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Abstract: A single aptamer bioreceptor layer was formed using
a common streptavidin–biotin immobilization strategy and
employed for 100–365 bind/release cycles. Chemically induced
aptamer unfolding and release of its bound target was
accomplished using alkaline solutions with high salt concen-
trations or deionized (DI) water. The use of DI water
scavenged from the ambient atmosphere represents a first
step towards maintenance-free biosensors that do not require
the storage of liquid reagents. The aptamer binding affinity was
determined by surface plasmon resonance and found to be
almost constant over 100–365 bind/release cycles with a varia-
tion of less than 5 % relative standard deviation. This reversible
operation of biosensors based on immobilized aptamers
without storage of liquid reagents introduces a conceptually
new perspective in biosensing. Such new biosensing capability
will be important for distributed sensor networks, sensors in
resource-limited settings, and wearable sensor applications.

Biological detection using sensors that operate in an
unattended mode, with little or no power consumption,
without consumables, and with unobtrusive form factors is an
ultimate goal for medical diagnostics, homeland security, and
other applications.[1] The selectivity of biosensors is given by
using bioreceptors where selective molecular recognition is
provided by bioreceptor–target interactions through multi-
valent and cooperative binding, hydrogen bonding, and
charge–charge interactions.[2] Many natural and artificial
bioreceptors have been demonstrated, including antibodies,
enzymes, phages, carbohydrates, oligosaccharides, peptides,
molecularly imprinted polymers, and aptamers.[3] Aptamers,
which are nucleic acid molecules engineered to bind non-
nucleic acid targets,[3m,n] are among the most widely studied
bioreceptors.[4] In sensing applications, their attractive fea-
tures include the ability for selection to diverse targets
without the use of animals or animal cells, binding affinities
similar to those of antibodies, and improved selectivity and
stability by using non-natural nucleic acid bases.[5]

The high binding affinity of bioreceptors often leads to an
irreversible sensor response.[6] Thus, for repetitive detection,
a new bioreceptor layer must be re-deposited before each
measurement[7] providing repetitive detection but complicat-
ing sensor design by the need for removal of analyte-loaded
bioreceptors and deposition of fresh ones. To simplify sensor
operation, we have developed a reversible aptamer sensor by
chemically induced aptamer unfolding and release of its
bound target.[8] Follow-up studies by other groups have shown
aptamer reversibility over a limited number of bind/release
cycles.[9] Operation of aptamers over several tens of bind/
release cycles led to degradation of the aptamer binding
efficiency.[10] The regeneration of immobilized antibodies[11]

was shown to be less attractive over aptamers in re-usable
applications.[9a, 12]

Herein, we demonstrate 365 bind/release cycles of revers-
able operation of immobilized aptamers with the high
stability of the binding affinity (Kd) that varied by < 5% of
relative standard deviation (RSD) over these cycles. Further-
more, as the first step towards maintenance-free biosensors
without the need for storage of liquid reagents, we also tested
the reversible operation of the immobilized aptamer biore-
ceptor layer for 100 bind/release cycles by using deionized
(DI) water for aptamer unfolding. We show that water
scavenged from the ambient atmosphere can be used for
chemically induced aptamer unfolding and target release.

Scenarios where multiple biosensing cycles will be impor-
tant include wearable sensors, sensors in resource-limited
settings, and sensors for unattended operation.[13] For exam-
ple, in wireless sensor networks for biological surveillance in
airports, subways, and other public places, the advantages of
conventional disposable biosensors would be cancelled out by
application requirements (e.g., unobtrusive form factor of an
individual sensor node, unattended operation, no storage of
liquid reagents on board). Our 365 and 100 bind/release cycles
of reversible operation of immobilized aptamers is the first
step towards such ubiquitous unobtrusive biosensors.

