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An antibody-based molecular switch for continuous

small-molecule biosensing
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We present a generalizable approach for designing biosensors that can continuously detect small-molecule bio-
markers in real time and without sample preparation. This is achieved by converting existing antibodies into
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target-responsive “antibody-switches” that enable continuous optical biosensing. To engineer these switches,
antibodies are linked to a molecular competitor through a DNA scaffold, such that competitive target binding
induces scaffold switching and fluorescent signaling of changing target concentrations. As a demonstration, we
designed antibody-switches that achieve rapid, sample preparation-free sensing of digoxigenin and cortisol in
undiluted plasma. We showed that, by substituting the molecular competitor, we can further modulate the sen-
sitivity of our cortisol switch to achieve detection at concentrations spanning 3.3 nanomolar to 3.3 millimolar.
Last, we integrated this switch with a fiber optic sensor to achieve continuous sensing of cortisol in a buffer and
blood with <5-min time resolution. We believe that this modular sensor design can enable continuous biosensor

development for many biomarkers.

INTRODUCTION
Sensors capable of continuously measuring molecular analytes in a
compact format offer tremendous potential in personalized health
monitoring (1-5), early disease detection (6, 7), and inpatient care
(8). A few such continuous biosensors have been developed to date
and now play a critical role in modern medicine. Continuous
glucose monitors (CGMs) have revolutionized diabetes manage-
ment by enabling long-term monitoring of a patient’s glycemic
control and generating real-time alerts for rapid intervention (9,
10), and pulse oximetry has become an essential tool for directly
measuring blood oxygenation during critical care (11). However,
both of these technologies rely on analyte-specific sensing mecha-
nisms; the former uses a glucose-specific enzyme that produces
redox-active species (12), whereas the latter relies on the intrinsic
optical properties of oxygenated blood (13). Hence, there is a con-
siderable opportunity for more generalizable biosensor frameworks
that can readily be adapted to recognize a broad spectrum of clini-
cally important biomarkers. This will require the development of
new continuous molecular detection strategies that can be rapidly
and reliably adapted to many different biochemical targets.
Designing such a “universal” continuous biosensing mechanism
presents a tremendous technological challenge. The sensing mech-
anism must achieve rapid, sensitive, and specific molecular recog-
nition that generates a measurable signal output—ideally, using
readily available affinity reagents as building blocks. To operate con-
tinuously at the point of care, sensing should also require minimal
to no sample preparation or additional reagents to achieve detec-
tion. Switch-based biosensors have emerged as a promising solution
that combines molecular recognition and signaling capabilities
within a single receptor to enable continuous sensing without the
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need for additional reagents (14). To date, these biosensors have pri-
marily used sensor surfaces functionalized with DNA-based
aptamer switches that change their conformation upon binding to
a target, thereby enabling sensing through electrochemical or fluo-
rescent reporters coupled to the DNA sequence. Aptamer switches
have been applied to sensing a range of targets (15-20), but they
remain difficult to generalize. This is partly because there is only
a limited pool of high-performance aptamers available, such that
each additional aptamer-based sensor requires the selection of an
additional aptamer that binds the relevant analyte with excellent af-
finity and specificity (21). In many cases, these newly selected ap-
tamers must be further engineered to ensure that they undergo
binding-induced conformational switching to generate a measur-
able signal (22). Both of these processes are laborious and unpre-
dictable in terms of success rates, and thus, the use of aptamer
switch-based biosensors has remained limited to sensing a relatively
small number of important biomarkers. Two recently described
promising approaches to sensing have instead leveraged antibodies
as receptors for detecting protein biomarkers, demonstrating high
sensitivity and good generalizability (23, 24). However, these ap-
proaches rely on either large mass changes upon binding or two-
epitope recognition and thus are unsuitable for detecting the
broad range of clinically important small-molecule biomarkers in-
cluding drugs, metabolites, and hormones. Hence, there remains an
unmet need for robust and generalizable strategies for developing
molecular switches that can greatly expand the range of continuous
biosensing applications for small-molecule analytes.

