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CONSPECTUS: Continuous biosensors have the potential to transform
medicine, enabling healthcare to be more preventative and personalized as
compared to the current standard of reactive diagnostics. Realizing this
transformative potential requires biosensors that can function continuously in
vivo without sample preparation and deliver molecular specificity, sensitivity,
and high temporal resolution. Molecular switches stand out as a promising
solution for creating such sensors for the continuous detection of many
different types of molecules. Molecular switches are target-binding receptors
designed such that binding causes a conformational change in the switch’s
structure. This structure switching induces a measurable signal change via
reporters incorporated into the molecular switch, enabling highly specific,
label-free sensing. However, there remains an outstanding need for
generalizable switch designs that can be adapted for the detection of a wide
range of molecular targets.
In this Account, we chronicle the work our lab has done to develop generalizable molecular switch designs that allow more rapid
development of high-performance biosensors across a broad range of biomarkers. Pioneering efforts toward molecular switch-based
biosensing have employed aptamers�nucleic acid-based receptors with sequence-specific target affinity. However, most of these
early demonstrations relied upon aptamers with intrinsic structure-switching capabilities. To accelerate aptamer switch design for
more targets, we have applied rational design and knowledge of an aptamer’s structure to engineer switching functionality into pre-
existing aptamers. Our designs contained several structural parameters that enabled us to easily tune the sensitivity and binding
kinetics of the resulting switches. Using such rationally designed aptamer switches, we demonstrated continuous optical detection of
cortisol and dopamine at physiologically relevant concentrations in complex media. In an effort to move beyond aptamers with well-
characterized structural properties, we developed a high-throughput screening method that allowed us to simultaneously screen
millions of candidates derived from a single aptamer to find sensitive switches without any prior structural knowledge of the parent
aptamer.
In subsequent work, we reasoned that we could enhance our ability to design a broader range of biosensors by leveraging other
classes of receptors besides aptamers. Antibodies offer excellent affinity and specificity for a wide range of targets, but lack the
capacity for intrinsic structure switching. We therefore developed a set of strategies to augment antibodies with the capacity to act as
molecular switches with a diverse range of target-binding properties. We combined both the high binding affinity of an antibody with
the structure-switching capabilities of an aptamer to develop a chimeric switch with 100-fold enhanced sensitivity for a protein target
and improved function in interferent-rich samples. In a second design, we developed a competitive immunoassay-inspired scheme to
engineer switching behavior into an antibody for minutes-scale temporal resolution with nanomolar sensitivity. We used this
competitive antibody-switch to demonstrate the first continuous detection of cortisol directly in whole blood. Together, these
advances in molecular switch development have expanded our capability to rapidly engineer new continuous biosensors, thereby
increasing opportunities to track health via a wide range of biomarkers to deliver more personalized and preventative medicine.
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switches using an intramolecular strand displacement
(ISD) architecture.

• Hariri, A. A.; Cartwright, A. P.; Dory, C.; Gidi, Y.; Yee,
S.; Thompson, I. A. P.; Fu, K. X.; Yang, K.; Wu, D.;
Maganzini, N.; Feagin, T.; Young, B. E.; Afshar, B. H.;
Eisenstein, M.; Digonnet, M. J. F.; Vuckovic, J.; Soh, H.
T. Modular Aptamer Switches for the Continuous
Optical Detection of Small-Molecule Analytes in
Complex Media. Advanced Materials 2024, 36 (1),
2304410. 10.1002/adma.202304410.2 In this article, we
demonstrate the duplex bubble switch (DBS) design,
which converts aptamers found via capture-SELEX into
molecular switches. We use DBS constructs to
demonstrate the continuous measurement of dopamine
and cortisol in complex biofluids.

• Yoshikawa, A. M.; Rangel, A. E.; Zheng, L.; Wan, L.;
Hein, L. A.; Hariri, A. A.; Eisenstein, M.; Soh, H. T. A
Massively Parallel Screening Platform for Converting
Aptamers into Molecular Switches. Nat. Commun. 2023,
14 (1), 2336. 10.1038/s41467-023-38105-4.3 We
present a high-throughput screening method capable of
testing up to 106 potential aptamer switch designs
simultaneously. This method enables the rapid selection
of high-performing aptamer switches, including switches
that could not be found with conventional rational
design methods.

