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a b s t r a c t
This paper demonstrates and systematically characterizes the enrichment of biomolecular compounds
using aptamer-functionalized surfaces within a microﬂuidic device. The device consists of a microchamber packed with aptamer-functionalized microbeads and integrated with a microheater and temperature
sensor to enable thermally controlled binding and release of biomolecules by the aptamer. We ﬁrst
present an equilibrium binding-based analytical model to understand the enrichment process. The
characteristics of the aptamer–analyte binding and enrichment are then experimentally studied, using
adenosine monophosphate (AMP) and a speciﬁc RNA aptamer as a model system. The temporal process
of AMP binding to the aptamer is found to be primarily determined by the aptamer-AMP binding kinetics.
The temporal process of aptamer-AMP dissociation at varying temperatures is also obtained and observed
to occur relatively rapidly (<2 s). The speciﬁcity of the enrichment is next conﬁrmed by performing selective enrichment of AMP from a sample containing biomolecular impurities. Finally, we investigate the
enrichment of AMP by either discrete or continuous introduction of a dilute sample into the microchamber, demonstrating enrichment factors ranging from 566 to 686×, which agree with predictions of the
analytical model.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Microﬂuidic devices have been making a signiﬁcant impact
on bioanalytical systems because of beneﬁts such as reduced
material consumption, improved reaction efﬁciency, and the
potential for enhanced sensitivity and multiplexed analysis. However, microﬂuidics-based analytical techniques have not come free
of obstacles. In particular, the small volumes generally required for
chip-based analyses reduce the quantity of molecules present in
the sample, and thus necessitate sensitive detection techniques [1].
This constraint can be exacerbated further by the practical demand
for processing of rare or diluted analytes within complex biological ﬂuids (for instance, blood, serum, or urine) that are clouded
with impurities [2]. To address this problem, it is often necessary to
incorporate sample preparation steps [3], which involve the processing of a sample to reduce its complexity within microﬂuidic
analytical systems.
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Sample enrichment is one of the most common sample preparation strategies in bioanalytical assays due to the need to amplify
low-concentration analytes while simultaneously separating them
from impurities in raw samples [4]. Enrichment of a sample prior
to analysis can alleviate the sensitivity demands placed on the
detector by partitioning available analyte molecules into a smaller
volume for enhanced detection. Microﬂuidic devices have been
developed to realize a number of sample enrichment methods,
including electrokinetic sample stacking [5] in which dilute analytes of interest are concentrated in a localized equilibrium zone by
electrokinetic transport, size exclusion in which analytes are partitioned by molecular weight [6], and in particular, sample capture
and enrichment by solid-phase extraction (SPE) [7].
SPE involves capture of a target analyte via interaction with a
solid phase whose surfaces are coated with functional molecules.
Speciﬁcally, the target analyte becomes immobilized onto the functional surface through this interaction, whereas impurities and
non-target compounds remain in the liquid phase and can be
removed. Repeating this process enables the enrichment of the
analyte on the solid surfaces. Next, the analyte is eluted, typically by adjusting the polarity, ionic strength, or pH of the solvent,
for subsequent detection. SPE on microﬂuidic platforms has been
readily demonstrated. For instance, an early device employed a
glass microchip packed with nonpolar octadecylsilane coated sil-
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Fig. 1. Principle of aptamer-based microﬂuidic enrichment. (a) A mixture of target and impurities introduced to a speciﬁc aptamer on a surface (for example, microbeads) at
a certain temperature. (b) Rinsing out impurities and purifying the analyte. (c) Enrichment of analytes via addition of subsequent dilute sample, or continuous infusion after
a short time t. (d) Release of the target molecule at a suitably different temperature.

ica microbeads to demonstrate the enrichment of hydrophobic
ﬂuorophores (BODIPY and ﬂuorescein), which were eluted with
acetonitrile, an organic solvent [8]. Likewise, a reverse-phased C18
coating on the channel walls of a glass chip was used to concentrate coumarin dye and subsequently eluted with acetonitrile
[9]. Additionally, reversed-phase octadecy-derived beads packed
within a glass microchip were employed to capture ﬂuorescent
molecules on a nonpolar surface, whose polarity was subsequently
reversed with a Tris–HCl 2-proponal buffer to elute the captured
analyte [10]. Moreover, a poly(vinylpyrrolidone) chip packed with
C18 microbeads was used for the reverse-phase enrichment of
ephedrine, which was then eluted using an acetonitrile-borate
buffer solution [11].
While demonstrating the potential of microﬂuidic SPE for sample enrichment, these devices commonly suffer from two major
limitations. First, relying on nonspeciﬁc interactions between the
solid phase and analytes, the enrichment process is indiscriminate.
That is, in addition to the target analyte, impurities in the sample that exhibit similar interactions with the solid-phase are also
captured. This lack of speciﬁcity can often severely hinder the sensitive and unambiguous detection of the analytes. Second, analyte
elution in these devices is accomplished by using gradients of pH,
salt concentration or solvent polarity. The required use of additional
reagents and solvents increases the complexity of device design and
operation, and may also compromise the integrity of the analyte
and present other compatibility issues.
The lack of speciﬁcity can be addressed by SPE methods that
incorporate afﬁnity receptors. Such receptors speciﬁcally bind to
analytes, allowing selective enrichment and puriﬁcation [12,13].
For example, an electrokinetically driven glass microchip incorpo-

