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An aptamer-functionalized chemomechanically
modulated biomolecule catch-and-release system

Ankita Shastri', Lynn M. McGregor', Ya Liu?, Valerie Harris3, Hanging Nan*, Maritza Mujica?,
Yolanda Vasquez'5t, Amitabh Bhattacharya?’, Yongting Ma??, Michael Aizenberg®, Olga Kuksenok?,
Anna C. Balazs?, Joanna Aizenberg">¢7* and Ximin He345*

The efficient extraction of (bio)molecules from fluid mixtures is vital for applications ranging from target characterization
in (bio)chemistry to environmental analysis and biomedical diagnostics. Inspired by biological processes that seamlessly
synchronize the capture, transport and release of biomolecules, we designed a robust chemomechanical sorting system
capable of the concerted catch and release of target biomolecules from a solution mixture. The hybrid system is composed
of target-specific, reversible binding sites attached to microscopic fins embedded in a responsive hydrogel that moves the
cargo between two chemically distinct environments. To demonstrate the utility of the system, we focus on the effective
separation of thrombin by synchronizing the pH-dependent binding strength of a thrombin-specific aptamer with volume
changes of the pH-responsive hydrogel in a biphasic microfluidic regime, and show a non-destructive separation that has a
quantitative sorting efficiency, as well as the system'’s stability and amenability to multiple solution recycling.

trapping, transporting and sorting of specific biomolecules

within complex fluids!. These processes arise from a
chemomechanically modulated inherent integration of molecular
recognition, reconfiguration and micromechanical motion of com-
ponents in response to various internal signals'?. In contrast,
several current techniques for biomolecule sorting often require sig-
nificant, and sometimes disruptive, biomolecule modification, many
sequential steps and a high energy input from lasers and sources of
electrical fields, infrared radiation or magnetic fields*®. Although
some methods (for example, those that involve magnetic beads’)
show an efficient capture of biomolecules without substantial altera-
tion of the target, controllable continuous separation and transfer
between solutions in situ can be achieved by combining comp-
lementary responsive materials, which also permit the system to
be tailored to meet the requirements of different applications.
Recently, considerable effort has been devoted to developing
dynamic micro- and nanoscale hybrid systems that exploit the
precise geometry of their components, combine chemical and
mechanical action, act in a multimodal fashion and even generate
autonomous movement or autoregulation'®'?. Such dynamic che-
momechanical approaches, if applied to biomolecule detection
and separation, could advance chemical and clinical technologies
that focus on diagnostics and purification.

Here we draw inspiration from the ability of vesicle-carrying
kinesins and dyneins to shuttle different biomolecule cargoes
along the microtubule network? to develop a conceptually new che-
momechanobiochemically modulated system that performs a
sequential, self-regulated ‘catch-transport-release’ of target biomo-
lecules from one fluid flow to another. Critical components for our

N umerous biological processes involve the synchronized

cooperative hierarchical system include: (1) compartments that
provide two chemically distinct environments, (2) a stimuli-respon-
sive affinity handle for the biomolecules that can bind the target in
one environment and release it in another, (3) a dynamic ‘arm’ that
moves the cargo between the two compartments and (4) an ‘artifi-
cial muscle’ that actuates the arm’s motion.

In our system, the chemically distinct environments are pro-
duced via a microfluidic system that yields two parallel fluid
streams undergoing laminar flow. Aptamers (short DNA, RNA or
peptide molecules that recognize specific chemical targets) serve
as the stimuli-responsive affinity handles because of their ability
to bind target molecules reversibly in different environments?-*
(for example, DNA aptamers can denature and refold to capture
and release their targets in response to temperature or pH
changes). The dynamic arms are supplied by aptamer-decorated,
polymeric microscopic fins that are embedded in a stimuli-respon-
sive hydrogel, which undergoes significant volumetric changes in
response to environmental cues and, thus, functions as the actuating
‘muscle’ that drives the reversible bending of microstructures?-2.
Importantly, the reversible aptamer folding and biomolecule
binding are synchronized with the reversible volume changes of
the hydrogels such that the polymeric microfins provide a coordi-
nated transportation of cargo between the compartments in the
microfluidic system and result in the efficient capture and separation
of biomolecules. This design is distinct from conventional biomole-
cule-sorting systems by its reliance on a concerted cascade of
chemomechanobiochemical energy transduction, as opposed to iso-
lated energy inputs in the form of laser, electrical or magnetic fields.