To demonstrate the applicability of our approach, we
selected a well-studied GGTTGGTGTGGTTGG thrombin apta-
mer[14] as a model bioreceptor. This aptamer folds into
a monomolecular quadruplex with two G-quartets connected
by a TGT and two TT loops.[15] Previous studies of this
aptamer provided information on its Kd value, which ranged
from 1.4 to 450 nm depending on the experimental meth-
ods.[16] We selected a common streptavidin–biotin immobili-
zation strategy because of the well-known excellent stability
of such surface-immobilized bioreceptors and the uncom-
monly strong (Kd� 10�14

m) streptavidin–biotin interaction.[17]
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Details of the reversible biosensor operation for hundreds
of bind/release cycles are shown in Figure 1. The aptamer
molecules were immobilized onto a sensor chip. The chip was
further used for reversible biosensing without a replacement
of the immobilized aptamer layer by using chemical activa-
tion and deactivation of the aptamer bioreceptor layer.
Chemical activation was done by exposing the immobilized
aptamer layer to a buffer, which
permits aptamer folding into its
target-binding conformation. Chemi-
cal deactivation of the aptamer bio-
receptor layer was carried out to
unfold the immobilized aptamer and
to release the bound target. As chem-
ical deactivation agents for 100–365
bind/release cycles, we used DI water
and alkaline solutions with high salt
concentration. A critical step for the
maintenance-free reversible biosen-
sor operation over hundreds of bind/
release cycles was the correction for
the predictable loss of surface-immo-
bilized aptamers. This loss was due to
the instability of the aptamer attach-
ment, which became noticeable over
hundreds of cycles.

As a transduction platform, we
selected surface plasmon resonance (SPR)[18] and utilized its
most advanced implementation using high-end laboratory
SPR instrumentation. We chose this instrumentation with
a very high detection sensitivity[18] to fully explore the
bioreceptor–target binding characteristics over hundreds of
cycles without limitations of the measurement instrumenta-
tion and to provide guidelines for further portable in-the-field
applications of reversible biosensors that could be based on
diverse transduction principles.

The oligonucleotides of the thrombin aptamer
GGTTGGTGTGGTTGG and a control sequence of a DNA
randomer GGTGGTGGTTGTGGT were extended with twenty T
nucleotides, functionalized with biotin at their 5’-end, and
further immobilized onto a standard streptavidin-functional-
ized chip with a loading density of approximately 100 pg mm�2

or 3.6 � 1011 moleculescm�2 assuming a 15 kDa molecular

weight of these DNA molecules. This bioreceptor density
provided an SPR chip response of approximately 100
response units (RU, 1 RU = 10�6 refractive index units).

Binding of the thrombin target to immobilized aptamers
was done using five thrombin concentrations (0.5, 1, 2, 4,
8 nm) in a HEPES thrombin binding buffer (see the Support-
ing Information). Chemical deactivation of the immobilized
aptamer layer after each cycle was done for approximately
0.5 minutes with an aqueous solution of 50 mm NaOH and 1m
NaCl. Chemical activation of the immobilized aptamer layer
was done for approximately five minutes with HEPES buffer
to fold the immobilized aptamers into their target-binding
conformation.[8, 15, 19] The immobilized control DNA randomer
showed a lack of response to thrombin (Supporting Informa-
tion, Figure S1).

A reversible sensor response (Figure 2A) illustrates five
thrombin bind/release cycles. These cycles were presented to
the sensor chip in 73 segments, totaling as 365 cycles of
a reversible operation of immobilized aptamers on a strepta-
vidin-functionalized chip. Results of the 365 bind/release
cycles with five thrombin concentrations are illustrated in
Figure 2B. The total time for the 365 bind/release cycles of
biosensor operation was 112 hours.

Although the magnitude of the biosensor response
decreased by approximately 40% over these many cycles,
we found that the binding affinity Kd of the aptamer for
thrombin was very stable. The Kd value of 2.5� 0.1 nm
(mean� 1 s) was calculated by using a global fit of the
binding interactions at the five different thrombin concen-
trations. The calculated Kd value versus the number of bind/
release cycles of the reversible performance of the immobi-
lized aptamers and a histogram of the Kd values over 365
bind/release cycles are depicted in Figure 3A and B, respec-
tively.

The Kd value was constant over the 365 cycles of regen-
eration with a reproducibility of better than 5% RSD. Such
an excellent stability of the Kd value over hundreds of bind/
release cycles is a significant milestone towards the develop-
ment of maintenance-free biosensors.

Figure 1. Strategy for increasing the number of cycles for the reversible
operation of a maintenance-free biosensor with immobilized biorecep-
tors. The critical aspect for the reversible operation for an increased
number of cycles is the correction for the predictable degradation of
surface-immobilized aptamer linkers.