rating a polymer monolith functionalized with the lectin pisum
sativum agglutinin was used for the separation and enrichment
of glycoproteins [14]. Antibody-conjugated magnetic beads in
a polymer microﬂuidic device were used to purify and enrich
Dengue virus [15]. Unfortunately, protein receptors such as lectins
and antibodies generally suffer from poor stability, are expensive and time-consuming to develop, and are susceptible to
undesirable biofouling [12], or accumulation of microorganisms
via protein–protein interactions. Aptamers, which are oligonucleotides that bind to analyte molecules by speciﬁc afﬁnity
interaction, in general do not suffer from these problems and
offer an attractive alternative as afﬁnity receptors [16]. In an early
demonstration of this concept, aptamers were functionalized on
microbeads via photo-cleavable immobilization chemistry, and
subsequently packed in a silicon-glass microchip for the puriﬁcation and detection of Hepatitis-C virus (HCV) [17]. Elution of
HCV required photolytic decoupling of the aptamer–HCV complex
from the microbeads. More recently, aptamers were employed to
enhance speciﬁc binding on a poly(methylmethacrylate) microchip
in conjunction with capillary electrophoresis for the detection of
thrombin [18].
We recently reported that aptamer-functionalized microﬂuidic surfaces are capable of capturing analytes, which can be
eluted by thermally disrupting the afﬁnity binding with a modest temperature increase [19]. Several important issues were not
considered in that preliminary investigation, and will be addressed
in this work. These include the speciﬁcity of analyte capture on
microﬂuidic aptamer surfaces, the characteristics of formation and
thermally induced disruption of aptamer–analyte binding, and
most importantly, the possibility of drastic enrichment of analytes
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from dilute samples. Hence, this paper presents the demonstration and systematic characterization of aptamer-based microﬂuidic
puriﬁcation and enrichment of biomolecular analytes, using a
microchip that consists of a microchamber packed with aptamerfunctionalized microbeads for analyte puriﬁcation and enrichment,
and on-chip temperature control elements for thermally induced
analyte elution. We investigate the afﬁnity binding of a model
system consisting of adenosine monophosphate (AMP) and an
oligonucleotide aptamer derived from RNA. First, the time-resolved
behavior of the aptamer and AMP binding system is characterized. This is followed by testing the aptamer’s selectivity to AMP
by microﬂuidic puriﬁcation from a model impurity. Subsequently,
microﬂuidic enrichment of AMP is characterized by successive discrete injections as well as continuous introduction of a dilute AMP
sample. These experimental data are explained with an analytical model, and demonstrate the potential of the aptamer-based
microﬂuidic enrichment approach for practical applications.

3. Analyte enrichment model
To quantitatively interpret the analyte enrichment process, consider a simple model of analyte–receptor interaction based on the
following assumptions. First, the interaction is in equilibrium and
is reversible, as is typically true for all noncovalent binding conjugates regardless of afﬁnity. Second, the analyte–receptor coupling
is monovalent, i.e., one corresponding binding epitope exists on
either molecule. This is generally valid for aptamer systems, since
speciﬁc correlating sections of both the aptamer sequence and analyte molecule become highly afﬁne to one another during aptamer
synthesis. Lastly, receptor and analyte molecules remain viable
throughout interaction, while also participating in no secondary
reactions.
In a microchamber packed with aptamer-functionalized
microbeads, the total effective aptamer concentration is approximately that of the surface-bound linker molecules used for aptamer
immobilization:
cA =

