 2 logs
using HTQ-30 (mean intratrial coefficient of variation (CV) =
7%) and an LOD of 4.09 pMwith detection over a dynamic range
of 3 logs using PAb-T (mean CV = 9%). It should be noted that
the upper end of our dynamic range is determined by the satura-
tion limit of our detector and not by saturation of available probe sites
at the time of analysis. If necessary, a different PMT could be used
to extend the dynamic range of the assay. Because it was possible
to useHTQ-30 in 40� excess of PAb-T in reporting steps without
any significant nonspecific accumulation on the particle, HTQ-
30-labeled particles demonstrate greater signal than PAb-T-labeled
particles for α-thrombin concentrations greater than 100 pM.
The low CVs observed in our assays make it necessary to analyze
only 8�10 particles from each incubation, in contrast to other
particle-based arrays that require the analysis of over 1000 beads

for reliable quantification.43,44 Ultimately, labeling with PAb-T
provided maximum sensitivity, but it is important to recognize
that labeling with HTQ-30 led to only∼5� higher LOD, despite
a lower binding affinity for α-thrombin. The only caveat is the
need for analysis immediately after the last rinse. Typical surface-
based thrombin assays using these aptamers achieve sensitivities
ranging from 500 pM to 5 nM.3,25,29 Some systems have been
able to boost performance by exploiting avidity effects or by using
enzyme-assisted or substrate-based signal amplification schemes
to lower limits of detection (5 fM to 1 nM).25,26,28,34,35 In com-
parison, the results attained using the gel particles surpass results
presented in several of these competing platforms that use
fluorescence-based or electrochemical detection and that incor-
porate signal amplification.25�28,30,31,36 On the basis of our study,
we believe that the ability of our platform to outperform many
surface-based detection systems is primarily due to the porous
and nonfouling nature of our substrate and our ability to increase
effective assay probe concentration as mentioned previously.
A full table of CVs for calibration points is available in the Sup-
porting Information (Table S-5).
Effect of Thymine Spacers on Detection Capability. A brief

study was performed to examine the effect of spacers on the de-
tection capability of the gel particles. Thymine spacers have been
found to be beneficial in microarray systems, with signal en-
hancement typically being proportional to the length of the
spacer in the regime where immobilization efficiency is not
compromised.25,27,37 Accordingly, the HTDQ aptamer probe
was modified at the 50 end with a 6-thymine spacer (HTDQ-6T)
and a 12-thymine spacer (HTDQ-12T) to assess spacers of varying
length.
Particles with three distinct probe regions (HTDQ, HTDQ-

6T, and HTDQ-12T) were synthesized using a monomer probe
concentration of 300 μM. After incubation with α-thrombin,

Figure 5. Detection capability of HTQ-30 and PAb-T. (A) Calibration
curves for HTQ-30 (green triangles) and PAb-T (red squares). Data was
generated using flow-through scanning of particles after sandwich assay.
Signal is linear over a range of 2 logs for HTQ-30 and a range of 3 logs for
PAb-T. CVs are provided in Table 1. (B) Particle profiles derived
from scanner data. Sample scans are shown for target incubations with
100 pM thrombin (red) and 0 pM thrombin (blue). In both cases,
particles were labeled with 10 nM PAb-T.

Figure 6. Evaluation of the effect of spacers with the HTDQ probe.
Gradient particles were synthesized using HTDQ, HTDQ with a
6-thymine spacer at the 50 end (HTDQ-6T), and HTDQ with a 12-
thymine spacer at the 50 end (HTDQ-12T). (A) Static image of a
gradient particle incubated with 50 pM thrombin and 10 nM PAb-T.
Longer thymine spacers lead to higher signal. (B) Bar graph showing the
fold increase in signal when HTDQ-12T (orange) and HTDQ-6T
(green) regions are compared to the HTDQ region, over a range of
thrombin concentrations (10, 50, 100, 500 pM). All particles were
incubated with 10 nM PAb-T.
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particles were labeled using both HTQ-30 and PAb-T. Using the
spacers seemed to provide moderate signal enhancement when
particles were labeled with PAb-T (Figure 6) for four different
α-thrombin concentrations (10, 50, 100, and 500 pM), but there
was no statistically significant enhancement when particles were
labeled with HTQ-30 (Supporting Information Table S-6). In
PAb-T incubations, HTDQ-6T regions consistently showed less
signal enhancement than HTDQ-12 regions. The highest signal
increase demonstrated by the PAb-T-labeled particles was a
2.26� increase in fluorescent signal between the HTDQ and
the HTDQ-12T regions of the particles incubated with 100 pM
α-thrombin. Since the enhancement was even less (1.65�
increase in signal) on the lower end of the PAb-T dynamic range
(10 pM α-thrombin), the LOD would not be substantially
altered as a result of using the spacers. These results are in stark
contrast to the 4�10� enhancement experienced by surface-
based systems as a result of such spacers and serve to further em-
phasize the importance of a using a gel substrate which offers
flexibility and space for biomolecules to fold and bind effec-
tively.25 On the basis of the additional cost of adding thymine
spacers into the aptamer sequences and the minimal gain in
sensitivity, it is unnecessary to use long spacers when immobiliz-
ing probes into a hydrogel.
Detection in Complex Matrixes. In order to assess signal