An especially useful feature of this system is that the hydrogel
and aptamer binding can be chosen to respond to the same
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Figure 1| Design of the chemomechanically modulated biomolecule catch-and-release system. a, pH-dependent reversible binding and releasing of
thrombin by the DNA aptamer at pH = 6-7 and pH < 5, respectively, caused by the aptamer configuration change. b, pH-dependent reversible volume change
of hydrogel (P(AAc-co-AAm)), which swells at pH > pK, = 4.3, when the carboxylic groups are deprotonated, leading to the absorption of water into the gel
matrix, and contracts at pH < pK, = 4.3, which expels water. ¢, Scheme depicting a cross-sectional view of the biphasic microfluidic chamber under constant
laminar flow with aptamer-decorated microstructures. The top fluid layer is used to introduce biomolecule mixtures and is kept at physiological pH. In the
presence of a solution of pH 7.2, the hydrogel in the bottom layer swells and the aptamer-decorated microfins protrude into the top solution, exposing
aptamers to the biomolecule mixture and binding the target biomolecule thrombin in the pH 6.3 buffer. In the presence of an acidic solution, pH 3.2, the
hydrogel contracts, which bends the aptamer-decorated microstructures into the bottom layer, resulting in denaturation of the aptamer and release of the
captured thrombin molecules. The bottom solution, which contains released target molecules, can be collected separately from the top layer, enabling the

separation of target biomolecules from mixtures.

stimulus, such as, for example, pH changes. Aided by computational
modelling, we assembled such a system and illustrated its ability
to separate an exemplary biomolecule, thrombin, by coordinating
the pH-sensitive affinity of the thrombin protein to its aptamer
(5'-GGTTGGTGTGGTTGG-3')*?” with the pH-sensitive contr-
action and expansion of the poly(acrylamide-co-acrylic acid)
hydrogel (P(AAc-co-AAm)). By immersing this hybrid assembly
in a microfluidic system under bilayer fluid flow, we achieved
the efficient catch of thrombin from the ingoing mixture in the
top layer and its subsequent release in the separate flow in the
bottom layer. In this way, we exploited the pH-responsive
chemomechanobiochemical modulations of the system to separate
and collect thrombin from a mixture without the use of
expensive and complex tools, which suggests a great promise for
point-of-care diagnosis, monitoring, drug testing and sorting for
cell-based therapeutics?®-3!.

Results and discussion

Design of the chemomechanically modulated system. To enable
synchronized hydrogel actuation and target-molecule catch and
release in response to a single stimulus, we selected a hydrogel
and an aptamer that both respond to changes in pH. We chose
a well-characterized aptamer that specifically binds human
a-thrombin, 5-GGTTGGTGTGGTTGG-3’ (a serine protease that
plays a key role in the blood-clotting cascade), at an appropriate
pH in the range 6-7 (Fig. 1a)?*?’. Importantly, this aptamer is
known to denature reversibly and lose affinity for thrombin at a
low pH (Supplementary Fig. 1)*2. Similarly, P(AAc-co-AAm) is a
well-studied biocompatible hydrogel that contracts at pH < pK, =4.25
and swells at pH>pK, (Fig. 1b)". We anticipated that linking
these two pH-responsive components with flexible epoxy
microstructures (10 pm width, 2 pm length, 18 um height, 5 um
spacing) in a microfluidic system (see Supplementary Fig. 2.1 for

2 NATURE CHEMISTRY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemistry

© 2015 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nchem.2203
http://www.nature.com/naturechemistry

ARTICLES

€ 08

0.6

0.4

Nbond' Cadh’ Cnon«adh

0.0(
0

1 |—@— Adhesive

—— Non-adhesive

—@— Bonds Cadn

024

T

5.0x10% 1.0 x

. . . . . . ; T
105 1.5x105 2.0x10% 2.5x105 3.0x
t

105

Figure 2 | Computer simulations of the selective binding and release. a,b, Snapshots of the system at the onset of simulations at t =0 (a) and at later
times when the tilt angle between the fins and the bottom substrate is 6,,,, = /6 (b). The fins are anchored to the floor of a two-dimensional microchannel
and assumed to be actuated by an underlying chemoresponsive gel. After the fins reached the angle 6,,,, we turned off the fins’ motion, but continued to
apply the pressure gradient. Adhesive particles are shown in white and non-adhesive particles are shown in green; the total number of particles is N =200
(100 of each type). The fluid streamlines are shown in white. ¢, Evolution of the fraction of particles in the lower stream for adhesive particles, C,qn(t)

