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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 microcham-
ber 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.
nrichment
icrofluidic

olid phase capture
socratic elution

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 selec-
tive 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 microcham-
ber, demonstrating enrichment factors ranging from 566 to 686×, which agree with predictions of the
analytical model.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Microfluidic devices have been making a significant impact
n bioanalytical systems because of benefits such as reduced
aterial consumption, improved reaction efficiency, and the

otential for enhanced sensitivity and multiplexed analysis. How-
ver, microfluidics-based analytical techniques have not come free
f obstacles. In particular, the small volumes generally required for
hip-based analyses reduce the quantity of molecules present in
he sample, and thus necessitate sensitive detection techniques [1].
his constraint can be exacerbated further by the practical demand
or processing of rare or diluted analytes within complex biolog-
cal fluids (for instance, blood, serum, or urine) that are clouded

ith impurities [2]. To address this problem, it is often necessary to
ncorporate sample preparation steps [3], which involve the pro-

essing of a sample to reduce its complexity within microfluidic
nalytical systems.
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Sample enrichment is one of the most common sample prepa-
ration 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 ana-
lytes of interest are concentrated in a localized equilibrium zone by
electrokinetic transport, size exclusion in which analytes are par-
titioned 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 func-
tional 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, typi-

cally 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-

dx.doi.org/10.1016/j.snb.2010.11.024
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:qlin@columbia.edu
dx.doi.org/10.1016/j.snb.2010.11.024
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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 re.
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short time �t. (d) Release of the target molecule at a suitably different temperatu

ca microbeads to demonstrate the enrichment of hydrophobic
uorophores (BODIPY and fluorescein), which were eluted with
cetonitrile, an organic solvent [8]. Likewise, a reverse-phased C18
oating on the channel walls of a glass chip was used to con-
entrate coumarin dye and subsequently eluted with acetonitrile
9]. Additionally, reversed-phase octadecy-derived beads packed
ithin a glass microchip were employed to capture fluorescent
olecules on a nonpolar surface, whose polarity was subsequently

eversed with a Tris–HCl 2-proponal buffer to elute the captured
nalyte [10]. Moreover, a poly(vinylpyrrolidone) chip packed with
18 microbeads was used for the reverse-phase enrichment of
phedrine, which was then eluted using an acetonitrile-borate
uffer solution [11].

While demonstrating the potential of microfluidic SPE for sam-
le enrichment, these devices commonly suffer from two major

imitations. First, relying on nonspecific interactions between the
olid phase and analytes, the enrichment process is indiscriminate.
hat is, in addition to the target analyte, impurities in the sam-
le that exhibit similar interactions with the solid-phase are also
aptured. This lack of specificity can often severely hinder the sen-
itive and unambiguous detection of the analytes. Second, analyte
lution in these devices is accomplished by using gradients of pH,
alt concentration or solvent polarity. The required use of additional
eagents and solvents increases the complexity of device design and
peration, and may also compromise the integrity of the analyte
nd present other compatibility issues.
The lack of specificity can be addressed by SPE methods that
ncorporate affinity receptors. Such receptors specifically bind to
nalytes, allowing selective enrichment and purification [12,13].
or 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 expen-
sive and time-consuming to develop, and are susceptible to
undesirable biofouling [12], or accumulation of microorganisms
via protein–protein interactions. Aptamers, which are oligonu-
cleotides 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 purifi-
cation 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 microflu-
idic surfaces are capable of capturing analytes, which can be
eluted by thermally disrupting the affinity binding with a mod-
est 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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rom dilute samples. Hence, this paper presents the demonstra-
ion and systematic characterization of aptamer-based microfluidic
urification and enrichment of biomolecular analytes, using a
icrochip that consists of a microchamber packed with aptamer-

unctionalized microbeads for analyte purification and enrichment,
nd on-chip temperature control elements for thermally induced
nalyte elution. We investigate the affinity binding of a model
ystem consisting of adenosine monophosphate (AMP) and an
ligonucleotide aptamer derived from RNA. First, the time-resolved
ehavior of the aptamer and AMP binding system is character-

zed. This is followed by testing the aptamer’s selectivity to AMP
y microfluidic purification from a model impurity. Subsequently,
icrofluidic enrichment of AMP is characterized by successive dis-

rete injections as well as continuous introduction of a dilute AMP
ample. These experimental data are explained with an analyti-
al model, and demonstrate the potential of the aptamer-based
icrofluidic enrichment approach for practical applications.