• Kong, D.; Thompson, I. A. P.; Maganzini, N.; Eisenstein,
M.; Soh, H. T. Aptamer−Antibody Chimera Sensors for
Sensitive, Rapid, and Reversible Molecular Detection in
Complex Samples. ACS Sens. 2024, 9 (3), 1168−1177.
10.1021/acssensors.3c01638.4 We create a novel switch
architecture by linking an aptamer switch to an antibody
for the same target. The two-epitope binding effect of
the aptamer and the antibody improves switch
sensitivities by as much as 300-fold.

• Thompson, I. A. P.; Saunders, J.; Zheng, L.; Hariri, A.
A.; Maganzini, N.; Cartwright, A. P.; Pan, J.; Yee, S.;
Dory, C.; Eisenstein, M.; Vuckovic, J.; Soh, H. T. An
Antibody-Based Molecular Switch for Continuous
Small-Molecule Biosensing. Science Advances 2023, 9
(38), eadh4978. 10.1126/sciadv.adh4978.5 This article
presents the antibody-switch, an antibody-DNA archi-
tecture which converts an IgG antibody into a molecular
switch without the need for an aptamer. We construct
antibody-switches for both digoxygenin and cortisol and
demonstrate the antibody-switch’s continuous function
in complex biofluids.

■ INTRODUCTION
Continuous biosensing has tremendous potential for precision
medicine,6 with applications ranging from therapeutic drug
monitoring,7 early detection of high-risk conditions including
sepsis8 and heart failure,9 and preventative monitoring through
biomarkers for stress, nutrition, and lifestyle.10−13 Despite this
opportunity, commercial continuous biosensors remain limited
to monitoring blood oxygenation and glucose, and rely on
sensing mechanisms that cannot be generalized beyond a small
subset of biomolecules. Molecular switches stand out as the
most promising solution for achieving generalizable continuous
biosensing across molecules including drugs, metabolites,
peptides, and proteins. Molecular switches are receptors that,
upon target binding, undergo a conformational change that

induces a commensurate signal change from a molecular
reporter coupled to the molecular switch. As the target
dissociates from the receptor, the conformational change is
destabilized and the switch returns to its original nonsignaling
state, enabling reagent-free and reversible continuous sens-
ing.14 Molecular switches can achieve high target specificity
and rapid response times, both of which are innate features of
the underlying receptor. The receptor’s kinetic response
determines how quickly a molecular switch will respond to
changes in target concentration, with faster target association
and dissociation resulting in faster switch responses. Molecular
switches can be deployed in solution for static samples, or
affixed to sensor surfaces and exposed to continuous flow, such
as in in vivo applications. The latter class of sensors has enabled
continuous sensing in complex biofluids and live animals, with
demonstrated applications including therapeutic drug monitor-
ing and closed-loop drug dosing.15−18 Unfortunately, it
remains challenging to develop molecular switches for novel
targets. To address this limitation, our group has developed a
number of technologies to accelerate the development of high-
quality molecular switches. In this Account, we chronicle our
efforts to leverage rational design, high-throughput screening,
and multiple receptor types to substantially expand the toolkit
for molecular switch design.

Early molecular switch biosensors principally made use of
aptamers�nucleic acid-based receptors with sequence-specific
target affinity and specificity.19 They relied on aptamers with
intrinsic structure-switching capabilities, but there are relatively
few such aptamers15,20−23 and there were few reliable methods
to generate switches from nonstructure-switching ap-
tamers.24−27 To address this, we began by developing a tuning
strategy to precisely control the sensitivity and kinetics of
aptamer switches using the intramolecular strand displacement
(ISD) architecture.1 We demonstrated that we could rationally
tune switch affinity over 1000-fold while also accelerating
binding kinetics by more than 10-fold to create optimized
switches for biosensing. Then, to expand the scope of aptamers
that can be leveraged for biosensing, we developed the duplex
bubble switch (DBS) design, which uses a conserved design to
engineer switches from aptamers discovered using capture-
SELEX.2 By integrating these DBS switches with a fiber optic
sensing platform developed by our lab, we demonstrated
continuous detection of dopamine and cortisol at physiological
levels with seconds-scale time resolution in artificial
cerebrospinal fluid and undiluted human serum, respectively.
Finally, to design aptamer switches more rapidly, we developed
an array-based high-throughput screen that measures the
binding-induced fluorescent switching of up to 106 switch
designs derived from a single parent aptamer, allowing us to
isolate switches with performance exceeding what can be
achieved with rational design.3