To this end, we have developed a strategy for adapting existing
antibodies into “antibody-switches” that can achieve continuous de-
tection of small molecules. Antibodies present an attractive alterna-
tive to aptamers as they are broadly available for a wide range of
targets and offer a conserved, predictable structure that should
make a generalizable engineering strategy feasible. In our anti-
body-switch design, an antibody is site-specifically augmented
with a DNA scaffold to form a chimeric molecule that undergoes
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target-responsive switching upon antibody-antigen binding. This
switching occurs through intramolecular competitive binding
between the target antigen and a molecular “bait” linked to the
end of the DNA scaffold. By introducing a Forster resonance
energy transfer (FRET) fluorophore reporter pair within the anti-
body-switch, we can measure conformational changes in the
switch through its fluorescence and thereby continuously measure
changing target concentrations. We have validated our approach by
engineering an antibody-switch that responds to the steroid digox-
igenin (DIG). This antibody-switch achieved FRET-based measure-
ment of changing concentrations across a wide dynamic range
spanning ~100 nM to 1 mM, with ~5-min temporal resolution
and high sensitivity even in undiluted plasma. To illustrate the gen-
eralizability of this approach, we also engineered an antibody-
switch for cortisol, which exhibits similarly robust performance.
By tuning the identity of the bait molecule to a cortisol analog
with lower antibody affinity, we were able to further improve anti-
body-switch sensitivity by 100-fold. Last, we incorporated our cor-
tisol antibody-switch into an optical fiber biosensor design. We
demonstrate continuous cortisol sensing in buffer, with the ability
to track fluctuating cortisol concentrations spanning the nanomolar
to micromolar range with ~5-min temporal resolution for >3 hours.
These sensors can reproducibly resolve cortisol concentrations
across the physiological range of 10 nM to 1 uM in a buffer and
can detect 100 nM changes in cortisol concentration directly in
whole human blood with no sample preparation. We believe that
this modular design strategy should be broadly generalizable to
many existing antibodies, thereby accelerating the proliferation of
continuous biosensors for new targets.

RESULTS
Design of an antibody-based molecular switch
In the antibody-switch design, an IgG antibody is engineered into a
molecular switch that can achieve continuous biosensing of its
cognate antigen with no sample preparation required. We use a
DNA scaffold to link the antibody to a bait molecule—an analog
of its antigen that competes with the binding of free antigen mole-
cules present in the sample (Fig. 1A). Switching occurs when the
free antigen displaces the bound bait or vice versa, leading to a con-
formational change in the DNA scaffold linking the bait and anti-
body. Target-dependent switching is quantified with high
specificity through FRET-based fluorescent measurements
derived from donor fluorophores on the surface of the antibody
and an acceptor fluorophore incorporated within the DNA scaffold
adjacent to the bait, such that the distance between donor-acceptor
dye pairs increases when the antibody-switch opens in response to
target binding (Fig. 1B). This target-dependent switching is de-
scribed by a three-state competitive switching equilibrium (Supple-
mentary Discussion 1). In the absence of target, the linked bait
molecule binds the antibody through an intramolecular reaction
(K5it), When the target is present, competition between this intra-
molecular reaction and antibody-target binding (Ki3'") leads to
switching of the construct from the closed (high FRET ratio) to
the target bound (low FRET ratio) state. Both the bait and target
can dissociate from the antibody after binding, such that the con-
struct achieves reversible switching and signaling.