. Principle and design

The principle of selective purification and enrichment of
iomolecules on aptamer-functionalized surfaces is illustrated in
ig. 1. Initially, a sample that contains molecules of a target ana-
yte, as well as non-target impurities, is introduced to molecules of
n analyte-specific aptamer immobilized on a solid phase (Fig. 1a).
t a suitable (e.g., room) temperature, the aptamer specifically and
eversibly captures the analyte from the liquid-phase while impu-
ities are flushed from the system (Fig. 1b). This capture step is
epeated to enrich the analyte on the aptamer-functionalized sur-
ace either discretely (by consecutive infusion of batches of dilute
ample) or continuously (by continuous infusion of a dilute sample)
Fig. 1c). Unique to aptamers, the binding can then be disrupted by
ltering the temperature of the surface such that the enriched ana-
yte is released into a pure liquid phase and isocratically eluted, or
lution using only a single and homogeneous liquid phase, for sub-
equent analysis (Fig. 1d). Returning the temperature to the initial
tate allows the aptamer to revert to its initial functional structure,
ermitting reuse.

We demonstrate aptamer-based specific microfluidic analyte
nrichment with a microchip adapted from an earlier design (Fig. 2)
19]. The chip consists of an aptamer microchamber packed with

icrobeads whose surfaces are functionalized with the aptamer.
ompared with the earlier design [19], the microchamber volume

s reduced to decrease detection signal nonuniformity (significant
ith larger sized microchambers), and to ensure that the sample is

xposed to all available aptamer binding sites. The microbeads are
ntroduced from a dedicated bead inlet and retained in the chamber
sing a dam-like structure termed a weir (Fig. 2b), while samples
nd buffer are introduced via the sample inlet and outlet. Two
eandering resistive temperature sensors, and a microheater, are

ntegrated on-chip for closed-loop temperature control, enabling
hermally induced disruption of affinity binding for analyte release.

e demonstrate specific microfluidic purification and enrichment
sing AMP as a model analyte, which is a nucleotide involved in
etabolic processes and recognized by an RNA aptamer (5′-GGG
UG GGA AGA AAC UGU GGC ACU UCG GUG CCA GCA ACC C-3′). The
haracterization of the enrichment process utilizes thiazole orange,
n asymmetric cyanine that is attached to AMP (TO-AMP) to allow
uorescent detection. As thiazole orange naturally fluoresces in

he 510–580 nm band (with peak emission at 530 nm) when inter-
alating with nucleic acid and irradiated with 480 nm light (peak
bsorption), TO-AMP can be detected by optical fluorescence when
t binds to the aptamer.
tuators B 155 (2011) 58–66

3. Analyte enrichment model

To quantitatively interpret the analyte enrichment process, con-
sider 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 conju-
gates 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 ana-
lyte 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 approxi-
mately that of the surface-bound linker molecules used for aptamer
immobilization:

cA = �

M
(1)

where � is the mass of linker molecules per unit volume of the
bead-packed chamber (typically obtainable from microbead ven-
dors), and M is the linker’s molecular weight. Consider a discrete
enrichment scheme, in which consecutive infusions of a dilute sam-
ple (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) = Kdc (2)

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

c = 1
2

[
(cA + Kd + cS) −

√
(cA + Kd + cS)2 − 4cAcS

]
(3)

and gives the effective concentration of the captured analyte from
a single extraction from sample of concentration cs. During enrich-
ment, the analyte–receptor complex concentration (c) changes
incrementally at the end of the nth sample introduction and incu-
bation 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) − Kdcn]

}
+ 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 concentra-
tion 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 intu-
ition 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 pro-
cess 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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ig. 2. (a) Schematic of the microchip. (b) Magnified view of the aptamer microcha
eir is smaller than 0.5× the nominal bead diameter. (c) Micrograph of a packaged

o the introduced sample concentration after (n) sample infusions.
t follows then that the asymptotic enrichment factor is defined as

∞ = c∞
cS

= cA

(Kd + cS)
(5)

This provides the maximum achievable concentration of cap-
ured analyte molecules. It can be seen that the asymptotic
nrichment factor (Q∞) increases proportionally with the total
ffective aptamer concentration, which is a measure of available
inding sites on the solid phase. In addition, Q∞ increases with
ecreasing sample concentration (cS) and dissociation constant
Kd). In particular, when cS is sufficiently small, Q∞ varies inversely
ith Kd. Intuitively, this indicates that higher tightness of affinity

inding allows for a larger enrichment factor.