Although much of our group’s work has focused on
aptamers, we have also pursued other classes of receptors to
expand molecular switch-based biosensing to new biomarkers.
We have developed two strategies for achieving reagent-free,
continuous biosensing with antibodies. First, we developed the
programmable antibody and DNA aptamer switch (PANDAS)
design to overcome the challenge that many aptamer switches
have inadequate affinity for sensing low-abundance protein
targets.4 Our PANDAS reagents link a fluorescent aptamer
switch to an antibody that binds a second epitope of the same
target molecule, and we demonstrated that this design can
increase the sensitivity of aptamer-based protein sensing by
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over 100-fold. Our second design, the antibody-switch,
converts an IgG antibody into a competitive, fluorescence-
signaling molecular switch, enabling molecular switch-based
biosensing without the need for an aptamer.5 We developed
antibody-switch sensors for two small-molecule targets,
including the stress hormone cortisol. Using the cortisol
antibody-switch with our fiber optic biosensor, we were able to
achieve the first demonstration of continuous cortisol
measurement at physiological concentrations in whole
human blood. Taken together, these advances in both aptamer-
and antibody-based switches offer a diverse toolkit for
molecular switch design. We believe these switches will
accelerate the development of next-generation continuous
biosensors to address a broad range of clinical needs.

■ ENGINEERING TUNABLE APTAMER SWITCHES
WITH RATIONAL DESIGN

Structure-switching aptamers are the most commonly used
molecular switches for continuous biosensing, with most
demonstrations in literature employing the electrochemical
aptamer-based sensor architecture or a fluorescence-based
sensing approach.28,29 Although there has been considerable
progress in developing efficient strategies for aptamer
selection,30,31 it has remained challenging to develop these
reagents into switchable molecules that reproducibly generate a
measurable signal that can be used for sensing. Accordingly,
most aptamer switches are based on aptamers that either
exhibit intrinsic structure-switching behavior15,20−23 or have
been partially destabilized through trial-and-error truncation to
yield structures that undergo a conformational change upon
target binding.18,26,27 This truncation-based process can
require considerable time and effort, and even small mutations
and truncations to the parent aptamer may lead to large
changes in aptamer folding that disrupt aptamer binding or
switching. This has led our group to develop methods for
engineering aptamer switches that do not involve altering the

aptamer itself, but rather augment aptamers with additional
domains that confer structure-switching capabilities. These
methods have the further advantage of enabling rational tuning
of key parameters in the resulting aptamer switches�
specifically, binding affinity and kinetics�by modifying the
sequence of these additional domains.32 This tunability is
critical for effective clinical use, allowing the development of
sensors in which target-binding parameters are closely aligned
with physiological biomarker concentrations and temporal
dynamics in vivo.

We have drawn inspiration from the intramolecular strand
displacement (ISD) fluorescent aptamer switch design first
described by Weihong Tan’s group.33 The ISD design couples
an existing aptamer sequence with a displacement strand (DS)
domain (Figure 1a), which is designed to hybridize with the
aptamer’s target binding region and is joined to the aptamer via
a linker domain. Target binding disrupts DS hybridization,
leading to reversible structure switching in response to
changing target concentrations. Quencher and fluorophore
modifications at the termini of the ISD construct produce
minimal fluorescence in the DS-bound state and high
fluorescence in the target-bound state, enabling reagent-free
fluorescent sensing. The linker domain is designed to be
noninteracting with either the aptamer or the target; the Tan
group used a PEG linker, whereas we opted for a poly-T linker
for finer-grained tuning of linker length, as we describe below.

We demonstrated tuning of ISD affinity and kinetics by
manipulating the length and sequence of the linker and DS
domains.1 These changes tune aptamer function by modulating
intramolecular competition between target and DS binding to
the aptamer24,34,35 (Figure 1b). In terms of binding affinity, we
predicted that increasing DS length or decreasing the linker
length would strengthen intramolecular competition from the
DS, thereby shifting the equilibrium toward the DS-bound
state and decreasing ISD-target affinity. Conversely, we
predicted that decreasing the DS length, introducing non-
base-pairing mismatches within the DS sequence, or increasing

