Analyst

o

o Analyst

Convection-driven microfabricated hydrogels for rapid
biosensing

Journal: | Analyst

Manuscript ID | AN-COM-05-2020-001069.R2

Article Type: | Communication

Date Submitted by the

Athor: | 12-Aug-2020

Complete List of Authors: | Cheng, Cheng; University of Wyoming, Chemical Engineering
Harpster, Mark; University of Wyoming, Chemical Engineering
Oakey, John; University of Wyoming, Chemical Engineering

SCHOLA

—

RONE™
Manuscripts




Page 1 of 7

oNOYTULT D WN =

Analyst

Convection-driven microfabricated hydrogels for rapid biosensing

Cheng Cheng, Mark H. Harpster and John Oakey *

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

A microscale biosensing platform using rehydration-mediated
swelling of bio-functionalized hydrogel structures and rapid target
analyte capture is described. Induced convective flow mitigates
diffusion limited incubation times, enabling model assays to be
completed in under three minutes. Assay design parameters have
been evaluated, revealing fabrication criteria required to tune
detection sensitivity.

Introduction

The development of rapid immunoassay platforms continues to
enable point of care diagnostics for disease diagnostics and
prognostic monitoring.! The urgency to find effective, simple, low
cost, accurate, and rapid tests has been recently highlighted as a
particularly urgent and unmet need. 23 A variety of immunoassays
and ligand recognition assays have being proposed and developed
for environmental monitoring and medical diagnostics, including
enzyme-linked immunosorbent assays (ELISA)* 3, Surface-enhanced
Raman Spectroscopy (SERS),® 7 and paper-based microfluidic
immunoasssays.® ° Nevertheless, these approaches all suffer from
different limitations. For example, ELISA requires high sample
volumes and tedious and time consuming laboratory procedures.1©
SERS suffers from long pre-incubation and concentration steps
needed to generate a strong, detectable signal.!! As for paper-based
assays, homogeneous sample concentration is limited by the inability
to spatially localize imbibition. Therefore, there remains an acute
need to develop rapid and reliable molecular recognition and
immunoassy platforms that can be delivered at the point of care.
Introducing and utilizing inexpensive and versatile materials has the
potential to significantly broaden the reach of biosensing platforms.

In recent years, hydrogel matrices have been developed as a central
enabling technology for diverse biomedical applications!®1314
Consisting of macromolecular networks derived from the
polymerization and cross-linking of diversely reactive macromers

(e.g. poly(acrylic acid),*> poly(vinylpyrrolidone)!® and poly(ethylene
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glycol)-based))'”- 18 that swell and demonstrate high solubility in
aqueous solutions, their well-recognized biocompatibility,1%%° ease
in  micro-patterning their fabrication,?%?22324 as well as
advancements in the chemical derivatization of reactive macromers
for tailored polymer chemistries,®>?%?7 have fostered significant
progress in demonstrating the flexibility of hydrogels for precisely
tuning desired physical, mechanical, and chemical properties. The
functionalization of hydrogels with biomolecules, in particular, has
enabled their effective utilization as biomimetic scaffolds for cell and
tissue growth,?®2° encapsulants for controlled drug delivery, 3931 and
versatile biosensors for cell,3? protein, antibody, nucleic acid, and
microbe detection.3334

Due to their flexibility, hydrogels undergo osmotic-driven
conformational changes in structure (i.e. swelling and shrinkage), the
extent of which is dictated by the respective degree of cross-linking
and charge density of the polymer matrix.3> Utilizing hydrogel’s acute
responsiveness to changes in the local aqueous environment, along
with the capability to precisely engineer the mesh, or pore,
distribution size for enabling analyte uptake or exclusion,3®37 a broad
spectrum of sensing platforms have been developed. Park et al.38
and Al-Ameen et al.??, for instance, have reported the fabrication of
distinctly shaped macroporous hydrogel particles, each of which was
functionalized with antibodies (Ab)s specific for the recognition of a
clinically relevant antigen. Following incubation in a sandwich-type
assay with antigen mixtures and reporter Abs conjugated to the same
fluorophore, multiplex detection and high level detection sensitivity
was demonstrated by the specificity and intensity of the different
fluorescing shapes. In other sandwich-type immuno-sensing
applications, nanocomposite hydrogels consisting of Ab-
functionalized polystyrene beads immobilized in macroporous
hydrogel scaffolds have been developed as a means of enhancing
detection sensitivity by increasing the effective surface area available
for antigen capture.*®#! Using arrays of nanocomposite hydrogel
droplets, Li et al.*> demonstrated a multiplex detection capability for
6 disease biomarkers commonly found in human serum and a limit
of detection sensitivity of ~1 pg/mL. Relying exclusively on the
capability of monitoring the equilibrium swelling state of hydrogels,
there are also several reports of functionalized “smart gels” that have
been shown to be highly responsive and sensitive to the introduction
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of sequence complementary target DNAs,** changes in glucose
levels,* temperature*®, pH*> and a host of physical stimuli. 464748