Although the affinity of the chosen antibody is fixed, we can tune
the strength of the intramolecular reaction to control the overall
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sensitivity of our switch (25). If the bait molecule is identical to
the target antigen, then intramolecular bait binding will be strong
(low Kg‘m), shifting the equilibrium toward the closed state and re-
sulting in low target sensitivity. Low sensitivity here is defined by a
high median effective concentration (ECs,), which describes the
free target concentration at which a half-maximal FRET switching
response occurs. In contrast, a mismatched bait molecule with a
higher K% leads to weaker competition and a more target-sensitive
switch (low ECs4). However, if antibody-bait binding is too weak,
intramolecular binding will not occur, leading to high background
from a large proportion of switches in the open but nontarget-
bound state and thus a poor signal-to-noise ratio. It is also critical
to ensure that the bait and free target binding are fully competitive,
such that displacement of the bait is guaranteed upon target
binding. This means that careful selection of the bait antigen is
needed to balance strong FRET signal and sensitivity to low target
concentrations. Critically, the modular antibody-switch design can
be applied to different small-molecule targets by substituting the
antibody-bait pair while maintaining a consistent DNA scaffold ge-
ometry and switch assembly process, as described in detail below.

Synthesis and validation of a DIG-sensing antibody-switch
As an initial proof of concept, we developed an antibody-switch that
recognizes DIG, a plant-derived steroid molecule. We first synthe-
sized our DIG-DNA conjugate by covalently coupling DIG to the 5’
end of a 20—nucleotide (nt) single-stranded bait-DNA oligonucleo-
tide modified with a Cy5 acceptor dye molecule 10 nt from its 5’ end
(Fig. 2A; see table S1 for all DNA sequences used in this work). The
selection of DIG as both the target and the bait molecule should
yield a switch exhibiting strong binding between the DIG-DNA
and free target (low K3'') at the expense of lower switch sensitivity
(high ECs).

To quantify DIG-DNA/antibody affinity, we incubated magnetic
beads coated with candidate antibodies with varying concentrations
of free (not antibody conjugated) DIG-DNA, washed, and then an-
alyzed the beads via flow cytometry to quantify the bound fraction
of DIG-DNA. Because the steric impact of DNA conjugation on
DIG-antibody binding is hard to predict, we tested two different an-
tibodies—one polyclonal and one monoclonal—to ensure that this
conjugation did not disrupt the competitive binding needed for
proper antibody-switch function. We found that the polyclonal an-
tibody (pAb) exhibited superior properties for constructing an an-
tibody-switch, binding to DIG-DNA with a K& of 5.6 nM [95%
confidence interval (CI) = 4.8 to 6.4 nM], indicating that the attach-
ment of DNA did not markedly disrupt the antibody-binding inter-
face (Fig. 2B). We next incubated pAb-coated beads with a fixed
concentration of DIG-DNA and varying concentrations of free
target and measured the bound fraction of DIG-DNA that was
not displaced by free DIG. Notably, free DIG robustly outcompeted
DIG-DNA; with 10 nM DIG-DNA, a DIG concentration of 5.8 nM
(95% CI = 5.4 to 6.2 nM) was sufficient to displace half of the bound
DIG-DNA, indicating that free DIG exhibited slightly stronger an-
tibody binding than DIG-DNA (Fig. 2C). In contrast, when we per-
formed the same analysis with the monoclonal antibody, DIG-DNA
exhibited weaker affinity, with a K2 of 91 nM (95% CI = 56 to 148
nM) and poor competitive displacement by the free target: >5 uM
free DIG was required to achieve 50% DIG-DNA displacement with
10 nM DIG-DNA (fig. S1). This poorer performance was likely due
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Fig. 1. The antibody-switch construct. (A) We adapt an antibody into a molecular switch by tethering it to a bait molecule through a DNA scaffold. Fluorescent quan-
tification of changing target analyte concentrations is achieved by incorporating FRET donor and acceptor fluorophores on the antibody surface and within the DNA
scaffold, respectively. (B) Molecular switch operates through a three-state competitive equilibrium, where increased target concentrations shift the equilibrium toward
the target-bound (right) and away from the closed state (left). This equilibrium depends on the target-binding affinity of the antibody (K; tar95‘) but target sensitivity can
also be tuned by varying the strength of intramolecular bait binding (K52"). The switch exhibits a decreased FRET ratio upon target binding as the distance between the

donor and acceptor fluorophores is increased in the open and bound states compared to the closed state.