Figure 1. Aptamer switch tuning using the ISD design. (a) The ISD design couples an existing aptamer to a partially complementary displacement
strand (DS) via a linker domain to form a fluorescent molecular switch with a three-state switching equilibrium. (b) Tuning the length of either the
linker (left) or DS domain (top) enables control over the affinity and binding kinetics of the ISD switch. (c) ISD affinity can be tuned over 3 orders
of magnitude by varying the DS length, linker length, and mismatches in the DS sequence. Switches are specified as [DS length]_[linker length]
_[mismatch position and base change]. (d) ATP binding kinetics for two ISDs with similar KD but different linker and DS lengths shows that
binding kinetics can be modulated independently of the affinity. Figure adapted from ref 1. Available under a CC-BY 4.0 license. Copyright 2019,
The Authors.
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the linker length should increase affinity by weakening
intramolecular competition. Based on these tuning principles,
we engineered an existing ATP-binding aptamer36 into a panel
of aptamer switches with robust fluorescent switching and
affinities across 3 orders of magnitude, with equilibrium
dissociation constants (KD) ranging from 10 μM to 40 mM, by
varying the linker and DS domains. For example, starting from
an ISD with a 23-nt linker length and 8-nt DS length that
exhibited KD = 3.6 mM, either decreasing the DS by one base
or increasing the linker length by 20 nt led to an approximately
10-fold decrease in KD (0.382 mM and 0.388 mM,
respectively). Introducing a variety of mismatches within the
DS provides even finer-grained control over affinity. Whereas
altering the length of a fully complementary DS allowed us to
shift KD over average increments of 6.5-fold per nucleotide,
carefully designed mismatches within the DS increased this
resolution to increments of 1.7-fold per mismatch (Figure 1c).

Decreasing the linker and DS lengths in tandem has
offsetting effects on affinity; however, a shorter DS resulted
in faster dehybridization from the aptamer, while a shorter
linker led to faster DS rehybridization after dissociation.37,38

Combining these two effects, one can increase the kinetic
response rate of the aptamer switch while maintaining a fixed
affinity. For example, we synthesized two different ATP-
binding ISD constructs with differing combinations of DS and
linker lengths (8 nt and 23 nt versus 9 nt and 36 nt). Both had
similar affinities (KD = 5.3 mM and 5.8 mM, respectively), but
the design with a shorter DS and linker responded to target
with a 10-fold faster rate constant (3.58 s−1 vs 0.31 s−1)
(Figure 1d).

■ CONVERTING CAPTURE-SELEX APTAMERS INTO
FLUORESCENT, CONTINUOUS BIOSENSING
REAGENTS

While powerful, the ISD approach still relies on careful
selection of a DS sequence to compete with the target-binding
region of the aptamer�yet, aptamer binding mechanisms are
rarely characterized. To develop a more robust pipeline for
aptamer switch generation, we took advantage of conserved
structures within the capture-SELEX aptamer selection
process.39,40 Aptamer libraries used in capture-SELEX
incorporate a constant “capture sequence” region alongside
the randomized region, which must have its hybridization
disrupted by target binding in order for an aptamer to be
enriched through selection. Thus, this capture sequence can be
used to design DS sequences that predictably compete with
target binding. We leveraged this fact to develop the two-
stranded duplex bubble switch (DBS) aptamer switch
architecture.2 This design mimics the function of an ISD
switch, but with the DS coupled to a second DNA strand
rather than being intramolecularly linked to the aptamer itself
(Figure 2a). This second strand is linked to the aptamer
through hybridization of an anchor domain that is appended to
the parent aptamer.41 Both strands incorporate linker
sequences that are noncomplementary, and thus form a loop
or “bubble” between the aptamer and DS in the hybridized
construct. Using knowledge of the capture-SELEX process, DS
sequences can be readily designed using the known capture
sequence, and as with the ISD design, the linker and DS
domains within the DBS construct can be adjusted to tune the
switch’s sensitivity and kinetics.

Figure 2. Accelerated switch design for capture-SELEX-derived aptamers using the DBS architecture. (a) The DBS design operates on the same
principle as the ISD switch architecture, including tunable linker and DS domains, but takes advantage of prior knowledge of the known capture
sequence domain from capture-SELEX-derived aptamers for more rapid design without requiring specific knowledge of the aptamer structure or
target-binding site. Binding responses for a set of dopamine-responsive DBS aptamers show the tunability of the design in terms of (b) affinity and
(c) binding kinetics. (d) Dopamine sensing in artificial cerebrospinal fluid and (e) cortisol sensing in undiluted human serum using DBS molecules
immobilized onto a fiber-optic biosensor. Left-hand panels for d and e show continuous sensing data, and right-hand panels show calibration curves
used to determine concentrations. Figure adapted from ref 2. Copyright 2023, John Wiley & Sons Inc.
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We applied the DBS aptamer switch architecture to existing
capture-SELEX-derived aptamers that bind dopamine (KD =
150 nM)42 and cortisol (KD = 1 μM).43 We derived DS regions
from the capture-SELEX design by truncating the 15-nt
capture sequences employed during aptamer selection down to
7−11 nt. By modifying the DS and linker length, we were able
to produce a set of dopamine-responsive DBS constructs with
KD values spanning 20−275 μM (Figure 2b) and target
response times <3 s at micromolar concentrations of dopamine
(Figure 2c). Similarly, we were able to develop multiple
cortisol-binding aptamer switches; the highest-affinity con-
struct exhibited a KD of 14 μM.