While phase transitions in the hydration state of hydrogels have been
exploited for developing a broad spectrum of actuators,3%4%50 the
transition that occurs from the dehydrated state to full hydration,
and vice-versa, has attracted limited attention. Lyophiized spotted
arrays of IgG-frunctionalized hydrogels developed for high-
throughput sandwich immunoassays, for instance, were developed
for convenience and long-term storage of antigen capture
scaffolds®?  Using dehydrated hydrogel scaffolds containing
immobilized Au and Ag nanoparticles previously incubated with a
Raman-active pesticide, a strong surface-enhanced Raman effect
was reported.>? Here, drying and collapse of the hydrated hydrogel
matrix served to concentrate captured pesticide within the collective
surface metal plasmon resonances induced by laser excitation,
thereby greatly increasing the intensity of the Raman signaling and
detection sensitivity. In a functionally similar approach, Lifson et al.>2
have reported on the incubation of TNF-a antigen with hydrated
acrylamide scaffolds functionalized with anti-TNF-a Abs and spotted
on silicon wafers, after which the capture complex was dried and
analyzed by array imaging reflectrometry. Detection sensitivities as
low as 1 pg/mL were recorded based on measured increases in wafer
thickness. While high-level detection sensitivity was achieved in
both cases, instrumentation requirements and the lengthy times
required to dry assay reactions are impractical for onsite or point of
care test applications.

In an effort to explore the potential of hydrogel hydration states and
rehydration specifically as an enabling mechanism for rapid analyte
detection, we describe feasibility studies using a model fluorometric
rehydration assay consisting of surface functionalized hydrogel
micropillars in which analyte capture and detection is achieved
within less than a minute following incubation with analyte-
containing solution. The rates of recorded recognition are
significantly faster than what is typically reported for immunoassays
in the literature and shown to be a direct consequence of
rehydration-mediated convective flow, which effectively overcomes
the slow rates of diffusive mass transfer and capture surface/analyte
interaction in solutions of biomolecules with small diffusion
coefficients .>3>* While efforts to model the efficacies of particle-
based biosensors in reducing analyte recognition times have
identified critical experimental design parameters impacting assay
performance,®>°¢ actual recorded assay times range from several
minutes to several hours and often require complex procedures and
instrumentation for conducting assays and data processing.>7,5859,60
In the present study, the preliminary characterization of critical assay
design features and their impact on assay performance metrics
provide feaibility for a strategy that enables a novel and facile analyte
sensing platform that provides high-level detection sensitivity with
fast reaction times on the order of minutes.