Figure 2. Reversible operation of the immobilized aptamer bioreceptors for 365 bind/release
cycles. Thrombin aptamer GGTTGGTGTGGTTGG was chosen as a model. A) Five regeneration
cycles of immobilized aptamers upon exposure to five different concentrations of thrombin.
B) Sensor response over 365 bind/release cycles. Chemical deactivation solution: 50 mm NaOH/
1m NaCl. Thrombin concentrations: 0.5, 1, 2, 4, and 8 nm. Each cycle was run for 18.3 min.
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Other metrics of stability of the sensing surface with
immobilized aptamers included the association rate constant
ka = (4.9� 0.3) � 106

m
�1 s�1, the dissociation rate constant kd =

(1.3� 0.1) � 10�2 s�1, and the predicted binding capacity of the
SPR sensor surface, Rmax (Figure S2).

Initially, we postulated that the possible reasons for the
signal loss from the layer of immobilized aptamers could
include the degradation of the binding ability of the immo-
bilized aptamer owing to poorly selected chemical deactiva-
tion conditions and/or the poor stability of the streptavidin–
biotin chemistry with immobilized aptamers. However, the
high stability of the binding affinity over the 365 cycles (see
Figure 3) demonstrated that the immobilized aptamer mole-
cules did not experience degradation upon reuse for
365 cycles. Therefore, the reduction in binding capacity of
the aptamer-functionalized streptavidin chip was further
analyzed from the standpoint of streptavidin–biotin linker
chemistry.

Whereas the streptavidin-biotin interaction is uncom-
monly strong with Kd� 10�14

m as reported by several
studies,[17] its finite dissociation rate was noticeable over our
experiments with hundreds of cycles. The results of a global fit
to the change in the maximum signal prior to the thrombin
dissociation phase for the five thrombin concentrations are
presented in Figure 4A. This global fit led to an estimated
dissociation rate for biotin from
streptavidin of (1.6� 0.1) � 10�6 s�1.
This calculated rate constant was
smaller than the rate constants of
2.4 � 10�6 s�1 and 5.4 � 10�6 s�1 previ-
ously determined by competition
experiments with radiolabeled and
unlabeled biotin with streptavidin.[17]

The 1.5–3.5-fold smaller dissociation
rate observed in our experiments
could be due to the re-association of
the biotinylated aptamer to the strep-
tavidin surface.

We further applied our experi-
mentally determined dissociation
rate for biotin from streptavidin
(1.6 � 10�6 s�1) as a correction factor
to the plasmon resonance signal

shown in Figure 2B. This correction successfully normalized
the sensor signal for the duration of the 365 regeneration
cycles (Figure 4B). These results supported our initial
assumption that the observed change in binding signal
during the repeated regeneration of the binding surface was
not due to the degradation of the immobilized aptamer
molecules but rather to the loss of some of the aptamer
molecules from the surface.

The high binding specificity of the aptamer to thrombin
over numerous interferents has been reported (Table S1).
These earlier studies were performed with interferents at
relatively low concentrations. Herein, we selected bovine
serum albumin (BSA) as a known model interferent, but at
a higher concentration (5000 nm) than in previous studies.
Our results (Figure S3) show minimal non-specific binding of
BSA at this concentration.

Next, with the goal of using multiple biodetection cycles in
biosensors operated without an on-board supply of liquid
reagents, we evaluated moisture scavenging from ambient air
as DI water. Such a reversible operation process of immobi-
lized aptamers without the storage of liquid reagents intro-
duces a new perspective for biosensing.

The use of scavenged DI water for the chemical deacti-
vation of aptamers over 100 cycles was our next important
step towards unobtrusive maintenance-free biosensors with-
out the need for reagent storage. DI water was previously
used to remove salts from the bound aptamers.[5b, 19]

We designed and built a system for the collection of liquid
water from ambient air (Figure S4) and collected water
volumes that were adequate for sensor operation. The results
of the water-scavenging process are illustrated in Figure S5,
demonstrating the ability of the prototype shown in Figure S4
to collect up to approximately 5 mL min�1 of liquid water from
a small area of < 1 cm2 cooled down to 2 8C. The electrical
conductivity of the water scavenged from ambient air was
measured to be 31� 14 mS cm�1 and thus lies within the range
of values (5–160 mS cm�1) that were reported for rainwater.[20]

The loading density of aptamers immobilized onto
a streptavidin-functionalized chip in these experiments was
approximately 70 pgmm�2, which corresponds to 2.5 �
1011 moleculescm�2. To ensure complete regeneration of the

Figure 3. Immobilized aptamers display a highly stable binding affinity
constant Kd over 365 bind/release cycles. A) Kd as a function of the
number of performed bind/release cycles. B) Histogram of Kd over 365
bind/release cycles, Kd =2.5�0.1 nm (mean �1s).