To validate continuous sensing with the DBS architecture,
we needed to develop a sensor capable of continuous, surface-
based fluorescent measurements directly in complex biofluids.
We developed an optical sensing platform that makes use of
the evanescent field produced by a tapered fiber optic
probe.44,45 Laser light is transmitted through the fiber to
surface-immobilized molecular switches, and this confined light
only excites the fluorescent aptamer switches on the sensor
surface, limiting autofluorescence from the bulk sample. The
resulting emitted fluorescent signals are coupled back through
the same fiber optic to single-photon optical detectors,
enabling fast and sensitive optical biosensing. We first
characterized the dopamine-responsive DBS construct, meas-
uring concentrations spanning 1−800 μM dopamine in buffer
with a maximum signal gain of ∼2,000%, a limit of detection
(LOD) of 1 μM, and <10 s response times. The sensor
exhibited only minor (∼10%) signal degradation and minimal
drift over 24 h and 40 repeated cycles of concentration change,
highlighting the feasibility of using the DBS over extended
durations. When tested in artificial cerebrospinal fluid to mimic
in-brain measurements,46 the sensor operated across a dynamic
range of 0.5−800 μM dopamine with comparable kinetics to
operation in buffer, indicating the potential to detect
physiological spikes in dopamine in vivo, which typically

occur within a concentration range of 10 nM−1 μM (Figure
2d).47

We generated a second fiber-optic sensor modified with our
cortisol-responsive DBS and tested its performance in both
buffer and undiluted human plasma. This switch had a
dynamic range of 200 nM−140 μM in both fluids, despite
plasma’s highly complex, interferent-rich, and autofluorescent
sample matrix. Importantly, this range of sensitivity is sufficient
for the detection of elevated physiological cortisol levels (200
nM−1 μM).48 While signal amplitude was somewhat
decreased in serum (∼300% maximum signal gain versus
∼570% in buffer), the switch retained the capacity for
reversible continuous sensing with seconds-scale temporal
resolution (Figure 2e). The sensor also remained stable in
plasma for at least 2 h but experienced considerable signal
degradation beyond that point, which we hypothesized was
due to a combination of surface biofouling and nuclease
degradation of the aptamer switches. These experiments
demonstrate the potential of the DBS architecture to rapidly
convert capture-SELEX-derived aptamers into fluorescent
continuous biosensors.

■ APTAMER SWITCH DISCOVERY THROUGH
HIGH-THROUGHPUT COMBINATORIAL
SCREENING

The ISD and DBS architectures improve our capability to
rationally design aptamer switches, but they still require time-
consuming testing and optimization for individual switch
designs and may fail with aptamers that are not sufficiently
characterized. We therefore developed a high-throughput
screening method that combines our DBS architecture with
array-based screening to simultaneously evaluate the fluo-
rescent switching of up to 106 different switch designs derived
from a given parent aptamer. This allows us to cover all
possible 10-nt DS sequences to find high-performance switch
designs without prior knowledge of the aptamer or any

Figure 3. High-throughput discovery of DBS aptamer switches. (a) Schematic of the flow-cell-based assay for DBS development, which screens an
aptamer against all possible DS sequences with a length of 10 nt. When hybridized, the aptamer and flow-cell-immobilized strands form a
fluorescent DBS aptamer switch. (b) ATP binding responses for DBS constructs identified with high-throughput screening. (c) Commonly
identified sites of DS hybridization to the ATP aptamer structure from our screen. (d) DBS constructs generated from a non-natural glucose-
binding aptamer show high binding affinity. Figure adapted from ref 3. Available under a CC-BY 4.0 license. Copyright 2023, The Authors.
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subsequent design and testing steps. Building off previous work
in our lab,49 we first functionalize an Illumina MiSeq flow-cell
with a library of DNA strands containing linker and DS
sequences, each of which is enzymatically labeled with a
terminal fluorophore. The parent aptamer, which is function-
alized with a terminal quencher group, is then introduced into
the flow-cell where it hybridizes to the switching strands,
forming a library of DBS constructs (Figure 3a, inset). We
finally perform a binding assay on the flow-cell, utilizing the
MiSeq instrument’s optical hardware to both determine the
DNA sequence of all strands present and to identify switches
that undergo substantial fluorescent signaling in response to
target binding (Figure 3a).