Materials and Methods
Chemicals/biologicals

Ethanol, dimethyl sulfoxide (DMSO), 10X phosphate buffered saline
(PBS), 3-(trimethyloxysilyl)propyl acetate, ethanolamine, biotin,
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ovalbumin, B lactoglobulin A and heterobifunctional Acrylate-PEG-N
hydroxysuccinimide (AC-PEG-NHS) (M,, 5 kDa) were purchased from
Sigma Aldritch (USA). Neutravidin, NHS-rhodamine and glass slides
were purchased from Thermo Fisher Scientific (USA).
Homobifunctional PEG diacrylate (PEGDA 700) (M,, 700 Da) and
heterobifunctional Acrylate-PEG-Biotin (AC-PEG-Biotin) (M,, 2 kDa)
was purchased from Jenkem Technology (USA) and Nanocs (USA),
respectively. Polydimethylsiloxane (PDMS) was purchased from
Ellsworth Adhesives (USA) as a kit containing viscous elastomer (part
A) and curing cross-linker (part B). Recombinant protein A/G (pA/G)
was purchased from Prospec (Israel) and superoxide dismutase was
purchased from Worthington Chemicals (USA). SU-8 50 epoxy
photoresist and silicon wafers were obtained from MicroChem (USA)
and Silicon Inc. (USA), respectively. Rabbit pre-immune serum used
to prepare enriched IgG by protein A/G agarose affinity
chromatography (Thermo Fisher Scientific) was the kind gift of
USDA/ABADRU  (Manhattan, KS). Lithium  phenyl-2,4,6-
trimethylbenzolylphosphinate (LAP) was synthesized as previously
described ! according to the methodology of Majima et al.®2

A B

inlet port N2 outlet port

\

hydrogel posts glass slide

Figure 1 (A) Rendering of PDMS/glass chamber device used for convective flow assay demonstrations. (B)
Schematic of sandwich-type immunoassay depicting rehydration-mediated convective flow delivery of target
antigen/reporter complex to Ab-functionalized hydrogel post structure. Following rapid filling of the channel, the
sample solution reaches quiescence around the dehydrated hydrogel pillars. As sample fluid is drawn to hydrogel
surfaces during pillar rehydration, the solution contents are concentrated and retained at the interface.

Fabrication of PDMS chambers/hydrogel micropillar fabrication

Using standard soft lithography procedures ,63 PDMS chambers were
fabricated by first mixing PDMS solution and curing agent to a 10:1
ratio, which was then applied to a SU-8 50 micropatterned silicon
wafer and cured overnight in a 70°C oven. Following removal of the
PDMS replicate (channel dimensions: 220 um (h) x 3000 um (w) x
5000 pm (/)), inlet and outlet ports were punched using a 20 G
needle, after which the chamber was sealed by bonding to an
acrylated glass slide previously immersed in 3-(trimethoxysilyl)propyl
acetate, washed with EtOH and then dried. A second, single inlet
deadheaded chamber was bonded upon the first device and
connected to pressurized nitrogen. The role of this chamber was
solely to facilitate the fabrication of more uniform pillars 24, and was
not employed subsequent to fabrication. Hydrogel pillars, or posts,
were fabricated injecting 30 pl of prepolymer solution (chamber
volume) consisting of 0.02% (w/w) of the photoinitiator LAP, 20%
(w/w) PEGDA 700 and varying concentrations of either AC-PEG-
Biotin or AC-PEG-NHS. The chamber was then placed with the glass
slide down on the platform of an Olympus IX81 microscope fitted
with a Polygon400 multiwavelength spatial illuminator (Mightex,

This journal is © The Royal Society of Chemistry 20xx
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Canada), upon which the selected UV light pattern was projected (10
s, 20X lens/1.6 mW/cm?) and controlled for post fabrication using
integrated PolyScan software. Metamorph software (Molecular
Devices, USA) was used for imaging and control of platform
movement. Following post fabrication, the glass slide was removed
and chamber flushed with PBS, followed by EtOH. Following post
fabrication, the glass slide was removed from the chamber, air-dried
overnight and then reattached to the PDMS chamber for conducting
convective flow assays.

Fluorescent image acquisition/analysis

Fluorescent images were acquired using a 100W Hg lamp and
Olympus U-MNG cube with a band pass filter for excitation, and a
long pass BA590 barrier filter for red emission detection. Images
were recorded using Q-Capture Pro 7 software (Qimaging, USA)
control of a Q-Color5 digital camera imaging system (Olympus).
Confocal microscopy was performed using a Zeiss LSM 710 laser
scanning microscope (561 nm laser line) equipped with ZEN 2009
software for operation and X-Cite 120Q as the light source. Images
were processed using Imagel software (NIH) for background
subtraction and measurement of absolute fluorescence intensities.