(in blue), and for non-adhesive particles, C,on-adn(t) (in magenta), and the evolution of the number of bonds, Nyong, between the fins and the adhesive
particles normalized by 100 (in black). The points marked i and ii on the x axis in € correspond to the respective snapshots in a and b, respectively. For
simulation parameters and the relationship between the simulation and experimental values, see Supplementary Section 5.1.

more details) would enable the selective and repetitive capture of
active thrombin from a cocktail of molecules flowed into the top
layer kept at a constant pH that corresponds to the highest
binding efficiency of the aptamer. The target is released and
collected in the bottom layer, facilitated by hydrogel volume
change-induced microstructure bending, where the pH is
alternated between basic and acidic conditions, as schematically
presented in Fig. 1c.

To gain insight into the factors that affect the performance of this
hybrid system, we first conducted computer simulations of the
interactions among the oscillating fins and target proteins, which
are modelled as ‘adhesive nanoparticles’, and non-target proteins,
which are simulated as ‘non-adhesive particles’ (see the
Supplementary Information), to identify the conditions in which
the selective capture of the target adhesive nanoparticles from the
upper mixed fluid stream is followed by their release into the
lower stream, which is initially free of particles. To model the actua-
tion, we imposed a periodic motion on the fins, so that the angle 0
between a fin and the lower wall varies sinusoidally with time
between the values 6=m/2 and 0=0,, with an angular
frequency w. We focused primarily on the first half of the oscillation
cycle, which corresponds to the contraction of the underlying gel.
We applied a pressure gradient, VP, that drives the fluid from the
left to the right along the microchannel and past the oscillating
fins, as marked by the arrow in Fig. 2a. We kept the fins stationary
after they reached 6,,,,, but continued to apply the pressure gradient.
We assumed that the interface between the two fluids remained at a
constant position, h;,,, consistent with previous experimental obser-
vations!”3. When the fins are tilted at 0, their tips are below the
interface h,,, (Fig. 2b). Importantly, only the fin sites that are located
in the upper phase (above h,,,) are assumed to be adhesive and able
to form strong bonds with the adhesive nanoparticles. The binding
between a fin site and a nanoparticle was modelled through a Morse
potential, with the binding dependent on the particle—fin separ-
ation®. These bonds are broken and the respective fin sites
become non-adhesive to both types of nanoparticles if they are sur-
rounded by the lower stream.

The simulations show (Fig. 2c) that approximately 70% of the
adhesive particles are captured from the upper stream and then
released into the lower stream in a given simulation run, whereas
less than 10% of the non-adhesive particles are drawn into the

lower stream. This is evident from the respective time-evolution
curves C(t) (blue and magenta lines in Fig. 2c), which give the
ratio between the number of nanoparticles of a given type in the
lower phase to the total number of particles of the same type.
This selective catch-and-release process can be understood from
the evolution of the number of the bonds formed between the
adhesive particles and adhesive fin sites (black line in Fig. 2c).
The number of bonds formed saturates even when the fins are in
the upper fluid, primarily because of the number of available
adhesive sites in the system. The number of adhesive sites effectively
limits the maximum number of nanoparticles that can potentially be
collected in one actuation cycle because each site on a fin can form
only a single bond with the adhesive nanoparticle. The simulations
clearly demonstrate the feasibility of the proposed synchronized
capture and release and selective sorting of the biomolecules.

To realize this system experimentally, the microfluidic channel
requires distinct inlets and outlets for the top and bottom layers
to maintain an independent control of the pH in each layer and
to separate the target molecule from a complex ingoing mixture.
The two fluid layers were under constant laminar flow and effec-
tively did not mix within the microfluidic channel or cause micro-
structure bending by themselves (Supplementary Fig. 2.1). The use
of two separate inlets allows for the control of the pH in each layer to
create chemically distinct environments for the concerted reconfi-
gurations; the use of two separate outlets provides efficient
sorting, without the need for washing steps to remove non-target
proteins or separate elution steps to release the captured thrombin.
Importantly, the dynamic chemomechanical response of the hydrogel
to different pH values in the bottom layer ensures the synchronized
removal of the aptamer-bound thrombin from the top layer into
the bottom layer with a synchronized chemomechanical reconfigura-
tion in a single step. Moreover, the ability to continuously separate the
target molecule from the top layer allows the ingoing solution to be
recycled for multiple rounds, which enables separation of nearly all
of the target molecules to give a highly efficient biomolecule detec-
tion, isolation and purification.