. Experimental methods

.1. Materials and instrumentation

TO-AMP was synthesized in-house, while its affinity RNA
ptamer, with a biotinylated 5′-end, was acquired through
ntegrated DNA Technologies. An aqueous buffer solution (pH
.4) was prepared with a mixture of purified water (ster-

le RNase/Protease-free water, Fisher), Tris–HCl (20 mM), NaCl
140 mM), KCl (5 mM), and MgCl2 (5 mM) and subsequently used
n all experiments. Porous bis-acrylamide beads copolymerized

ith azlactone (50–80 �m in diameter) and coated with UltraLink
treptavidin were acquired from Pierce and used to immobilize
he RNA aptamer via a biotin–streptavidin link. Microfabrication

aterials, including SU-8 2025 and 2100, Sylgard 184 PDMS, Dow
orning 733 silicone sealant, and microscope grade glass slides
25 mm × 75 mm), were purchased from MicroChem, Dow Corning,
nd Fisher, respectively.

.2. Microchip fabrication and experimental setup

The enrichment microchip was fabricated by soft lithogra-

hy techniques [21,22]. Briefly, a sheet of polydimethylsiloxane
PDMS) bearing the microfluidic features, including a microcham-
er 1.5 mm in diameter and 150 �m in height (i.e., with a volume
f 0.26 �l), was obtained by micromolding from a master made
highlighting the weir structure. Microbeads are trapped provided the height of the
e.

of SU-8 photoresist. The microheater and temperature sensor were
patterned from a 100 nm gold thin film (using a 5 nm chrome adhe-
sion 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 fluores-
cence 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 sup-
ply (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 intro-
duction.

Throughout all experiments except those used for control pur-
poses, 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 possi-
ble 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 microcham-
ber 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 neg-
ative”); (3) AMP-specific aptamer coated beads (“aptamer positive”). Insets show
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uorescence micrographs of the chamber corresponding to each control condition.
xperiments were performed in triplicate to determine a standard error, which
rocedurally was similar for all subsequent figures containing error bars.

ubsequently sealed permanently using a silicone sealant imbued
DMS plug. This bead packing was used for the lifetime of the
hip. The enrichment chamber and channels were then washed
hrough the sample inlet, followed by injection of 2 �l, total, of
n aptamer solution (722 �M) at the nominal flowrate. Incubation
ollowed for at least 1 h in the microchamber, allowing sufficient
ime for the aptamer to attach and properly align to microbead
urfaces (incubation time for TO-AMP samples was determined
ased on the capture time characterization data (Section 5.2)).
ased on the calculated theoretical concentration of streptavidin
approximately 16.37 mM) on the microbeads, the extremely high
ffinity of the biotin–avidin binding (Kd ∼ 10−15 M) [23] implies
hat nearly all introduced biotinylated aptamer molecules become
mmobilized onto the streptavidin-coated surface. Next, the cham-
er was washed again and a baseline fluorescence signal was
aken at the center of the chamber producing a resulting CCD
mage. Fluorescence images were processed to obtain an 8-bit
GB intensity mean using ImageJ analysis software. This intensity
as further averaged in a 1.25 mm2 region of highest fluores-

ence uniformity to represent the effective captured analyte signal
X). The preceding protocol was additionally used following TO-
MP sample extraction. Subsequently, release of analytes following
xtraction was achieved using temperature-induced reversal of
he aptamer–analyte interaction [19], which is explored in further
etail below (Section 5.3). Hence, isocratic elution, regeneration
nd reuse of the device for further experiments were allowed.

. Results and discussion

.1. Experimental controls

Several control experiments were first performed, in which
O-AMP (11.7 �M) was injected into the microchamber under
hree conditions. First, microbeads with no aptamer attached were
acked into the chamber (referred to as the aptamer-neutral con-
rol). The second condition involved beads functionalized with
nonspecific aptamer (derived for guanosine triphosphate) that

oes not bind to AMP (aptamer-negative). Under the final condi-

ion, the chamber was packed with beads functionalized with the
MP-specific aptamer (aptamer-positive). Results from these con-

rol 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 TO-
AMP by its aptamer. Lines represent a nonlinear least squares fit to an exponential
association model.

calculated from three measurements. These errors reflected con-
tributions 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 measure-
ments 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 func-
tion 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 d2

0/D where d0 is the average bead diame-
ter 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 temperature-

dependent, 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
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Fig. 6. Enrichment by continuous infusion of an impure and dilute sample of TO-
AMP (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 fluores-

tration 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.
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rofiles suggest the microchip is capable of rapid (�diss = 1.31 s, average) and thor-
ugh release and elution of TO-AMP as compared to room temperature dissociation
�diss = 16.5 s when considering the 6.5 �M case).