We initially applied this screening technology to the ATP
aptamer used in our validation of the ISD aptamer switch
architecture. We identified thousands of switching strands that
formed an ATP-responsive DBS construct upon hybridization
with the aptamer, with KD values ranging from 12−157 μM
(Figure 3b). Interestingly, several of the switches we identified
did not follow the conventional design principles employed in
our ISD and DBS designs. Motif analysis of the sites of
switching strand-aptamer interaction revealed three recurring
motifs associated with switching function.50 Two of these
(Figure 3c, m2 and m3) were near the two ATP binding
pockets within the aptamer, but the most abundant motif
among the highest-performance switches (Figure 3c, m1) was
not associated with either binding pocket.51 This is contrary to
the conventional wisdom behind rational switch design,
wherein DS sequences are specifically chosen to strongly
hybridize with the aptamer binding pocket,24 and shows that
large-scale combinatorial screening allows us to discover a
greater breadth of possible high-performance switch sequences.
We then demonstrated the versatility of this strategy by
developing an aptamer switch sensor using non-natural,
chemically modified bases.52,53 We selected a glucose-binding
aptamer containing boronic acid-modified nucleotides to

increase glucose affinity (KD = 1.1 mM), and were able to
identify multiple glucose-sensing switches with improved
affinity relative to the parent aptamer (KD ∼ 0.3 mM; Figure
3d). These switches exhibited ∼30-fold higher affinity than the
best published natural DNA glucose-binding aptamer
switches.42 These results collectively highlight how this
platform offers the opportunity to efficiently discover high-
performance switches based on existing aptamers while also
bypassing the constraints and labor associated with conven-
tional rational design approaches.

■ USING ANTIBODIES TO ENHANCE
APTAMER-SWITCH SENSITIVITY

Up until this point, our work was focused entirely on aptamer-
based switches. However, antibodies also offer numerous
attractive properties as affinity reagents; they have excellent
affinity, good specificity, and perhaps most importantly, are
already commercially available for a wide variety of targets. A
generalizable strategy for converting antibodies into switches
offers the potential to quickly create biosensors for many
biomarkers�but unfortunately, antibodies do not change
conformation upon target binding. To overcome this issue, we
began to pursue strategies to engineer structure-switching
capabilities into antibody-based sensing molecules.

One such approach involves the use of antibodies to
improve the sensitivity of low- or moderate-affinity aptamer
switches by incorporating them into chimeric constructs
known as programmable antibody and DNA aptamer switches
(PANDAS). We reasoned that by linking a low-affinity
aptamer switch to a high-affinity antibody against the same
target, we could enhance switch sensitivity at low target
concentrations through two-epitope binding enhanced by the
effective concentration between receptors, enabling aptamer
switch binding and signaling at much lower concentrations
than would be possible with the switch construct alone (Figure

Figure 4. Improving aptamer switch sensitivity with antibody-aptamer chimeras. (a) Schematic of the PANDAS architecture and target-binding
mechanism. A DNA tether linked to the antibody’s Fc region couples the antibody to the ISD aptamer switch component via hybridization. The
two-epitope binding effect of the antibody and the aptamer enhances switch-target binding at low target concentrations. (b) Response curve of the
PANDAS construct for thrombin, compared to controls in which the thrombin-binding ISD is linked to an anti-tumor necrosis factor α (TNFα)
antibody with no affinity for thrombin. (c) Demonstration of reversible PANDAS target binding to various concentrations of thrombin in an
interferent protein-rich matrix of buffer containing 530 μM BSA. (d) Response curves of different thrombin-responsive PANDAS constructs with
varying DS lengths, yielding KD values ranging between 98 pM and >500 μM. Figure adapted from ref 4. Copyright 2024, American Chemical
Society.
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4a). To assemble the PANDAS construct, we used glycan-
targeted chemistry to site-specifically modify the Fc region of
the antibody component with an azido group, which we then
coupled to a 30-nt DNA “tether” strand. This tether recognizes
a complementary 30-nt sequence attached to the aptamer
terminus, thereby linking the aptamer to the antibody. The
site-specific nature of this design ensures reproducible
assembly, and the presence of the DNA tether allows us to
easily substitute and test different combinations of aptamer
switches and antibodies.