to steric interference of the DNA within the DIG-DNA conjugate
with the monoclonal antibody’s capacity to recognize DIG in solu-
tion, and we therefore selected pAb for subsequent experiments.
We subsequently synthesized the complete antibody-switch con-
struct (Fig. 2D). Starting from unmodified pAb 1, we site-specifi-
cally modified the glycans on the antibody Fc domain and then
conjugated these sites with a 40-nt scaffold-DNA 2 that bears a
biotin moiety 6 nt from the antibody conjugation site for purposes
of surface immobilization. This site-specific conjugation ensures
consistency in terms of the antibody-switch geometry, which, in
turn, dictates intramolecular competition and thus switching func-
tion. Any unconjugated scaffold-DNA was then removed by size ex-
clusion purification of the antibody-DNA conjugate. Using SDS—
polyacrylamide gel electrophoresis (SDS-PAGE), we determined
that the resulting successfully formed antibody-DNA conjugates 3
exhibit exactly 1 DNA molecule per Fc domain, as intended (fig.
S2). This antibody conjugation reaction has an efficiency of approx-
imately 50% when measured by SDS-PAGE, as approximately 25%
of heavy chains become DNA labeled. Next, we coupled the DIG-
DNA complex to the antibody-DNA conjugate using enzymatic li-
gation. We first hybridized DIG-DNA with a partially complemen-
tary scaffold-complement sequence, where the overhang is
complementary to the pAb-coupled scaffold-DNA sequence 4.
This assembly then forms the splinted 60-bp DNA scaffold for
the antibody-switch, with a nick between the DIG-DNA strand
and the scaffold-DNA strand 5. Incubation with T4 ligase subse-
quently closes this nick 6 (fig. S3). The 60-bp scaffold length was
selected as it gives a scaffold length (~20 nm) on the same order
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as the length and width of our immunoglobulin G (IgG) antibodies
(~10 to 15 nm) while leaving sufficient distance between the accep-
tor dye and antibody to allow decreased FRET upon switch opening.
Donor fluorophores (Alexa Fluor 546) were then incorporated by
modifying the antibody’s exposed lysine residues 7. The complete
switch can then be site-specifically functionalized onto a streptavi-
din-bearing biosensor surface via biotin-streptavidin interaction,
which is reinforced by adding a BS3 amine-to-amine crosslinker
to achieve covalent surface attachment 8. Critically, this synthesis
process ensures, through purification of the antibody-DNA conju-
gate and the high efficiency of ligation, that only fully assembled
antibody-switch constructs contain the biotin moiety required for
surface immobilization. This modular assembly process also allows
us to substitute different bait molecules, DNA scaffolds, or antibody
candidates to modify switch function.