To enable a pH-regulated capture and release, we tested the pH
dependence of thrombin-aptamer binding*>*. Using an enzyme-
linked oligonucleotide immunoassay (ELONA), we observed the
highest thrombin-aptamer affinity at pH 6.3 (disassociation con-
stant Ky apparent = 14.8 M), and so a buffer of pH 6.3 was used in
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Figure 3 | Chemomechanically modulated sequential catch and release of thrombin in the microfluidic system. a, Top-view confocal microscope images of
thrombin capture and release with aptamer-decorated microstructure tips in the biphasic microfluidic system. All the images focus on microstructure tips
and are composites of two wavelengths, 488 nm (to visualize autofluorescence of the epoxy microstructures) and 543 nm (to visualize Dylight dye-labelled
thrombin). Left image: microstructures stand upright when a basic buffer (pH 7.2) flows through the bottom layer; when a blank solution that contains no
thrombin is flowed in the top layer, only epoxy autofluorescence is detected. Middle image: when the hydrogel is swollen in a basic buffer (pH 7.2),
dye-labelled thrombin is flowed through the top layer and is captured by aptamers on the microstructure tips standing upright. Right image: introducing
acidic buffer (pH 3.2) into the bottom layer bends the microstructures into the bottom layer and releases dye-labelled thrombin from the aptamer-decorated
microstructure tips, whereas the blank solution flows in the top layer. b, Sorting capacity of the microfluidic system. Increasing quantities of thrombin are
pumped into the top layer of the microfluidic channel (dimensions 0.5 mm x 8 mm x 0.06 mm). After microstructure bending, the bottom layer solution is
collected and the eluted thrombin is quantified by ELISA. The amount of captured thrombin saturates at 0.71 picomoles, which defines the sorting capacity.

Error bars = standard deviation, n = 4.

the top layer, in which the aptamer-thrombin binding occurs
(Supplementary Fig. 1). A buffer with pH 7.2 was used in the
bottom layer to swell the hydrogel and straighten the microstruc-
tures so that the aptamer-bearing tips would protrude into the
top fluid for binding. Once thrombin is captured by the aptamer
in the top layer, the release of the target into the bottom layer will
occur at a pH that permits both a fast and sufficient hydrogel con-
traction and an aptamer reconfiguration to decrease the binding to
thrombin. An ELONA showed a substantial reduction in the
aptamer—thrombin affinity on decreasing the pH from pH 6.3 to
PH 5.0 (Kgapparent = 35 nM) (Supplementary Fig. 1). The onset of
hydrogel contraction is at pH 4.3, so we chose a buffer with pH
3.2 for use in the bottom layer to ensure both a sufficient bending
of the microstructures and a sufficient dissociation of the bound
thrombin, as depicted in Fig. 1c.

Decoration of the epoxy microfin tips with a DNA aptamer was
verified by X-ray photoelectron spectroscopy (XPS) (Supplementary
Fig. 2.2b) and confocal microscopy, which detected fluorescence
that corresponds to a modified DNA strand complementary to
the aptamer on the tips of the functionalized microfins, but not
on the control microfins (Supplementary Fig. 2.2). Fluorescently
labelled thrombin was then flowed through the microfluidic
channel and subjected to one cycle of capture (bottom layer
pH =7.2), transport and release (bottom layer pH = 3.2). Confocal
microscopy demonstrated that thrombin was bound to the tips of
the microfins when the bottom layer solution was at pH 7.2 and
was absent after this bottom layer was replaced with a solution of
pH 3.2 (Fig. 3a). In a control experiment, the fluorescence of the
thrombin label remained unaffected by switching the pH from 6.3
to 3.2 (Supplementary Fig. 3.1), which thus validates the successful
release of thrombin at pH 3.2. Importantly, the released thrombin
retained an antibody-binding activity comparable to that of
untreated thrombin (Supplementary Fig. 3.2). Computational simu-
lation also showed that the fluid continues to flow along the channel
above the bent fins for a smooth protein release and movement to
the collection outlet (see Supplementary Fig. 8). These results
demonstrate that the microsystem enables the concerted, non-
destructive catch-transport-release of a target biomolecule, with

the collected biomolecules remaining active and suitable for
further use and analysis.