Figure 4. Accurate detection of thrombin over 365 bind/release cycles with immobilized thrombin
aptamer bioreceptors. A) Global fit of the signal decay over 365 bind/release cycles for five different
thrombin concentrations. Experimental data points from five concentrations: *; respective single-
exponential fits: c. B) Corrected sensor response. Chemical deactivation solution: 50 mm

NaOH/1m NaCl.
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sensor surface, the injection time of DI water for chemical
deactivation of the immobilized aptamers was 15 minutes.
The total operation time for 100 bind/release cycles using DI
water as the chemical deactivator was 46 hours.

Results of the sensor response that were corrected to take
the dissociation rate of biotin from streptavidin into account
are shown in Figure 5. The calculated dissociation rate for
biotin from streptavidin was (1.6� 0.1) � 10�6 s�1, which is the

same as the value calculated for the biosensor that used an
alkaline chemical-deactivation solution with a high salt
concentration. The uncorrected results (Figure S6) illustrate
that the response magnitude of this biosensor decreased by
approximately 20 % over 100 cycles; however, the binding
affinity Kd of the aptamer for thrombin was very stable in this
sensor. The Kd value, calculated by using a global fit for the
binding interactions at five different thrombin concentrations,
was 9.4� 0.3 nm (Figure S7), demonstrating a reproducibility
of better than 5% RSD. The ka, kd, and Rmax values for this
biosensor are summarized in Figure S8.

The small differences between the calculated Kd values
obtained in our studies for 100–365 bind/release cycles using
DI water and alkaline solutions with high salt concentration
as the chemical-deactivation agents could be attributed to the
slight variability in the surface density of immobilized
aptamer molecules and slight variations in the activity of
different batches of thrombin.[21]

For the correct folding of the aptamer molecules after
their regeneration, different ions are needed.[22] Otherwise,
the operation of aptamers in solutions of low ionic strength
could result in a significant loss of target-binding selectivity.
For the operation of maintenance-free biosensors, different
ions can be produced by electrochemical processes.[23] For
example, we generated 10 mm of Mg2+ ions within approx-
imately three minutes in 500 mL of scavenged water. Using
a conservative estimation for a total operational volume of
1000 mL in a microfluidic system, such biosensors could
perform unattended measurements at least once a day for
hundreds of times.

In conclusion, we have shown the reliable, reversible
operation of aptamer bioreceptors that were immobilized
onto a sensor surface upon multiple exposures to the
regeneration conditions. These biosensors were operated for
365 and 100 bind/release cycles when using 50 mm NaOH/1m
NaCl and deionized water as the regeneration agents,
respectively. The aptamer binding affinity was almost con-
stant within 5% RSD. A gradual decrease in the sensor signal

was determined to be related to the
slow loss of immobilized aptamers
from the surface. Although we have
selected a streptavidin–biotin
immobilization strategy because of
the excellent known stability of such
surface-immobilized bioreceptors,
we have found that over hundreds
of bind/release cycles, the streptavi-
din–biotin linker noticeably affects
the sensor response magnitude. Of
course, covalent attachment
approaches are also possible, for
example, with widely used thiol,
amino, epoxy, or carboxylic acid
moieties, and other types of func-
tionalization.[24] Although the cova-
lent attachment could potentially
negatively affect the binding affinity
of the immobilized bioreceptors
through hindering of the binding

sites, the opportunities of its applicability should be eval-
uated. Although in this biosensing study, we employed an
optical-transduction method, other transduction principles
such as gravimetric, electrical, or calorimetric principles,
could be easily employed. The selection of a particular
transduction method will be related to the allowed power
consumption and system size, its ability to achieve the desired
detection limit in the presence of different system instabilities,
and other requirements for a particular application. In field
applications, sensor stability is one of the key requirements.[25]

To improve the environmental stability of aptamers (e.g.,
against ubiquitous nucleases), several known aptamer pro-
tection methods can be applied.[26] Our current work is
focused on the implementation of our multivariable resonant-
sensor platform[27] for the development of biosensing nodes
for distributed sensor networks and wearable sensors.
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