2. Principle and design
The principle of selective puriﬁcation and enrichment of
biomolecules on aptamer-functionalized surfaces is illustrated in
Fig. 1. Initially, a sample that contains molecules of a target analyte, as well as non-target impurities, is introduced to molecules of
an analyte-speciﬁc aptamer immobilized on a solid phase (Fig. 1a).
At a suitable (e.g., room) temperature, the aptamer speciﬁcally and
reversibly captures the analyte from the liquid-phase while impurities are ﬂushed from the system (Fig. 1b). This capture step is
repeated to enrich the analyte on the aptamer-functionalized surface either discretely (by consecutive infusion of batches of dilute
sample) or continuously (by continuous infusion of a dilute sample)
(Fig. 1c). Unique to aptamers, the binding can then be disrupted by
altering the temperature of the surface such that the enriched analyte is released into a pure liquid phase and isocratically eluted, or
elution using only a single and homogeneous liquid phase, for subsequent analysis (Fig. 1d). Returning the temperature to the initial
state allows the aptamer to revert to its initial functional structure,
permitting reuse.
We demonstrate aptamer-based speciﬁc microﬂuidic analyte
enrichment with a microchip adapted from an earlier design (Fig. 2)
[19]. The chip consists of an aptamer microchamber packed with
microbeads whose surfaces are functionalized with the aptamer.
Compared with the earlier design [19], the microchamber volume
is reduced to decrease detection signal nonuniformity (signiﬁcant
with larger sized microchambers), and to ensure that the sample is
exposed to all available aptamer binding sites. The microbeads are
introduced from a dedicated bead inlet and retained in the chamber
using a dam-like structure termed a weir (Fig. 2b), while samples
and buffer are introduced via the sample inlet and outlet. Two
meandering resistive temperature sensors, and a microheater, are
integrated on-chip for closed-loop temperature control, enabling
thermally induced disruption of afﬁnity binding for analyte release.
We demonstrate speciﬁc microﬂuidic puriﬁcation and enrichment
using AMP as a model analyte, which is a nucleotide involved in
metabolic processes and recognized by an RNA aptamer (5 -GGG
UUG GGA AGA AAC UGU GGC ACU UCG GUG CCA GCA ACC C-3 ). The
characterization of the enrichment process utilizes thiazole orange,
an asymmetric cyanine that is attached to AMP (TO-AMP) to allow
ﬂuorescent detection. As thiazole orange naturally ﬂuoresces in
the 510–580 nm band (with peak emission at 530 nm) when intercalating with nucleic acid and irradiated with 480 nm light (peak
absorption), TO-AMP can be detected by optical ﬂuorescence when
it binds to the aptamer.


M

(1)

where  is the mass of linker molecules per unit volume of the
bead-packed chamber (typically obtainable from microbead vendors), and M is the linker’s molecular weight. Consider a discrete
enrichment scheme, in which consecutive infusions of a dilute sample (analyte concentration: cS ) are introduced into the chamber.
Under the assumptions above, the binding equilibrium with analyte
depletion [24] taken into account is represented by
(cS − c)(cA − c) = Kd c

(2)

where c is the effective surface-bound analyte–receptor complex
concentration, and Kd is the system’s equilibrium dissociation constant [20]. This equation can be solved for c



c=

1
(cA + Kd + cS ) −
2




(cA + Kd + cS )2 − 4cA cS

(3)

and gives the effective concentration of the captured analyte from
a single extraction from sample of concentration cs . During enrichment, the analyte–receptor complex concentration (c) changes
incrementally at the end of the nth sample introduction and incubation step (n ≥ 0), so at the (n + 1)th step, the effective captured
analyte concentration increases to cn+1 = cn + cn . Substituting into
Eq. (2) and solving for cn+1 yields
cn+1

1
=
2



(cn + cA + Kd + cS )




−

(cn + cA + Kd + cS )2 − 4[cS (cA − cn ) − Kd cn ]

+ cn

(4)

and provides a recursive relationship to determine the captured
analyte concentration resulting from each sample introduction
step.
During experiments (below), the captured analyte concentration is represented by the observed ﬂuorescence intensity, Xn . After
acquiring the ﬂuorescence response for enrichment experiments,
Eq. (4) can be ﬁtted to determine binding constants.
As can be shown, Eq. (4) implies that cn is always positive and
decreases monotonically with n. This is consistent with the intuition that the analyte capture ability of the aptamer-functionalized
surface decreases as the number of captured analyte molecules
increases. In the limiting case, when the analyte enrichment process has progressed for a sufﬁciently long time, cn approaches
zero. Then, Eq. (4) can be employed to determine the enrichment
factor (Qn ), which is the ratio of the captured analyte concentration
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Fig. 2. (a) Schematic of the microchip. (b) Magniﬁed view of the aptamer microchamber highlighting the weir structure. Microbeads are trapped provided the height of the
weir is smaller than 0.5× the nominal bead diameter. (c) Micrograph of a packaged device.

to the introduced sample concentration after (n) sample infusions.
It follows then that the asymptotic enrichment factor is deﬁned as
Q∞ =

c∞
cA
=
cS
(Kd + cS )