As a demonstration, we built a PANDAS construct for the
blood-clotting protein thrombin. We used our assembly
method to create a PANDAS molecule linking an ISD aptamer
switch developed by our group (KD = 250 nM) to an antibody
with ∼100-fold stronger affinity (KD = 2.8 nM). The resulting
aptamer-antibody chimera had a KD of 1.3 nM, higher than
that of either the ISD switch or antibody alone (Figure 4b).
Furthermore, the PANDAS construct maintained excellent
specificity against a background of high concentrations (530
μM) of the interferent protein bovine serum albumin (BSA),
remained stable for more than 4 h (the longest time tested),
and maintained robust reversibility over the course of three
on−off cycles with a time response of <15 min (Figure 4c).

We also confirmed that we can tune the PANDAS
components independently to yield constructs with improved
performance. We demonstrated this by tuning the affinity of
the ISD aptamer switch as described above; by varying the DS
length between 6−9 nt, we were able to shift the KD of the
PANDAS construct between 98 pM and >500 μM (Figure
4d). This means we have the flexibility to tune PANDAS
affinity over a wide range in order to maximize our sensitivity

within the desired target concentration range. Thus, the
PANDAS architecture offers a simple and tunable way to
improve the sensitivity of a low-affinity aptamer switch while
preserving its specificity and reversibility.

■ CONVERTING ANTIBODIES INTO MOLECULAR
SWITCHES WITH A COMPETITOR-BASED DESIGN

We also pursued an approach that would allow us to augment
existing antibodies to directly introduce structure-switching
functionality, without the need for an aptamer switch
component. The resulting antibody-switch design was inspired
by competitive immunoassays, in which the target competes
with a bait molecule for antibody binding.54 We constructed
the antibody-switch by covalently attaching a competitive bait
molecule to the antibody, using double-stranded DNA as the
linker. In order to transduce target binding into a signal, we
tagged the construct with Förster resonance energy transfer
(FRET)-paired acceptor and donor fluorophores such that bait
binding to the antibody increases FRET between the
fluorophores. In the absence of target, the antibody-switch
will be in an equilibrium between bait-bound and -unbound
states. Addition of the target creates a new target-bound state
in which the dyes are separated, resulting in low FRET. As the
concentration of target increases, equilibrium will shift from
the bait-bound state to the target-bound state, decreasing the
average FRET ratio. Critically, since all of the components of
the switch are linked, the antibody-switch can continuously
transition between states and respond to changing target
concentrations (Figure 5a, b).

We first demonstrated the antibody-switch approach using
the steroid small-molecule digoxygenin (DIG) as a target,

Figure 5. Introducing switching functionality directly into an antibody-based molecule. (a) The antibody-switch architecture. Antibody and bait are
covalently linked via a double-stranded DNA linker, then tagged with a FRET fluorophore pair. (b) The switch alternates between closed, open,
and target-bound states, with equilibrium shifting toward the target-bound, low-FRET state as target concentration increases. (c) Response curves
for the DIG-responsive antibody-switch in buffer and undiluted chicken plasma. (d) Response curves for cortisol-responsive antibody-switches in
buffer with cortisol (Cort) or corticosterone (CSO) as bait. (e) Response curve for the CSO-bait cortisol antibody-switch in buffer and undiluted
chicken plasma. (f, g) Continuous measurement of changing cortisol concentrations with the CSO-bait antibody-switch coupled to a fiber optic
probe in (f) buffer and (g) whole human blood. Figure adapted from ref 5. Reprinted with permission from AAAS. Copyright 2023, The American
Association for the Advancement of Science.
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using a DNA-tethered DIG molecule as the bait component.
The resulting switch demonstrated good sensitivity, with a
LOD of 68 nM and a response curve spanning 5 orders of
magnitude (68 nM−3 mM) in buffer (Figure 5c). We also
confirmed the reversibility of antibody-switch binding,
observing <5% signal degradation after three target-wash
cycles. This switch also exhibited a fast temporal response, with
a target response time of 7.1 min and a dissociation time of 4.4
min. We also challenged this construct with spiked-in DIG in
the complex matrix of undiluted chicken plasma, and observed
no deterioration in the antibody-switch response curve (LOD
= 68 nM; Figure 5c).