Protein labeling

NA and pA/G were conjugated with NHS-rhodamine according to the
protocol provided by Thermo Fisher. Briefly, NHS-rhodamine
adjusted to 10 mg/mL in DMSO was added in 10-fold mole excess to
5 mg/mL of protein in 1X PBS. The solution was thoroughly mixed
and stored for a minimum of 2 h at 10°C. Following incubation,
unreacted NHS-rhodamine was removed by gravity filtration using a
PD-10 desalting column (GE Healthcare, USA), after which the
recovered conjugate was concentrated by centrifugation (2000 x g)
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Figure 2 (A) Fluorescent image in the x-y plane (proximal to glass slide) of PEG-DA (20%
(w/w)/AC-PEG-Biotin hydrogel (0.5% (w/w)) posts rehydrated in PBS containing 0.2 mg/mL NA-
rhodamine (top panel, 50 ms exposure acquired 5 min. subsequent to initiation of reaction)
and (B) 0.65 mg/mL pA/G-rhodamine (bottom panel, 500 ms exposure). (C) Schematic
highlighting fluorescence capture at outer post surfaces via biotin-NA binding interactions. (D)
Comparison of convective flow-mediated capture rate to rate obtained for mass diffusion.
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using a Amicon Ultra (3k, mwco) (MilliporeSigma, USA) filtration unit.
Protein determination (Quick-start dye reagent, BioRad, USA) and
UV-vis spectroscopy of conjugates were then conducted to
determine final protein concentration and labeling efficiency.
Regardless of the protein labeled, rhodamine:protein mole ratios
consistently ranged from 2-3.

Results and discussion

The protocol adopted for conducting rehydration-mediated
convective flow assays entailed the injection of PBS solution
containing rhodamine-conjugated protein analyte into a PDMS
chamber affixed to a glass slide upon which an array of functionalized
hydrogel posts had been fabricated and dried (Fig 1A). As shown in
the schematic, a second PDMS chamber positioned atop the
chamber housing pre-polymer solution delivers a steady stream of
N, for the purging of O, during post fabrication. This measure serves
to minimize incomplete polymerization upon UV exposure and
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Figure 3 Impact of PEG-DA and AC-PEG-Biotin pre-polymer stoichiometry (A) on NA-rhodamine
capture and detection. (B) Detection rates for range of NA-rhodamine concentrations. Plot A was
derived from a single assay for each concentration of AC-PEG-Biotin tested and plot B is the average
of 3 replicate assays for each concentration NA-rhodamine tested.

thereby maximize the structural integrity of microfabricated
hydrogel posts. It is well established that dissolved O, is consumed
by photoinitiator in a reaction that generates free radicals and
peroxides that inhibit photopolymerization due to the inactivation of
acrylate groups .%4%> Studies conducted in our laboratory have
demonstrated that N, purging mitigates this effect by reducing the
influx of O, diffusion from PDMS into solution during
photopolymerization.17:66:24 67 Sybsequent to injection, fluorescent
images were then acquired for protein analyte recognition over time

Analyst 2020, 00, 1-3 | 3
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by monitoring the relative rate of binding at the hydrogel post
structures both during and following rehydration. The schematic
shown in Fig. 1B is an idealized representation of the underlying
principle of the assay in which a fluorophore-conjugated Ab bound
to antigen is transported to the surface of an Ab-functionalized
hydrogel post for capture by rehydration-mediated convective flow
forces in a sandwich immunoassay format.

The results acquired for a typical convection assay using posts
fabricated with PEGDA and AC-PEG-Biotin, and NA-rhodamine as
reporter analyte are shown in Fig. 2A. For each post viewed in the
x-y plane, intense fluorescence is localized along their circumference
following extensive washing with buffer, which is indicative of NA-
biotin binding at the outer post surface and restricted penetration to
the post interior. This observation is consistent with structures