We confirmed that our antibody-switch undergoes target-re-
sponsive FRET switching by immobilizing the switches onto strep-
tavidin-coated magnetic beads and then incubating the beads for 1
hour with various concentrations of DIG in a buffer that was select-
ed to match ionic concentrations in blood and interstitial fluid (ISF)
[1x phosphate-buffered saline (PBS) with 1 mM MgCl, and 4 mM
KCI]. We measured the fluorescent response via flow cytometry im-
mediately afterward. As expected, the FRET ratio decreased as we
introduced increasing DIG concentrations (Fig. 2E and fig. S4A).
We fitted the FRET response to a Hill binding model and deter-
mined that the sensor responds with a Hill coefficient (1) of 0.51
(95% CI = 0.44 to 0.59) and an ECs, of 64 pM (95% CI = 35 to
93 uM). The switch responded to changes in DIG concentration
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Fig. 2. Engineering a DIG-responsive antibody-switch. (A) Our DIG-DNA construct incorporates a DIG bait moiety and a Cy5 fluorescent reporter into a 20-nt DNA
scaffold. (B) We used flow cytometry to characterize the K5 of DIG-DNA binding to a polyclonal anti-DIG antibody (pAb). (C) Competitive binding assays quantifying the
disruption of DIG-DNA/pAb antibody pair binding by free DIG in solution suggest that the molecular competition from DIG-DNA can be used to quantify target binding.
We used 10 nM DIG-DNA for all measurements in this plot. (D) Multistep antibody-switch synthesis process leverages site-specific antibody-DNA conjugation followed by
splinted ligation to assemble a complete switch with controlled stoichiometry and a site-specific biotin handle for immobilization onto biosensor surfaces. dsDNA,
double-stranded DNA. (E) When assembled antibody-switches are assembled on magnetic beads and measured using flow cytometry, the antibody-switch FRET sig-
naling response spans a broad dynamic range of DIG concentrations. All data points and error bars represent the mean and SD of three replicates, respectively.

spanning a greater than 10,000-fold dynamic range, with an upper
bound in the low-millimolar range and a limit of detection (LOD) of
68 nM.

Specific, rapid, and reversible antibody-switch biosensing

We next assessed our antibody-switch's suitability for continuous
biosensing in complex biofluids, where nonspecific binding by in-
terferents poses a major challenge. We assembled antibody-switch—
coated beads as described above and then tested their specificity by
challenging them with DIG doped into the protein-rich environ-
ment of undiluted chicken plasma and then measuring their

Thompson et al., Sci. Adv. 9, eadh4978 (2023) 22 September 2023

FRET response via flow cytometry. Before measurement, plasma
samples were filtered with a 0.45 uM syringe filter to remove large
particulates that interfere with flow cytometry while preserving the
complete protein, small molecule, and fluid content of the plasma.
The switch response in undiluted plasma was virtually identical to
that in buffer, with an identical LOD of 68 nM and a largely un-
changed dynamic range, where EC5y = 87 pM (95% CI = 15 to
160 uM) and n = 0.43 (Fig. 3A and fig. S4B).

The ability to sense changes in target concentration rapidly and
reversibly is also crucial for continuous sensors, and we hypothe-
sized that our linked, intramolecular design would enable rapid
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Fig. 3. Assessing suitability of the DIG antibody-switch for continuous sensing in complex media. (A) Our antibody-switch achieved essentially identical DIG-re-
sponsive FRET sensing performance in both buffer and undiluted chicken plasma when immobilized on magnetic beads and measured using flow cytometry. (B) Re-
versible binding and signaling over multiple 30-min cycles of target addition and removal indicates that our antibody-switch is suitable for repeated or continuous
measurements. We observed a rapid kinetic response from our antibody-switch, with an (C) association time constant of 7.1 min (95% Cl = 3.4 to 8.0 min) and (D) a
dissociation time constant of 4.4 min (95% Cl = 2.8 to 7.5 min). All data points and error bars represent the mean and SD of three replicates, respectively.

switching between open and closed states over many cycles of
changing target concentrations. We repeatedly exposed our bead-
immobilized antibody-switches to high concentrations of DIG (1
mM) in a buffer for 30 min, followed by 30-min incubations in
target-free buffer. We observed reversible and repeatable FRET
switching over the course of a 3-hour experiment involving three
cycles of target addition and washout (Fig. 3B). We observed a
small degree of FRET ratio decrease over each cycle, and we hypoth-
esized that this may be due to degradation of the bead surface or
residual DIG that remains after wash cycles. Despite this degrada-
tion, the reversible response demonstrated over many cycles indi-
cates that the switch mechanism is reversible and could be
suitable for achieving continuous sensing in surface-based biosen-
sor formats that are better optimized for continuous sensing.