(5)

This provides the maximum achievable concentration of captured analyte molecules. It can be seen that the asymptotic
enrichment factor (Q∞ ) increases proportionally with the total
effective aptamer concentration, which is a measure of available
binding sites on the solid phase. In addition, Q∞ increases with
decreasing sample concentration (cS ) and dissociation constant
(Kd ). In particular, when cS is sufﬁciently small, Q∞ varies inversely
with Kd . Intuitively, this indicates that higher tightness of afﬁnity
binding allows for a larger enrichment factor.
4. Experimental methods
4.1. Materials and instrumentation
TO-AMP was synthesized in-house, while its afﬁnity RNA
aptamer, with a biotinylated 5 -end, was acquired through
Integrated DNA Technologies. An aqueous buffer solution (pH
7.4) was prepared with a mixture of puriﬁed water (sterile RNase/Protease-free water, Fisher), Tris–HCl (20 mM), NaCl
(140 mM), KCl (5 mM), and MgCl2 (5 mM) and subsequently used
in all experiments. Porous bis-acrylamide beads copolymerized
with azlactone (50–80 m in diameter) and coated with UltraLink
streptavidin were acquired from Pierce and used to immobilize
the RNA aptamer via a biotin–streptavidin link. Microfabrication
materials, including SU-8 2025 and 2100, Sylgard 184 PDMS, Dow
Corning 733 silicone sealant, and microscope grade glass slides
(25 mm × 75 mm), were purchased from MicroChem, Dow Corning,
and Fisher, respectively.
4.2. Microchip fabrication and experimental setup
The enrichment microchip was fabricated by soft lithography techniques [21,22]. Brieﬂy, a sheet of polydimethylsiloxane
(PDMS) bearing the microﬂuidic features, including a microchamber 1.5 mm in diameter and 150 m in height (i.e., with a volume
of 0.26 l), was obtained by micromolding from a master made

of SU-8 photoresist. The microheater and temperature sensor were
patterned from a 100 nm gold thin ﬁlm (using a 5 nm chrome adhesion layer) on glass. Subsequently, the PDMS sheet was bonded
to the glass chip after treating the bonding interfaces by oxygen
plasma.
During experiments, the device was mounted to a ﬂuorescence microscope (Nikon Diaphot300) coupled with a CCD camera
(Pixelink PL-B742U). The microheater and temperature sensor in
the device were used in conjunction with off-chip programming
to achieve closed-loop temperature control. A DC power supply (Agilent E3631A), digital multimeter (Agilent 34410A), and a
proportional-integral-derivative (PID) control algorithm within a
LabVIEW program were used for temperature control, while a New
Era NE-1000 syringe pump was used for sample and buffer introduction.
Throughout all experiments except those used for control purposes, a single microﬂuidic device was used to ensure consistency
of experimental data. The device’s microheater was measured to
have a resistance of 650 , and its micro temperature sensor had
a measured resistance of 240  with a temperature coefﬁcient
of resistance of 1.68 × 10−3 ◦ C−1 . In order to alleviate the possible degradation of this device, two additional, nominally identical
device chips were used in the control experiments. The effects of
any minor variations of the control devices from the nominal design
were considered insigniﬁcant, as the control experimental data
(Sections 5.1–5.4) were not used to compare different equilibrium
binding and enrichment results.

4.3. Testing procedures
A nominal ﬂowrate of 10 l min−1 was used during washing
and discrete sample introduction steps (unless noted otherwise).
This choice was to produce a pumping pressure of approximately
3.1 kPa, which conformed to the pressure limits of the syringe pump
and structural PDMS layer. In the initial ﬂush and subsequent rinses,
the microchip was infused with pure buffer solution for 5 min at the
maximum ﬂowrate. Sample solutions of varying concentrations of
TO-AMP were prepared based on its molar mass and buffer solution
volume. Microbeads were packed manually into the microchamber through the auxiliary channel from the bead inlet, which was
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Fig. 3. Control experiments. A 11.7 M sample of TO-AMP was injected into the
microchamber containing three SPE media: (1) non-functional beads (“aptamer
neutral”); (2) beads coated with nonspeciﬁc aptamer (GTP-aptamer, “aptamer negative”); (3) AMP-speciﬁc aptamer coated beads (“aptamer positive”). Insets show
ﬂuorescence micrographs of the chamber corresponding to each control condition.
Experiments were performed in triplicate to determine a standard error, which
procedurally was similar for all subsequent ﬁgures containing error bars.