recovery in complex media, samples need to accommodate exo-
genousα-thrombin. This criterion ruled out blood plasma, which
would form a fibrin clot upon introduction of α-thrombin.30

Although the hydrogel particles have been shown to be compa-
tible with complex biological mixtures such as blood-derived
fluids, serum was not a suitable medium for these assays due
to conflicting data regarding endogenous α-thrombin levels in
serum, and the potential of inhibited α-thrombin complexes
dissociating over time, releasing the protein into serum and lead-
ing to inaccurate analysis.16,30,45�47 Additionally, serum α-throm-
bin concentration would not be reflective of blood concentration
of the protein in a clinical situation. We chose instead to evaluate
the gel particle performance in two custom assays. In an inter-
ference assay, the matrix effect of serum or plasma was mimicked
by the introduction of highly abundant blood proteins. In a
specificity assay, target discrimination was examined using two
proteolytically and structurally similar products of α-thrombin
(β-thrombin and γ-thrombin) provided in stoichiometric ratio
with α-thrombin.48 Both assays were conducted in the presence
of 100 pM α-thrombin.
The complex mixture in the interference assay was composed

of human serum albumin (HSA) and immunoglobulin G (IgG)
50� in excess of the target and prothrombin 10� in excess of the
target. HSA and IgG are highly abundant in blood and may
interfere with a detection assay.28 Meanwhile, prothrombin is
the immediate precursor to α-thrombin and is always present
in blood, making it crucial to ensure that it does not cross-react.48

No additional nonspecific binding was observed on the particles
as a result of these interfering proteins, and the reaction efficiency
was unaffected for both HTQ-30- and PAb-T-labeled particles
(Table 1).
In the specificity assay, we found that the HTDQ probe had

a tendency to cross-react with these proteolytic products of
α-thrombin, but that HTQ-30 labeled α-thrombin with a high
degree of specificity and provided full recovery of signal. How-
ever, PAb-T did not have the same stringency in labeling and
reacted with all forms of thrombin bound to the probe, leading to
large nonspecific signals. Due to high variation in these signals,

assays that employed PAb-T were unable to recover α-thrombin
with reliability (Table 1).
The results from the specificity assay therefore show a clear

advantage of using HTQ-30, which was able to discriminate target
in the close proximity of structurally similar proteins. HTQ-30’s
specificity is likely due to the more iterative and evolutionary
nature of the aptamer selection process. Additionally, the results
of this assay highlight the importance of supplying probe in great
excess of the target. Even thoughβ-thrombin andγ-thrombinwere
bound to HTDQ, the capture efficiency of α-thrombin was un-
affected since available probe sites did not saturate during the assay.

’CONCLUSIONS

In this study, we have shown the feasibility of integrating en-
coded microgel particles with an aptamer-based capture and detec-
tion scheme for sensitive and reliable protein detection. We note
clear advantages for conducting the assay on a gel substrate inwhich
the biomolecules have greater flexibility, less steric hindrance, and a
well-hydrated environment.We are able to optimize buffer systems
that are compatible with target multiplexing, and we bypass pro-
blems such as dissociation of ligands over time by using a rapid and
high-throughput microfluidic scanner to analyze our particles. Un-
like demonstrations with planar substrates, we show that adding
spacers in our probe has minimal effect on the detection capability
of our particles. We additionally show that high-abundance serum
proteins do not cause significant assay interference and that apta-
mers integrated into this platform may offer distinct advantages in
terms of specificity in a media such as serum. Our ability to success-
fully interface aptamer-based protein detection with the SFL plat-
form allows for the future development of molecular diagnostics
and biological discovery using a range of biomolecules.
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Table 1. Percent Recovery in Specificity and Interference
Assays Performed in the Presence of 100 pM α-Thrombina

reporter assay percent recovery

HTQ-30 specificity 106 ( 6

HTQ-30 interference 109 ( 13

PAb-T specificity 43 ( 68

PAb-T interference 91 ( 20
aHTQ-30-labeled particles demonstrate full recovery in both the speci-
ficity and interference assay, but PAb-T-labeled particles are unable to
reliably recover signal in the specificity assay despite showing high
recovery in the interference assay.
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