We also measured the antibody-switch’s FRET response kinetics
upon DIG addition and washing with buffer. We observed rapid
changes in FRET ratio in terms of both target binding (t,, = 7.1
min; Fig. 3C) and dissociation (t,¢ = 4.4 min; Fig. 3D). This indi-
cates suitable performance for collecting continuous measurements
with a temporal resolution of ~5 min and potentially faster if sensor
response is characterized with a pre-equilibrium approach (26). The
roughly symmetric kinetic response to increasing or decreasing
target concentrations is consistent with our competitive binding
model, where both on- and off-switching events require the slow
dissociation of either the free target or the bait (Supplementary Dis-
cussion 1).
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Engineering a cortisol-responsive antibody-switch with
enhanced sensitivity using a mismatched bait design

As described above, our antibody-switch design can be readily tai-
lored for different target biomolecules by simply substituting the
antibody-bait pair, and we demonstrated this capability by engi-
neering an antibody-switch for cortisol. Cortisol is an important
stress hormone that affects nearly every organ system in the body,
playing a critical role in stress, metabolism, and inflammation (27,
28). We hypothesized that by using a cortisol analog as a bait mol-
ecule, we could tune the intramolecular competition within our
switch—and thus its affinity for free cortisol—to achieve sensitive
detection over clinically relevant cortisol concentrations, which
span approximately 1 nM to 1 uM in the blood and ISF (29). We
chose a cortisol-binding monoclonal antibody and then screened
antibody binding and competitive displacement for bait-DNA con-
jugates incorporating either cortisol or corticosterone (a cortisol
analog with a missing hydroxyl group near position 21, where an-
tibody recognition occurs) as the bait molecule (Fig. 4A). The bait-
DNA incorporating cortisol (Cort-DNA) exhibited a low K3 of 1.8
nM (95% CI = 1.6 to 2.0 nM; Fig. 4B, blue) and competed strongly
with free cortisol, with 41 nM cortisol (95% CI = 30 to 56 nM) re-
quired to achieve 50% displacement of bound Cort-DNA in the
presence of 10 nM bait-DNA (Fig. 4C, blue). In contrast, the corti-
costerone bait-DNA (CSO-DNA) exhibited a higher K3 of 4.7 nM
(95% CI = 3.7 to 6.0 nM; Fig. 4B, green) and approximately seven-
fold weaker competition with free cortisol, with only 5.8 nM (95%
CI = 5.3 to 6.3 nM) free cortisol required to achieve equivalent dis-
placement of 10 nM CSO-DNA (Fig. 4C, green).
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Fig. 4. Cortisol antibody-switch engineering. (A) Our cortisol antibody-switch incorporated either cortisol (Cort-DNA) or corticosterone (CSO-DNA) as the bait molecule
at the end of the 20-nt DNA scaffold. (B) Monoclonal anti-cortisol binding to bait-DNA conjugates. When CSO-DNA is used in place of Cort-DNA, we measured a higher
Kga“ in bead-based antibody binding assays, indicating that corticosterone may act as a weaker competitor molecule. (C) Competitive binding assays of bait-DNA con-
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Cortisol-dependent FRET responses of antibody-switches incorporating Cort-DNA or CSO-DNA in a buffer. Both switches respond to a wide dynamic range of cortisol
concentrations, but the CSO-DNA construct achieves higher sensitivity due to weaker intramolecular competition. (E) CSO-DNA antibody-switch exhibits reversible
binding over multiple cycles of target addition and washing. (F) This switch also maintains robust cortisol sensing in undiluted chicken plasma. All data points and

error bars represent the mean and SD of three replicates, respectively.