subsequently sealed permanently using a silicone sealant imbued
PDMS plug. This bead packing was used for the lifetime of the
chip. The enrichment chamber and channels were then washed
through the sample inlet, followed by injection of 2 l, total, of
an aptamer solution (722 M) at the nominal ﬂowrate. Incubation
followed for at least 1 h in the microchamber, allowing sufﬁcient
time for the aptamer to attach and properly align to microbead
surfaces (incubation time for TO-AMP samples was determined
based on the capture time characterization data (Section 5.2)).
Based on the calculated theoretical concentration of streptavidin
(approximately 16.37 mM) on the microbeads, the extremely high
afﬁnity of the biotin–avidin binding (Kd ∼ 10−15 M) [23] implies
that nearly all introduced biotinylated aptamer molecules become
immobilized onto the streptavidin-coated surface. Next, the chamber was washed again and a baseline ﬂuorescence signal was
taken at the center of the chamber producing a resulting CCD
image. Fluorescence images were processed to obtain an 8-bit
RGB intensity mean using ImageJ analysis software. This intensity
was further averaged in a 1.25 mm2 region of highest ﬂuorescence uniformity to represent the effective captured analyte signal
(X). The preceding protocol was additionally used following TOAMP sample extraction. Subsequently, release of analytes following
extraction was achieved using temperature-induced reversal of
the aptamer–analyte interaction [19], which is explored in further
detail below (Section 5.3). Hence, isocratic elution, regeneration
and reuse of the device for further experiments were allowed.
5. Results and discussion
5.1. Experimental controls
Several control experiments were ﬁrst performed, in which
TO-AMP (11.7 M) was injected into the microchamber under
three conditions. First, microbeads with no aptamer attached were
packed into the chamber (referred to as the aptamer-neutral control). The second condition involved beads functionalized with
a nonspeciﬁc aptamer (derived for guanosine triphosphate) that
does not bind to AMP (aptamer-negative). Under the ﬁnal condition, the chamber was packed with beads functionalized with the
AMP-speciﬁc aptamer (aptamer-positive). Results from these control experiments are presented in Fig. 3. The error bars in the ﬁgure
(as well as the other ﬁgures) represented the standard deviation

Fig. 4. Time course of resolved ﬂuorescence measurements for the extraction of TOAMP by its aptamer. Lines represent a nonlinear least squares ﬁt to an exponential
association model.

calculated from three measurements. These errors reﬂected contributions from several sources including changes in microbead
packing between experiments, and ﬂuorescence lamp ﬂuctuations
during measurements. As shown in the ﬁgure, the ﬂuorescence
intensity from the aptamer-positive experiment was dominant,
while there was no appreciable signal above the baseline for the
aptamer-neutral case and only a slight increase in ﬂuorescence
during the aptamer-negative control, which could be attributed
to nonspeciﬁc adsorption to the microbeads by TO-AMP. It can
thus be concluded that TO indeed ﬂuoresces solely in the presence
of nucleic acid, and that a lack of ﬂuorescence in our measurements signiﬁed negligible afﬁnity binding between TO-AMP and
the aptamer.
5.2. Determining binding capture time
The time course of afﬁnity capture of TO-AMP by the aptamer
was obtained to understand the kinetic behavior of the system for
ﬁnite volume samples. Fluorescence exposure occurred at minute
intervals following an injection of TO-AMP (1.3, 6.5, and 11.7 M).
The ﬂuorescence intensity was obtained and then plotted as a function of time (Fig. 4). In all experiments, the ﬂuorescence saturated
at sufﬁciently large times, where the apparent analyte capture time
( cap ), or the time constant for the observed time course of analyte
capture, was obtained by ﬁtting the data to a ﬁrst order exponential
model. Hence,  cap for the experiments with 1.3, 6.5, and 11.7 M
samples were approximately 2.89, 2.45, and 2.29 min, respectively.
In general,  cap is determined by consideration of two time scales:
the diffusion time for the analyte to reach the surface-immobilized
aptamer by diffusion, and the kinetic binding time for the analyte to
bind to the aptamer. For the porous microbeads, the diffusion time
scale can be estimated by d02 /D where d0 is the average bead diameter and D the analyte diffusivity. Using d0 ≈ 80 m for our beads and
D ≈ 4.44 × 10−6 cm2 s−1 for AMP [24] yields the diffusion time to be
nearly 14 s. This was negligible compared with the observed values
of  cap . It can thus be concluded that  cap was primarily determined
by kinetic binding time, which agrees well with previous results
reported for the same aptamer–analyte system [25].
5.3. Time-resolved measurement of thermally induced analyte
release
The aptamer–analyte complex is typically temperaturedependent, and can be disrupted at a modestly elevated
temperature to enable thermally activated release and isocratic
elution of the enriched analyte from the aptamer-functionalized
surface [19]. Here, we characterize heat-induced dissociation of
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Fig. 5. Temperature induced dissociation (i.e., isocratic elution) of TO-AMP from
the aptamer using the integrated heating elements on the microchip. The release
proﬁles suggest the microchip is capable of rapid ( diss = 1.31 s, average) and thorough release and elution of TO-AMP as compared to room temperature dissociation
( diss = 16.5 s when considering the 6.5 M case).