nalyte–aptamer binding. Solutions of TO-AMP (1.3, 6.5, and
1.7 �M) were first introduced into the microchamber to allow
nalyte capture and fluorescence intensity to increase to equilib-
ium. The chip temperature was then rapidly increased (∼0.85 s)
o 45 ◦C and held for 30 s with fluorescence measurements taken
very 0.5 s (Fig. 5). Within the first second following the temper-
ture increase, the fluorescence intensity decreased abruptly, and
emained within 2–3% the baseline reading for all tested samples.
s photobleaching was estimated to account for less than 10%
f the fluorescence intensity decrease for tested samples, while
emperature-dependent behavior of the TO fluorophore is minimal
hen TO is intercalated with nucleic acids [26,27], we concluded

hat the measurements reflected thermally induced dissociation of
O-AMP from the aptamer. An exponential fit to the data revealed
issociation time constants (�diss) of 1.28, 1.32, and 1.32 s for the
.3, 6.5 and 11.7 �M samples, respectfully. Since the diffusion time
cale was much slower (14 s), while the heating time constant was
nly about 0.85 s, the rapid transient of dissociation with moderate
eating can be primarily attributed to disruption of binding. We
ubsequently performed dissociation without heating by continu-
usly flowing buffer into the microchamber after a 6.5 �M TO-AMP
ample introduction, while monitoring fluorescence intensity. At
oom temperature, the dissociation transient (�diss = 16.5 s) was
ignificantly larger than with moderate heating, obtaining a flu-
rescence value slightly below that for photobleaching after 30 s.
ence, temperature indeed significantly influences the dissociation

ate, suggesting that thermal energy likely intensifies unfolding of
he specific binding pocket used by the aptamer for AMP recogni-
ion. This effect is reversible, and has been exploited in our present
nd prior work [19] to induce isocratic release of analytes from
ptamer receptors followed by device regeneration and reuse.

.4. Specificity of analyte purification

To elucidate the selectivity of the aptamer to TO-AMP, we puri-
ed 10 nM TO-AMP from a sample containing 1 �M vasopressin
AVP), a related metabolic hormone used here as a model impu-
ity [28]. Vasopressin was labeled with Tamra dye (TMR-AVP),
hich has excitation and emission wavelength bands at 550 nm and

20 nm [29], respectively, to distinguish from TO-AMP. The solu-
ion was continuously introduced into the device while recording
GB signals, which were normalized to the green value, or the TO-
MP signal (Fig. 6). Sufficient experimental time (20 h) was used to
ssure intrinsic molecular transport differences between TO-AMP
nd TMR-AVP would not affect their final signals. Negligible signal
as observed at blue wavelengths, indicating a narrow emission
and for both TO-AMP and TMR-AVP, as expected. Significant signal
as observed only from TO-AMP, which indicated highly selective

nteraction of TO-AMP to the aptamer. In contrast, the red fluores-
ence intensity, corresponding to nonspecifically bound TMR-AVP,
cence 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 speci-
ficity 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. Con-
centrations 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 concen-
Concentration [nM]

Fig. 7. Equilibrium binding fluorescence response of TO-AMP within the linear bind-
ing range. Inset is a magnification of the low concentration range (0–7000 nM).
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Fig. 9. Enrichment by continuous infusion of dilute samples of TO-AMP. In spite
least squares fit of data to Eq. (4). As expected, the change in concentration between
uccessive concentrations approaches zero as the number of experimental infusions
ncrease, exhibiting a nonlinear trend.

.6. Analyte enrichment by discrete infusion of a dilute solution

Next, we performed analyte enrichment by discrete infu-
ion of a dilute TO-AMP solution to demonstrate the utility of
ptamer-based microfluidic enrichment to enhance detection of
ow-concentration analyte samples (Fig. 8). Discrete samples of
oncentrations (cS) 4, 10 or 25 nM (1 �l) were introduced into the
icrochamber with an incubation period of 3 min (allowing ade-

uate capture time). Fluorescence measurements were conducted
very 260 infusions.