Evaluation of the system’s catch-and-release capability. To study
and systematically quantify the total binding capacity of the
biomolecule sorting, as well as its effectiveness in capturing the
target molecule, we injected into the device solutions of the same
volume but with increasing concentrations of thrombin
(translating into 0.5, 1.0, 2.0, 4.0 and 8.0 picomoles total
thrombin), then proceeded through the release step, and collected
and analysed the bottom layer of the outgoing solutions. The
collected amount of thrombin increased with the increase in the
injected amount and eventually levelled off to form a plateau at
~0.7 picomoles for 4.0 and 8.0 picomoles ingoing thrombin
(Fig. 3b). This value represents the maximum binding capacity of
the microfluidic sorting system with the given flow characteristics,
dimensions of the channel and specific microfin area (0.5 x 8 mm)
both available for the aptamer functionalization and exposed to
the top layer. Although there is a clear plateau, the error in these
measurements represents experiments conducted with four
different microdevices with the same dimensions and volume, in
which the differences could arise from aptamer functionalization
and the measurement of thrombin with enzyme-linked
immunosorbent assay (ELISA). This finite capacity correlates well
with the simulations shown in Fig. 2, which suggest that no
additional capture occurs when all the adhesive sites are saturated.
The sorting efficiency of the system can be defined, therefore, as
the amount of target molecule captured, transported and released
in one actuation cycle relative to the dimension- and
flow-determined maximum binding capacity of the system
(0.7 picomoles in the current set-up) for various ingoing
biomolecule  concentrations (see Methods for details).
Importantly, the same experiments with either no aptamer on the
fins or a scrambled sequence in place of the aptamer did not
produce detectable levels of thrombin in the bottom effluent layer
(Fig. 3b). Taken together, these results prove the ability of our
system to capture and release the target biomolecule from ingoing
solutions with a broad range of concentrations. Furthermore, they
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Figure 4 | System performance in multiple oscillation cycles with recycling of the ingoing solution. a, Thrombin collected from recycling of the ingoing
solution. Thrombin (2 picomoles) was pumped into the top layer of the microfluidic channel. After each actuation of the system, the bottom solution was
collected and the top layer was recycled through the channel. Eluted thrombin was quantified by ELISA. The cumulative amount of eluted thrombin after
each actuation was calculated and plotted. The control system that contained no aptamer shows no measurable elution of thrombin; the aptamer-
functionalized system shows elution of 95.5% of the ingoing thrombin in the bottom layer after eight cycles of capture and release. The near-quantitative
recovery of the ingoing thrombin suggests that the surfaces of the microfluidic channel and the hydrogel have very little non-specific association with the
target protein. b, Computer simulations that show the evolution of the number of particles in the lower stream, N, for adhesive nanoparticles (in magenta)
and non-adhesive nanoparticles (in blue) for a total of 200 particles (100 of each type) during nine oscillation cycles.

demonstrate the robustness of the integrated chemistries of binding
and release and their compatibility with the hydrodynamic and/or
diffusion characteristics of the microfluidic sorting system.

Most analytical applications require high levels of analyte separ-
ation and the ability to reuse the device multiple times. We antici-
pated that recycling the ingoing solution in our system would
allow for the recovery of thrombin that was not captured in the pre-
vious cycles. Indeed, when a solution initially containing 2 pico-
moles thrombin was introduced and recycled eight times through
the microfluidic channel, the amount of recovered thrombin grew
from ~0.7 picomoles after the first cycle to ~1.9 picomoles, thus
reaching nearly 95.5% of the total ingoing thrombin (Fig. 4a).
This clearly demonstrates the system’s robustness and efficacy in
repeated catch-transport-release cycles.