5.4. Speciﬁcity of analyte puriﬁcation
To elucidate the selectivity of the aptamer to TO-AMP, we puriﬁed 10 nM TO-AMP from a sample containing 1 M vasopressin
(AVP), a related metabolic hormone used here as a model impurity [28]. Vasopressin was labeled with Tamra dye (TMR-AVP),
which has excitation and emission wavelength bands at 550 nm and
620 nm [29], respectively, to distinguish from TO-AMP. The solution was continuously introduced into the device while recording
RGB signals, which were normalized to the green value, or the TOAMP signal (Fig. 6). Sufﬁcient experimental time (20 h) was used to
assure intrinsic molecular transport differences between TO-AMP
and TMR-AVP would not affect their ﬁnal signals. Negligible signal
was observed at blue wavelengths, indicating a narrow emission
band for both TO-AMP and TMR-AVP, as expected. Signiﬁcant signal
was observed only from TO-AMP, which indicated highly selective
interaction of TO-AMP to the aptamer. In contrast, the red ﬂuorescence intensity, corresponding to nonspeciﬁcally bound TMR-AVP,
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Fig. 6. Enrichment by continuous infusion of an impure and dilute sample of TOAMP (10 nM). A solution of TO-AMP is spiked with a model impurity (TMR-AVP) at
a concentration ratio of 100:1, which is a common neurophysical hormone present
alongside AMP physiologically. The red, green and blue channel for each ﬂuorescence data point is extracted and plotted to measure the efﬁciency of TO-AMP
puriﬁcation by the aptamer. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of the article.)

was signiﬁcantly less, thereby indicating successful puriﬁcation of
TO-AMP. Using ﬁnal signal levels, the ratio of speciﬁc to nonspeciﬁc
binding was approximately 7:1, which was satisfactory considering
no surface blocking was utilized to prevent nonspeciﬁc adsorption.
This suggests that any nonspeciﬁc binding of AVP was likely via
adsorption to microbead surfaces, rather than by interaction with
the aptamer. Moreover, due to the wide emission spectra of TO [30],
low intensity light from TO near 600 nm wavelengths could have
contributed slightly to the TMR signal. Therefore, the actual speciﬁcity of TO-AMP enrichment by the aptamer might be potentially
higher.
5.5. Equilibrium binding measurements
We obtained an equilibrium binding curve to relate ﬂuorescence
response, X, to TO-AMP sample concentration (Fig. 7). Solutions of
TO-AMP within a concentration range of 1.3–19.5 M were tested
using the microﬂuidic chip. Following each sample introduction,
ﬂuorescence yield was quantiﬁed after incubating for 3 min to
insure complete capture of TO-AMP. It can be seen that below
approximately 1.3 M, no appreciable signal was detected. Concentrations at and above 1.3 M, however, were detectable, and
the ﬂuorescence was linear with TO-AMP concentration. This was
expected at these relatively low concentrations, since the concentration of aptamer, cA , was predicted to be very large (1.44 mM)
Section 4.3. A proportionality constant (ˇ = 0.02 au nM−1 ) can thus
be used to relate bound analyte concentration to X.

500

Fluorescence [a.u]