We followed the modular synthesis process described above to
construct antibody-switches that combine XM210 with either
Cort-DNA or CSO-DNA (figs. S2 and 3B) and then immobilized
these onto streptavidin beads. Both switches exhibited decreasing
FRET ratios at increasing target concentrations, indicating success-
ful assembly of cortisol-responsive molecular switches (Fig. 4D and
fig. S5, A and B). The Cort-DNA switch achieved modest cortisol
sensitivity, spanning from an LOD of 340 nM up to a maximum
tested concentration of 3.3 mM. In comparison, the mismatched
CSO-DNA bait enhanced antibody-switch sensitivity by ~100-
fold, with an LOD of 3.3 nM and an upper limit of quantification
of 95 uM. This means that the CSO-DNA switch is likely to be better
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suited for monitoring clinically relevant cortisol concentrations.
These results highlight how the selection of alternative analogs as
bait can enable further optimization of sensor performance for a
given analyte.

We performed additional experiments to assess how changes in
the scaffold length affect intramolecular competition and whether
this feature can be tuned to further optimize switch sensitivity.
We adapted our ligation-based scaffold assembly to accommodate
additional DNA tile strands, extending the scaffold length from 60—
base pair (bp) to 120- and 180-bp using the CSO-DNA bait (fig.
S6A). We tested the cortisol response of these switches in the
same bead-based assay and observed minimal effect of scaffold
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length on switch sensitivity (fig. S6B). We hypothesized that this can
be attributed to the fact that we were performing sensing using a
surface that is densely coated with switches, such that increasing
the scaffold length allows a given bait molecule to compete less
strongly with its own linked antibody but more strongly with neigh-
boring antibodies and thus does not produce a net change in com-
petitive switching behavior. We therefore continued to use the 60-
bp scaffold design for our remaining experiments as it allows for the
simplest switch assembly. However, we note that for other larger
bait molecules, it may be useful to optimize the scaffold geometry
using this modular ligation approach.

Similar to the DIG-responsive antibody-switch, the CSO-DNA
switch exhibited robust reversibility and specificity in complex bio-
fluids. When exposed to multiple 30-min cycles of 1 mM cortisol
and washout with target-free buffer, the bead-immobilized CSO-
DNA antibody-switches exhibited stable and reversible on-and-
off switching (Fig. 4E). We also tested our antibody-switch in
chicken plasma, which was chosen as it shares a similar level of
protein content to human plasma but contains corticosterone
rather than cortisol, thus reducing cross-reactivity with endogenous
species (30). The cortisol-responsive switch maintained its switch-
ing behavior and ability to sense spiked in cortisol with good sensi-
tivity in undiluted plasma, with an LOD of 140 nM (Fig. 4F and fig.
5C). This is lower than the sensitivity we observed in a buffer, most
likely due to high levels of cortisol binding to plasma proteins such
as albumin and transcortin, which may attenuate the free (non-
protein—bound) levels to only 5 to 25% of the spiked-in cortisol con-
centration (29, 31). However, because the free fraction of cortisol is
the only bioactive fraction, this may not impede our switch's appli-
cability for diagnostic purposes (32). We also observed a decreased
FRET response amplitude in plasma compared to buffer. This may
be attributable to switch binding to endogenous corticosterone
present in chicken plasma or opening of the switch in response to
plasma proteins binding to the bait molecule. Either of these effects
would decrease the FRET ratio in the absence of cortisol, leading to
decreased overall signal amplitude. Despite these complicating
factors, these results demonstrate the value of the antibody-switch
design as a tool for achieving continuous biosensing in complex
matrices.

We further tested the specificity of our CSO-DNA antibody-
switch against structurally similar small molecules that may be
present in biofluid samples. We tested DIG as well as corticosterone,
prednisolone, and progesterone—lower abundance hormones that
share biosynthetic pathways with cortisol—and compared the
switch cross-reactivity to the intrinsic cross-reactivity exhibited by
the constituent XM210 antibody in unlinked competition assays.
We found that the antibody exhibited partial cross-reactivity with
corticosterone and prednisolone, owing to their high structural sim-
ilarity to cortisol, but has no cross-reactivity to DIG or progesterone
(fig. S7A). The cross-reactivity of our antibody-switch (fig. S7B)
closely matched that of the antibody, confirming that the antibody
dictates the overall performance of the switch. The observed corti-
costerone cross-reactivity also supports the hypothesis that endog-
enous corticosterone contributes to the decreased signal amplitude
observed in plasma for the CSO-DNA switch. This similarity in
cross-reactivity profiles demonstrates that the specificity of the
switch is dependent on the properties of the starting antibody and
that the switch design does not introduce any additional cross-
reactivity.