Using a 4 nM sample, we noticed a gradual increase in fluores-
ence intensity as the sample infusion number (n) increased. As
xpected, after a sufficiently large number of sample infusions, the
uorescence signal approached a saturating value. Note that the

evel of fluorescence after 2080 injections (63.1 au) is well within
he detectable range, whereas previously (Fig. 7), detection at this
nalyte level was not possible. This was similar for the 10 and 25 nM
amples, where the asymptotic fluorescence levels were 152 and
67 au, respectively, after 2080 injections. At n = 2080, the effec-
ive concentration of captured TO-AMP was determined to be 2.74,
.62 and 15.9 �M for dilute feed solutions of 4, 10 and 25 nM,
espectively. Thus, enrichment factors (Q2080) of 686, 662 and 639×
ere obtained respectively for 4, 10 and 25 nM experiments. Such

nrichment factors are comparable to those achieved for common
PE enrichment approaches [8,9], with advantages in higher speci-
city binding and thermally activated release.

Subsequently, as tabulated in Table 1, the enrichment model
q. (4) was fitted to the experimental data (lines in Fig. 8). The
issociation constant (Kd) was determined from the fitting to be
.20, 2.63, and 1.91 �M for feed solutions with 4, 10, and 25 nM
oncentrations, respectively. Hence, the model correctly predicts
he trend in the experimental data. Similarly, fitted values for the
otal aptamer concentration (cA) were consistent, being 1.40, 1.41,
nd 1.38 mM (these were within 5% of the c predicted in Section
A
.3) for the 4, 10, and 25 nM samples, respectively. By examining
q. (5) with the calculated values for cA and Kd from Table 1, pre-
icted asymptotic enrichment factors (Q∞) of 637, 556 and 713×

able 1
abulated enrichment parameters following nonlinear least squares fit of Eq. (4) to
xperimental data in Fig. 8.

cS (nM) Q Kd (�M) cA (mM)

4 637 2.20 1.40
10 556 2.63 1.41
25 713 1.91 1.38
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 TO-
AMP 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 concentra-
tion 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. Ana-
lyzing 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 bind-
ing), in addition to experimental errors (as mentioned previously
in Section 5.1), may have been responsible for the enrichment fac-
tor 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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esses, can be shortened by appropriate measures. For example,
aster flowrates could be utilized to introduce more TO-AMP to
he microchamber over shorter times, although at the expense of
lightly suboptimal binding conditions. Unless flowrate is exces-
ively high to inhibit mass transport, or kinetics, enrichment is
till expected to occur. Additionally, the enrichment time could
e shortened with improved microfluidic device designs, such as
he inclusion of a rapid, but nonspecific, analyte preconcentration
tage preceding aptamer-based specific enrichment. Furthermore,
ptamer–analyte systems with faster binding kinetics could be
elected to allow for more rapid enrichment. Such binding sys-
ems can in general be obtained by aptamer selection processes
hat enable choice of kinetic parameters [32].

. Conclusions

As microfluidic systems are increasingly coupled to sensitive
ioanalytical equipment requiring highly pure and concentrated
amples, the potential for poor performance becomes high without
dequate sample enrichment. We addressed this issue here by uti-
izing thermally responsive affinity aptamer molecules for specific
urification, enrichment and release of analytes. This method offers
istinct advantages over existing purification and enrichment sys-
ems, particularly platforms utilizing solid-phase extraction. These
nclude selective analyte purification and enrichment, low temper-
ture analyte release and isocratic elution, and a simplistic design
nd fabrication. We systematically characterized this method on
microchip coupled to fluorescence detection, and as a proof-of-

oncept, studied the binding of adenosine monophosphate and its
pecific aptamer, a model system. Initially, the temporal process
f AMP capture by the aptamer was elucidated, which exhibited a
ime constant (�cap) between 2.29 and 2.89 min. This was primar-
ly attributed to the aptamer-AMP binding kinetics. Similarly, the
ime course of aptamer-AMP dissociation by thermal stimulation
as characterized and observed to complete within 1.3 s. Addi-

ionally, the utility of aptamer-based microfluidic purification was
llustrated by performing selective capture of AMP from a sample
ontaminated with a biomolecular impurity, vasopressin. We then
erformed enrichment of AMP by either discrete or continuous

nfusion of a dilute sample to the aptamer-functionalized surfaces.
otably, the results corresponded satisfactorily to estimates from
n analytical model developed to understand the enrichment pro-
ess, while exhibiting analyte enrichment factors of 686, 662 and
39× for the discrete case, and 566, 588, and 612× for the continu-
us case (using feed solutions of 4, 10 and 25 nM, respectively).
urther research will involve systems that use other practically
mportant aptamer–analyte systems and are integrated with detec-
ion methods beyond fluorescence microscopy.
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