analyte–aptamer binding. Solutions of TO-AMP (1.3, 6.5, and
11.7 M) were ﬁrst introduced into the microchamber to allow
analyte capture and ﬂuorescence intensity to increase to equilibrium. The chip temperature was then rapidly increased (∼0.85 s)
to 45 ◦ C and held for 30 s with ﬂuorescence measurements taken
every 0.5 s (Fig. 5). Within the ﬁrst second following the temperature increase, the ﬂuorescence intensity decreased abruptly, and
remained within 2–3% the baseline reading for all tested samples.
As photobleaching was estimated to account for less than 10%
of the ﬂuorescence intensity decrease for tested samples, while
temperature-dependent behavior of the TO ﬂuorophore is minimal
when TO is intercalated with nucleic acids [26,27], we concluded
that the measurements reﬂected thermally induced dissociation of
TO-AMP from the aptamer. An exponential ﬁt to the data revealed
dissociation time constants ( diss ) of 1.28, 1.32, and 1.32 s for the
1.3, 6.5 and 11.7 M samples, respectfully. Since the diffusion time
scale was much slower (14 s), while the heating time constant was
only about 0.85 s, the rapid transient of dissociation with moderate
heating can be primarily attributed to disruption of binding. We
subsequently performed dissociation without heating by continuously ﬂowing buffer into the microchamber after a 6.5 M TO-AMP
sample introduction, while monitoring ﬂuorescence intensity. At
room temperature, the dissociation transient ( diss = 16.5 s) was
signiﬁcantly larger than with moderate heating, obtaining a ﬂuorescence value slightly below that for photobleaching after 30 s.
Hence, temperature indeed signiﬁcantly inﬂuences the dissociation
rate, suggesting that thermal energy likely intensiﬁes unfolding of
the speciﬁc binding pocket used by the aptamer for AMP recognition. This effect is reversible, and has been exploited in our present
and prior work [19] to induce isocratic release of analytes from
aptamer receptors followed by device regeneration and reuse.
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Fig. 7. Equilibrium binding ﬂuorescence response of TO-AMP within the linear binding range. Inset is a magniﬁcation of the low concentration range (0–7000 nM).
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Fig. 8. Enrichment by discrete infusion of dilute samples of TO-AMP. Lines represent
a least squares ﬁt of data to Eq. (4). As expected, the change in concentration between
successive concentrations approaches zero as the number of experimental infusions
increase, exhibiting a nonlinear trend.

5.6. Analyte enrichment by discrete infusion of a dilute solution
Next, we performed analyte enrichment by discrete infusion of a dilute TO-AMP solution to demonstrate the utility of
aptamer-based microﬂuidic enrichment to enhance detection of
low-concentration analyte samples (Fig. 8). Discrete samples of
concentrations (cS ) 4, 10 or 25 nM (1 l) were introduced into the
microchamber with an incubation period of 3 min (allowing adequate capture time). Fluorescence measurements were conducted
every 260 infusions.
Using a 4 nM sample, we noticed a gradual increase in ﬂuorescence intensity as the sample infusion number (n) increased. As
expected, after a sufﬁciently large number of sample infusions, the
ﬂuorescence signal approached a saturating value. Note that the
level of ﬂuorescence after 2080 injections (63.1 au) is well within
the detectable range, whereas previously (Fig. 7), detection at this
analyte level was not possible. This was similar for the 10 and 25 nM
samples, where the asymptotic ﬂuorescence levels were 152 and
367 au, respectively, after 2080 injections. At n = 2080, the effective concentration of captured TO-AMP was determined to be 2.74,
6.62 and 15.9 M for dilute feed solutions of 4, 10 and 25 nM,
respectively. Thus, enrichment factors (Q2080 ) of 686, 662 and 639×
were obtained respectively for 4, 10 and 25 nM experiments. Such
enrichment factors are comparable to those achieved for common
SPE enrichment approaches [8,9], with advantages in higher speciﬁcity binding and thermally activated release.
Subsequently, as tabulated in Table 1, the enrichment model
Eq. (4) was ﬁtted to the experimental data (lines in Fig. 8). The
dissociation constant (Kd ) was determined from the ﬁtting to be
2.20, 2.63, and 1.91 M for feed solutions with 4, 10, and 25 nM
concentrations, respectively. Hence, the model correctly predicts
the trend in the experimental data. Similarly, ﬁtted values for the
total aptamer concentration (cA ) were consistent, being 1.40, 1.41,
and 1.38 mM (these were within 5% of the cA predicted in Section
4.3) for the 4, 10, and 25 nM samples, respectively. By examining
Eq. (5) with the calculated values for cA and Kd from Table 1, predicted asymptotic enrichment factors (Q∞ ) of 637, 556 and 713×
Table 1
Tabulated enrichment parameters following nonlinear least squares ﬁt of Eq. (4) to
experimental data in Fig. 8.
cS (nM)

Q

Kd (M)

cA (mM)

4
10
25

637
556
713

2.20
2.63
1.91

1.40
1.41
1.38

Fig. 9. Enrichment by continuous infusion of dilute samples of TO-AMP. In spite
of the non-discrete method in which this experiment is performed, Eq. (5) of our
model can still be used to predict the ﬁnal enrichment factor for each tested TO-AMP
concentration.