In order to demonstrate the generalizability of this sensor
design, we built a second antibody-switch for cortisol, a small-
molecule biomarker for stress. We began by using cortisol as
the bait molecule, and although this resulted in a functioning
switch with a LOD of 340 nM, it lacked the sensitivity for
physiological cortisol levels, which span ∼10 nM to ∼1 μM
(Figure 5d).55 The sensitivity of the switch is a function of the
antibody’s affinity for the bait versus the target; as such, we
predicted that selecting an alternative bait with weaker affinity
to the antibody could enhance target binding at lower target
concentrations. We tested this idea by substituting cortico-
sterone, a cortisol analog with some cross-reactivity to our
antibody, as the bait molecule. This change resulted in a switch
with >100-fold improved sensitivity (LOD = 3.3 nM),
rendering it compatible with physiological concentrations of
cortisol (Figure 5d). Like the DIG antibody-switch, this switch
demonstrated robust reversibility and a fast temporal response
(∼5 min). The switch response deteriorated somewhat when
challenged with cortisol spiked into undiluted chicken plasma,
with a higher LOD of 140 nM. Nevertheless, the sensor
maintained sufficient sensitivity for cortisol detection within
the physiological range in plasma samples (Figure 5e).

Finally, we tested the continuous sensing capabilities of the
antibody-switch design using the fiber optic-based platform
described above.2 We immobilized the corticosterone-based
antibody-switch onto the surface of the fiber and interrogated
its response in buffer, measuring a dynamic range of 10 nM to
100 μM and a switch response time on the order of 5 min. The
antibody-switch was stable in buffer and maintained robust
reversibility for at least 3 h (Figure 5f). We then measured the
antibody-switch response in whole human blood. After
allowing the system to equilibrate, the switch was able to
distinguish changing concentrations of spiked cortisol within a
physiological range (0−100 nM) for three cycles (Figure 5g).
We observed increased signal degradation over time compared
to buffer, limiting measurement time to <1 h and indicating the
need for more advanced biofouling protection for use in whole
blood. Nevertheless, these experiments demonstrate that the
antibody-switch is capable of continuously detecting analytes
with good specificity and sensitivity in complex biofluids.

■ CONCLUSION
The ability to achieve continuous sensing of a diverse range of
clinically relevant biomarkers could revolutionize healthcare.
But in order to realize that potential, we need robust,
generalizable methods for creating new continuous biosensors.
Here, we have chronicled our group’s work toward general-
izable architectures and platforms for the generation of rapid,
sensitive, and specific molecular switches for continuous
biosensing. We began by using rational design to engineer
switching functionality into pre-existing aptamers, leveraging

knowledge of the aptamer binding region or the aptamer
selection method. We then created a high-throughput method
to screen up to 106 potential aptamer-switch sequences in
parallel, enabling us to quickly convert aptamers into switches.
We subsequently explored multiple strategies for incorporating
antibodies into molecular switches. Our antibody-aptamer
chimera design enabled us to increase the sensitivity of
aptamer-based switches by more than 2 orders of magnitude,
while our competitor-based antibody-switch design directly
augmented antibodies with switching behavior, enabling
continuous sensing of small-molecule biomarkers at physio-
logical concentrations in whole blood.

While this work has brought us closer to the vision of
continuous biosensing for many targets, there are still a
number of open challenges. Our switch designs are limited to
sensing biomarkers in the nanomolar-to-millimolar regime.
This covers the physiological regime for many interesting
targets; however, others such as insulin56 or troponin57 are
present in blood at low picomolar or femtomolar concen-
trations, and new switch designs are needed that can
continuously detect these scarcer targets. Furthermore, work
needs to be done to improve the time response of molecular
switches, especially at extremely low target concentrations. The
time it takes for an affinity-based sensor to bind target is
proportional to the target’s concentration, so it may take hours
or days for a traditional affinity-based switch to respond to low-
concentration targets. Potential avenues to reduce this
response time and move toward true continuous sensing
include nonequilibrium measurement techniques,58 signal
amplification, and active resetting. Another challenge is sensor
longevity, coupled with calibration and drift issues. Interesting
work has been done to reduce switch biofouling or enhance
sensor signaling by modifying the surface geometry or
coatings.59−61

We would also like to note that many other laboratories have
also been exploring novel approaches to tackle the continuous
molecular detection problem. These efforts have yielded
important advancements based on other sensing modalities,
including the molecular pendulum62 and bead particle mobility
tracking.63 Other groups have studied how to integrate
molecular switches into full hardware stacks, enabling
continuous sensing in a wearable format.64

Armed with continuous sensors that work at the right
concentrations, time scales, and with appropriate lifetimes, the
next big open question will be how best to use this new data
source. Standard medical practice relies on single time-point
measurements, not continuous data, and so new metrics will be
needed along with new studies to demonstrate how best to use
continuous data.65 But the rewards for this effort will be
considerable, and we believe that this work will collectively
open up exciting new opportunities to improve human health
and wellbeing.
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