having an average mesh size of 2.4 nm, which was calculated based
on the concentration of macromers in the pre-polymer solution using
Flory-Rehner calculations as described in Zustiak and Leach %8 and is
predicted to effectively exclude the uptake of proteins with larger
hydrodynamic radii (ie. NA, M, 60 kDa, Ruwp 7 nm).%? This
measurement has been reaffirmed using additional fluorophore
conjugates of globular proteins ranging in size that are predicted to
either exhibit uptake or exclusion by posts upon rehydration (see
electronic supplementary information, Fig. S1). The absence of non-
specific protein binding was confirmed using pA/G-rhodamine as
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Figure 4 (A) Plot of NA-rhodamine detection over time for hydrogel posts varying in
diameter. The plot for each diameter is the average of 3 replicate assays. (B) 3-D confocal
scanning images of PEG-DA/AC-PEG-Biotin post incubated with NA-rhodamine. In the left
image, the post has been rotated 90° with respect to the z axis and in the right image, the
post is rotated an additional 45°. Images were assembled from point scanning of 2.5 um
interval slices along the z axis using a 10X objective and a dwell time of 5.8 ps.
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reporter (Fig. 2B), as well as NA-rhodamine blocked with saturating
levels of biotin prior to its use in the assay (data not shown).

Fig. 2D summarizes the kinetics of convective flow-mediated NA
binding over 4 h, which exhibits a hyperbolic response highlighted by
an initial rapid rate of analyte recognition that transitions to a greatly
reduced rate at ~10-15 min following post rehydration. First
derivative calculations of the slope for each x value of the plot show
the highest slope value at 1 min. (i.e. 19.25), which diminishes over
the time course according to a /n function (e.g. slope of 0.08 at 4 h).
In contrast, the kinetics of a mass diffusion control experiment
performed in parallel is characterized as a second-order polynomial
function with a slope of 0.18 at t = 1 min. that decreases to 0.06 at t
= 4h. While it is difficult to ascertain the precise time at which

binding facilitated by convective flow transitions to binding by mass
diffusion, it can nevertheless be inferred from the plot inset that this
occurs within approximately 6-8 min. following post rehydration. In
addition to facilitating a rapid acceleration of assay time, it is
suggestive from these data that convective flow, along with targeted
improvements in experimental design parameters, can be effectively
harnessed for capturing considerably more analyte by mitigating the
effect of the temporally diminished concentration gradients that
reflect analyte depletion and drive diffusive mass transfer. In
developing an appropriate model for comparing the kinetics of NA
binding by convective flow versus mass diffusion, the mass diffusion
assay was conducted by first rehydrating posts in PBS buffer, after
which the appropriate volume of NA-rhodamine required for
matching the concentration used in the convection assay was
injected into the chamber. Gentle mixing of the chamber
subsequent to the delivery of NA-rhodamine ensured a uniform
concentration of NA-rhodamine.

In efforts to assess parameters that limit convection-driven assay
performance, the effects that changes in the matrix density of biotin
have on the relative level of NA capture were measured in a series of
assays using hydrogels posts synthesized with 20% (w/w) PEGDA 700
and varying concentrations of AC-PEG-Biotin. The summary of these
results (Fig. 3A) shows that NA capture, as indicated by relative
fluorescence intensity, rises as the concentration of biofunctional
macromer is increased in pre-polymer solution and that a maximum
is achieved at a concentration of ~0.5% (w/w). This demonstrates
the necessity of pre-determining an optimal formulation for relative
macromer concentration, which facilitates enhanced detection
sensitivity by virtue of maximizing the availability of analyte
recognition elements and/or minimizing diminished analyte
recognition due to steric hindrance considerations. Subsequent
detection sensitivity experiments utilizing hydrogel posts
synthesized in accordance with this formulation exhibited
fluorescence intensity profiles that reflect a roughly linear capture
response with respect to a range of NA-rhodamine concentrations
tested (Fig. 3B).

This journal is © The Royal Society of Chemistry 20xx
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To identify additional assay parameters that can be tuned to improve
detection sensitivity, hydrogel posts synthesized with varying
diameters, and therefore differences in volume and functional
surface area, were tested in convective flow assays. Fig 4A

A

IgG-functionalized hydrogel + pA/G-rhodamine
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Figure 5 (A) Fluorescent image of PEG-DA (20% (w/w))/AC-PEG-NHS (1% (w/w)) hydrogel
posts functionalized with 1gG and rehydrated in PBS containing 0.65 mg/mL pA/G-
rhodamine (500 ms exposure acquired 5 min. subsequent to initiation of reaction). (B)
Image of non-functionalized PEG-DA/AC-PEG-NHS posts rehydrated in PBS containing 0.65
mg/mL pA/G-rhodamine (500 ms exp.). (C) Image of IgG functionalized HG posts
rehydrated in PBS containing 0.1 mg/mL NA-rhodamine(500 ms exp.). (D) Schematic of
1gG/Pro-AG assay.