for 4, 10 and 25 nM feed solutions, respectively can be obtained.
This agrees with observed enrichment factors (above) by 7.17, 15.9
and 11.5%. On average, the Kd obtained from experiments above
was 2.24 M, which is roughly an order of magnitude higher than
the dissociation constant for solution-based assays with the same
aptamer–analyte system [31]. This deviation could be attributed
to both aberrations caused by differing detection methods, and
effects of the aptamer being surface-immobilized; it is thought that
surface-constrained receptor orientation and steric hindrance may
lead to reduced binding afﬁnity [7].
5.7. Analyte enrichment by continuous infusion of a dilute
solution
We ﬁnally demonstrated continuous-ﬂow analyte enrichment
due to its practical utility. Samples of 4, 10 and 25 nM TOAMP solutions were continuously infused (0.5 l min−1 ) into the
microchamber to assess any signiﬁcant concentration-dependent
variation in time and efﬁcacy (Q∞ ) (Fig. 9). Trends similar to those
in the discrete infusion base (Fig. 8) can be observed. That is, for all
dilute sample concentrations, the ﬂuorescence intensity increased
consistently with time at a decreasing rate. Saturation appeared to
occur for all samples, which were of the same TO-AMP concentration as in the discrete infusion experiments (Section 5.6). This was
expected since the total molar amount of TO-AMP introduced for
discrete and continuous infusion experiments was identical. Analyzing the asymptotic ﬂuorescence values revealed ﬁnal captured
TO-AMP concentrations of 2.27, 5.88, and 15.3 M for the 4, 10
and 25 nM samples, respectively. This corresponded to enrichment
factors of 566, 588, and 612×, respectively, and was considered
to agree with the discrete infusion results within 11, 5.7 and 14%,
respectively. We surmise that ﬂuid ﬂow effects (e.g., shear effects,
and TO-AMP transport from the microbead surface before binding), in addition to experimental errors (as mentioned previously
in Section 5.1), may have been responsible for the enrichment factor differences. In addition, as only a single device was employed
throughout Sections 5.5–5.7, reduced activity of aptamer due to
prolonged experimentation was also a factor.
These enrichment characterization experiments involved time
durations much longer than the corresponding enrichment time
constant, which is deﬁned in terms of the best exponential ﬁt to
the experimental data. This time constant was 45.2, 22.5 and 15.9 h
for the experiments with samples that were 4, 10 and 25 nM in AMP
concentration, respectively. The enrichment time constant, which
represents the time duration needed by practical enrichment pro-
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cesses, can be shortened by appropriate measures. For example,
faster ﬂowrates could be utilized to introduce more TO-AMP to
the microchamber over shorter times, although at the expense of
slightly suboptimal binding conditions. Unless ﬂowrate is excessively high to inhibit mass transport, or kinetics, enrichment is
still expected to occur. Additionally, the enrichment time could
be shortened with improved microﬂuidic device designs, such as
the inclusion of a rapid, but nonspeciﬁc, analyte preconcentration
stage preceding aptamer-based speciﬁc enrichment. Furthermore,
aptamer–analyte systems with faster binding kinetics could be
selected to allow for more rapid enrichment. Such binding systems can in general be obtained by aptamer selection processes
that enable choice of kinetic parameters [32].
6. Conclusions
As microﬂuidic systems are increasingly coupled to sensitive
bioanalytical equipment requiring highly pure and concentrated
samples, the potential for poor performance becomes high without
adequate sample enrichment. We addressed this issue here by utilizing thermally responsive afﬁnity aptamer molecules for speciﬁc
puriﬁcation, enrichment and release of analytes. This method offers
distinct advantages over existing puriﬁcation and enrichment systems, particularly platforms utilizing solid-phase extraction. These
include selective analyte puriﬁcation and enrichment, low temperature analyte release and isocratic elution, and a simplistic design
and fabrication. We systematically characterized this method on
a microchip coupled to ﬂuorescence detection, and as a proof-ofconcept, studied the binding of adenosine monophosphate and its
speciﬁc aptamer, a model system. Initially, the temporal process
of AMP capture by the aptamer was elucidated, which exhibited a
time constant ( cap ) between 2.29 and 2.89 min. This was primarily attributed to the aptamer-AMP binding kinetics. Similarly, the
time course of aptamer-AMP dissociation by thermal stimulation
was characterized and observed to complete within 1.3 s. Additionally, the utility of aptamer-based microﬂuidic puriﬁcation was
illustrated by performing selective capture of AMP from a sample
contaminated with a biomolecular impurity, vasopressin. We then
performed enrichment of AMP by either discrete or continuous
infusion of a dilute sample to the aptamer-functionalized surfaces.
Notably, the results corresponded satisfactorily to estimates from
an analytical model developed to understand the enrichment process, while exhibiting analyte enrichment factors of 686, 662 and
639× for the discrete case, and 566, 588, and 612× for the continuous case (using feed solutions of 4, 10 and 25 nM, respectively).
Further research will involve systems that use other practically
important aptamer–analyte systems and are integrated with detection methods beyond ﬂuorescence microscopy.
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