Multiple actuation cycles were also examined in the computer
simulations to probe the capture-transport-release dynamics
associated with the repeated oscillations of the fins. Here the peak
values correspond to the microstructures bent into the lower
phase when the fraction of adhesive particles in the lower phase
was maximized. Qualitatively similar to the experiments, this peak
value, or the fraction of particles removed from the upper into the
lower stream, increased during each cycle. These simulations illus-
trate that the catch-and-release effect is robust even in ‘harsher’ con-
ditions in which a portion of the adhesive nanoparticles is
continuously brought back into the upper stream during the recov-
ery stroke. In contrast, in the experimental device, released proteins
flow through the lower stream outlet port. However, similar to the
experiments, in the simulations about 95% of the adhesive nanopar-
ticles had been released into the lower phase by the ninth cycle
(Fig. 4b) and this number continued to increase in subsequent
cycles. This indicates that the catch-and-release system can be
expected to work in a qualitatively similar manner for a wide
range of recycling conditions.

To test experimentally the system’s ability to capture thrombin
selectively from a mixture of proteins, a solution that contained a
mixture of thrombin and transferrin, an iron-binding plasma glyco-
protein, and a mixture of thrombin and bovine serum albumin
(BSA) were introduced into the microfluidic channel with
aptamer-decorated and unfunctionalized microstructures, as well
as microstructures functionalized with a scrambled DNA sequence

that does not bind thrombin®*%. The resulting top and bottom
fluids were collected separately and analysed by polyacrylamide
gel electrophoresis (PAGE). The thrombin aptamer-decorated
system selectively captured thrombin from the top fluid and released
it in the bottom solution for both mixtures, with both BSA and
transferrin retained in the top layer; additionally, all the thrombin,
transferrin and BSA were retained in the top layer in the control
systems (Fig. 5a,b). To further test the efficacy of filtrating a specific
protein from a more-complex blood-like environment, human
serum that contained thrombin was introduced into the system in
a similar way with the thrombin successfully separated out
(Fig. 5¢ and Supplementary Fig. 4), which confirms the design’s
generality and applicability to sorting biomolecules from mixtures.
It is evident that there is very little non-specific interaction of the
device with the solution mixture, because non-specific fouling is
reduced by the constant flow of biomolecules through the device.

Each component of our chemomechanically modulated system
can be tailored individually to produce the desired output. For
example, the hydrogel composition, microstructure material, geo-
metry and array dimensions, and functionalization of the micro-
structure tips can all be adjusted. As one example, the hydrogel
composition can be changed to alter its response time or its
degree of swelling (and, correspondingly, the tilt angle of the micro-
fins, 6,,,,). With the aid of the computer simulations, we can predict
the influence of these parameters on the system’s performance. For
instance, we show that for a given interface height, there is a well-
defined range of 6, values that results in an efficient catch and
release; however, an increase in 6,,, above the threshold value
results in a rapid decrease in the fraction of adhesive particles
released into the lower stream (Supplementary Fig. 6). We found
the system’s performance to be relatively insensitive to 74,
(Supplementary Fig. 7). Finally, our simulations show that varying
the position of the fluid-fluid interface can also be used to adjust
the system’s efficiency and indicate an optimal interface height for
a given fin length (see Supplementary Section 5.2.1).

Conclusions

We have designed and tested a miniature bioinspired microfluidic
system that uniquely couples pH-manipulated microfin actuation
with pH-dependent aptamer unfolding and refolding for
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recycled multiple times through the channel over repeated hydrogel actuations and was collected after the final actuation, whereas solutions from the bottom
layer were collected after each actuation and pooled for PAGE analysis. In a microsystem functionalized with a thrombin aptamer, thrombin was eluted
specifically from the bottom layer, whereas the interfering non-target protein(s), that is, transferrin, BSA and other proteins in the serum, were retained in
the top layer, despite repeated cycling of the top-layer solution. In a, in control experiments in which the microstructures were either unfunctionalized or
decorated with a non-binding scrambled DNA sequence, both thrombin and transferrin were retained in the top layer.

biomolecule catch-transport-release, and offers the non-destructive
separation of specific molecules from a complex solution through a
robust and tunable chemomechanobiochemical process.
Additionally, the reversibility of hydrogel swelling and aptamer
folding allows the repeated processing of a single input solution,
which enables multiple recycling and a high capture of the target
molecules from the initial mixture. Compared to other small-
volume biomolecule-sorting systems that rely on external electric
fields®, infrared radiation®* and magnetic fields”*’, and require
chemical modifications of the biomolecules of interest*!, which
leads to the once-only use of a given set-up*? or requires a series
of sequential steps for the release of the biomolecule and/or reuse
of the device’>®, our system can exploit coupled chemistries in a
microfluidic channel to yield both efficient (minimal steps) and
effective (recovery of almost all of the target biomolecule from sol-
ution) output.