summarizes the performance of hydrogel posts with diameters of
100 um, 200 pm and 400 um, and shows that fluorescence intensity
measurements for images captured in the x-y plane scale
proportionately with changes in post diameter. Similar results were
obtained using posts synthesized with a diameter of 200 um in PDMS
chambers of varying depths (data not shown). Detailed imaging,
however, of 200 um diameter hydrogel posts using point-scanning
confocal microscopy confirmed the reproducible fabrication of
truncated structures of ~140 um in height that are convex at their
distal termini and display a progressively diffuse decoration of
fluorescence along the z-axis subsequent to incubation with NA-
rhodamine (Fig. 4B). This is suggestive of a reduction in the biotin-
functionalized matrix density that is attributed, to some extent, to an
attenuation in UV intensity at increasing distance from the glass slide
support for anchored post fabrication. However, based on reports
quantifying hydrogel photopolymerization in droplets’® and between
PDMS planes,’* attenuated hydrogel formation is a consequence of
the interplay of several factors, including UV power, UV exposure,
time and the inhibitory effect of O, on macromer polymerization that
is persistent despite N, purging. The collective effect of spatially

This journal is © The Royal Society of Chemistry 2020
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varying these parameters accounts for both the tapered post shape
and the reduction in acryl conversion, and therefore biotin
incorporation, within the hydrogel network. A more complete model
of these variables will thereby establish experimental conditions that
can be tuned for fabricating hydrogel post structures with micro-
architectural design features that enhance bioanalyte detection.

Finally, the potential versatility of convective flow-mediated
hydrogel assays for enabling a range of biosensing applications was
demonstrated using Ab grafted posts. In this study, assays were
conducted using posts synthesized from pre-polymer solution
containing 20% (w/w) PEGDA 700 and 1% (w/w) AC-PEG-NHS.
Following fabrication and extensive washing to remove unreacted
macromers, post fabrication entailed incubation with purified rabbit
1gG to form stable amide bonds via the reaction of NHS groups and
the primary amines of IgG, and then treatment with ethanolamine to
block unreacted NHS groups. A typical image acquired for assays
using lgG-functionalized posts and pA/G-rhodamine as reporter
shows, as is also shown using biotin-functionalized posts, intense
fluorescence concentrated at the exterior surface. In contrast,
however, penetration to the post interior is more evident. This
suggests a higher level of porosity or could also be rationalized by the
lower M,, of pA/G (i.e. 47.5 kDa) with respect to NA. The absence of
non-specific surface interactions was demonstrated using non-
functionalized posts and pA/G-rhodamine as reporter (Fig. 5B), as
well as IgG-functionalized posts using NA-rhodamine reporter (data
not shown).

Conclusions

The findings of this study demonstrate the feasibility of a novel and
facile approach for rapid analyte detection that is based on the
rehydration of microfabricated hydrogels and concomitant
convective flow-mediated delivery of target analyte to recognition
elements. Having been demonstrated via ligand recognition and
fluorescent reporting, the versatility of this platform will enable
practical enhancement to immunoassay platforms that employ
antibodies, aptamers, antibody fragments, or other engineered
proteins for the sensitive detection of target antigens in clinically
relevant biological matrices. Based on studies conducted to critically
evaluate the impact of functional design metrics on hydrogel capture
of a model analyte, opportunites to significantly improve detection
have been elucidated.!* 4% 7274 Most notable is the necessity to
micro-engineer increases in effective surface area capture via the
development of hydrogel matrices with controlled pore dimensions
for selective analyte uptake and/or binding,’>*! as well as the
entrapment of functionalized, analyte-recognition nanoparticles
within hydrogel scaffolds.”>1473 Incremental improvements in assay
detection sensitivity are also likely to be achieved by scaling the
optimal test volumes of analyte required for hydrogel rehydration
and quantitative analyte recognition, thereby mitigating the extent
to which mass diffusion limits the kinetics of an assay reaction.
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