The reversible chemomechanical modulation character of this
system makes it suitable for numerous applications that require
the separation of microlitre samples for downstream analysis with
a low turnaround time. The variability and tunability of the hydro-
gel, aptamer-binding strength, geometry and material of the micro-
structure, and flow characteristics make this system a broad-based,
customizable platform for multiple applications. The microstruc-
tures can be functionalized with a diverse array of environmentally
responsive aptamers, antibodies, catalysts or small molecules, and in
principle allows the attachment of several target molecules. SELEX

(systematic evolution of ligands by exponential enrichment)
allows the easy identification of aptamer sequences that can target
a broad range of proteins and molecules under a variety of con-
ditions, and so enables the selection of a binding that is responsive
to factors such as pH, temperature, salt and so on.**-4. As research
on aptamers expands and the modification of aptamers with appro-
priate ionizable groups becomes increasingly viable!*® for
pH-dependent behaviour, our platform can also be used for such
targets. In addition, G-quartet binding, which is involved in the
aptamer-thrombin binding in this work, is evident in many other
sequence-target configurations, which probably also makes our
proof-of-concept applicable to these other biomolecules**°. The
chemistry of the hydrogel can be tuned to achieve stimuli-responsive
sorting at various conditions, as hydrogels can be made to respond
to temperature, light, electric and/or magnetic fields, ionic concen-
tration and so on. Such a broad spectrum of multiple chemistries
possible within a single, dynamic system could find further appli-
cations not only in biomedical fields, but also in the fields of inor-
ganic and/or synthetic chemistry for the microfluidic analysis of
chemical binding/releasing and sensing to determine chemical
purity, chirality, molecular binding kinetics or affinity in
different environments.

Methods
Chemicals. Acrylamide (AAm), acrylic acid (AAc), dodecyl acrylate, glycidyl
methacrylate, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
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2959, photoinitiator), (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane and
dithiothreitol (DDT) were purchased from Sigma-Aldrich and used as received.
Polydimethylsiloxane (PDMS) (Dow-Sylgard 184) was purchased from Ellsworth
and UVO-114 was purchased from Epoxy Technology. For ELONA measurements,
clear streptavidin-coated 96-well plates were obtained from Thermo Scientific.
The antithrombin horseradish peroxidase polyclonal antibody conjugate for the
ELONA assays was purchased from Thermo Scientific. A solution of 3,3,5,5'-
tetramethylbenzidine (TMB) with hydrogen peroxide was purchased from Thermo
Scientific. For thrombin detection, a thrombin-specific ELISA kit was purchased
from Antibodies-online.com. Human plasma thrombin was purchased from EMD
Millipore Chemicals. Human transferrin (98%) and human serum from human
male AB plasma were purchased from Sigma-Aldrich.

DNA synthesis. Oligonucleotides were purchased from Integrated DNA
Technologies or synthesized on a PerSeptive Biosystems Expedite 8909 DNA
synthesizer using reagents and phosphoramidites purchased from Glen Research.
Oligonucleotides were synthesized and deprotected according to the manufacturer’s
protocols and purified by either an oligonucleotide purification cartridge (ABI) or by
reverse-phase high-pressure liquid chromatography (HPLC, Agilent 1200) using a
C18 stationary phase and an acetonitrile/100 mM trimethylammonium acetate
gradient. Non-commercial oligonucleotides were characterized by liquid
chromatography/electrospray-ionization mass spectrometry with reverse-phase
separation on an Alliance 2695 (Waters) HPLC system using a UPLC BEH C18
column (1.7 uM, 2.1 x 50 mm) stationary phase and a 6 mM aqueous
triethylammonium bicarbonate/methanol mobile phase interfaced to a

Micromass Q-ToF Micro mass spectrometer (Waters). The thrombin aptamer
was 5'-GGTTGGTGTGGTTGG-thiol C6 SS-3" synthesized using a 3’ thiol
C6-modified controlled pore glass resin (Glen Research). The biotinylated thrombin
aptamer was 5'-GGTTGGTGTGGTTGG-biotinTEG-3’ synthesized using a

3’ biotinTEG resin (Glen Research). The scrambled thrombin aptamer was
5-GGTGGTGGTTGTGGT-thiol C6 SS-3'. The thrombin aptamer probe was
5'-/5Cy5/ CCA ACC ACA CCA ACC -3'.

Deprotection of the aptamer disulfide to free thiol. Purified DNA aptamers were
diluted in phosphate-buffered saline (pH 7.2) and combined with 0.1 volumes

1 M DTT (Sigma-Aldrich). This mixture was incubated at room temperature for
30 minutes before the free 3’-thiol linked aptamer was recovered by

ethanol precipitation.

Functionalization of the microstructure tips with the aptamer. A PDMS block
was used to stamp 3’-thiol-modified aptamers onto the epoxy microfins. An aptamer
solution (20 pl, 10 mM) was applied to a small area of PDMS, which was then
carefully placed on top of the oxygen-plasma-treated epoxy structures and left to
incubate overnight at 4 °C. Thorough washing of the sample removed excess
unbound aptamer from the microstructured sample.

Biomolecule sorting and collection in the microfluidic system. BSA blocking
solution (100 pl, 500 nM) was flowed through the channel. Subsequently, 100 pl of
thrombin solution in a pH 6.3 buffer was flowed into the top layer at the same times
as 100 pl of a pH 7.2 buffer was flowed into the bottom layer. To determine the
sorting capacity of the microfluidic system, 100 l of different initial thrombin
concentrations, 5 nM, 10 nM, 20 nM, 40 nM and 80 nM, were flowed into the top
layer. The outgoing solution (100 ul) was collected from the top layer. The flow rate
was 10 pl min~" for the top fluid and 30 pl min™" for the bottom fluid. For
biomolecule release, 100 ul of a pH 6.3 buffer that contained no biomolecules was
flowed into the top layer and 100 ul of a pH 3.2 buffer was flowed into the bottom
layer to contract the hydrogel and release bound biomolecules. The outgoing
solution (100 ul) was collected from the bottom layer. The collected aliquots were
diluted and analysed with ELISA (described below). To determine the sorting ability
with multiple sorting cycles of a given thrombin solution, the process described was
repeated eight times whereby the same initial ingoing thrombin solution in the
first cycle was reintroduced through the top layer at each subsequent cycle.

PAGE experiment for selectivity test. Fractions from the top and bottom layers of
the channel were collected and pooled after several actuations had been conducted
on an ingoing mixture solution containing 20 nM thrombin and 20 nM transferrin,
20 nM BSA or 1, 0.5 or 0.1% human serum. The top-layer eluting solutions were
repumped in the microsystem multiple times, eight times for transferrin- and
BSA-containing mixture and 40, 20 and 10 times for 1, 0.5 and 0.1% serum mixtures,
respectively. Fractions were concentrated by lyophilization, redissolved in a

1x NuPAGE protein-loading buffer (Invitrogen), heated to 95 °C for five minutes
and analysed by electrophoresis (12% NuPAGE gel (Invitrogen), 200 V, 45 minutes)
The gel was subsequently stained with Sypro Ruby (Sigma) and imaged

on a Chemilmager.

ELISA experiment for the quantitative measurement of thrombin concentration.
To measure the amount of thrombin eluted from the top and bottom layers of the
microfluidic channel, a thrombin-specific ELISA kit (Fisher Scientific) was used.
Standard curves were made of thrombin at known concentrations in the relevant pH
buffers, pH 6.3 and pH 3.2. Aliquots of the collected solutions from the top and
bottom layers were diluted appropriately and dispensed, along with the standard

solutions, onto a microplate precoated with a monoclonal antibody specific for
thrombin. After incubation of the thrombin solutions for two hours, the unbound
thrombin was washed away. A biotinylated polyclonal thrombin antibody was then
incubated on the microplate for one hour. After washing away excess unbound
antithrombin, streptavidin peroxidase conjugate was deposited onto the microplate
to recognize the bound antithrombin antibody and left to incubate for 30 minutes.
After washing away excess streptavidin peroxidase conjugate, a chromogenic
substrate, TMB, was added to the microplate and incubated for ten minutes, after
which 0.5 N HCl solution was added to stop the chromogen substrate reaction and
the absorbance was quantified at 450 nm. The intensity of absorption at 450 nm for
the collected thrombin was compared to a standard curve to calculate the amount of
collected thrombin on the SpectraMax M5 from Molecular Devices.
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