Thompson et al., Sci. Adv. 9, eadh4978 (2023) 22 September 2023

Continuous cortisol biosensing with antibody-switches

Last, we assessed the continuous sensing performance of our anti-
body-switch when incorporated with an optical fiber-based biosen-
sor described previously by our group (33). This system comprises a
tapered optical fiber sensor functionalized with a monolayer of an-
tibody-switches assembled onto the fiber tip surface via streptavi-
din-biotin immobilization (Fig. 5A, inset). To assemble this
sensor, tapered optical fibers were coated in a polyethylene glycol
(PEG) passivation layer bearing a limited number of biotin end
groups (1% of the monolayer). These biotin groups were then
coupled to the biotinylated antibody-switches via streptavidin mol-
ecules. The tapered profile of the fiber optic tip leads to the forma-
tion of an evanescent field of light excitation that is confined close to
the sensor surface, only penetrating a few hundred nanometers into
solution. This evanescent sensing strategy enables selective excita-
tion of donor dyes within the antibody-switch without eliciting
meaningful background from unbound molecules in the sample.
It also enables efficient collection of emitted light from both
donor and acceptor dyes for FRET ratio measurements. This
optical fiber sensor is placed within a ~ 50 pl of sample chamber
that allows us to flow samples across the sensor surface (Fig. 5A).
An optical reader couples laser excitation light into the optical
fiber sensor and then collects and measures the emitted light
from antibody-switches immobilized onto the sensor surface.
This enables continuous measurement of the sensor FRET response
as target concentrations change.

For continuous sensing experiments, we substituted the Cy5 ac-
ceptor dye with ATTO643, which exhibits better photobleaching re-
sistance. To allow orthogonal modification of the bait-DNA with
both our bait molecule and this enhanced dye, we used copper-
free click chemistry to attach ATTO643 to an alkyne modification
situated four bases away from the bait molecule (see “bait-DNA-
Alkyne4” in table S1). We moved the dye molecule closer to the
bait in this design in an effort to increase FRET in the closed state
and thus increase the FRET ratio change upon switching. Substitut-
ing the acceptor dye did not produce any substantial changes in the
switching affinity of the Cort-DNA-Alkyne4 or CSO-DNA-
Alkyne4 antibody-switches, and moving the dye to a position 4 nt
from the bait increased the binding-induced FRET response in the
CSO-DNA-Alkyne4 switch (fig. S8, A and B). In addition,
ATTO643 exhibited ~20-fold slower photobleaching when
exposed to continuous laser illumination compared to Cy5 (fig.
S8C). To further increase the long-term fluorescent stability of
our sensor, we used intermittent laser excitation, acquiring mea-
surements every 30 s. Because even slow photobleaching effects ac-
cumulate over time, data were corrected by first acquiring a
photobleaching calibration measurement over 15 min in the
absence of target and then subtracting this calibrated photobleach-
ing slope over the duration of measurement (fig. S9).

We demonstrated the performance of our CSO-DNA-Alkyne4
antibody-switch—coupled fiber optic sensor over a series of stepwise
cortisol concentration changes. We injected buffer spiked with
varying cortisol concentrations into the measurement chamber to
vary the free target concentration seen by the sensor at regular in-
tervals and then allowed the sensor to equilibrate in the solution
without flow while continuously measuring the FRET response.
Figure 5B shows the FRET response over >3 hours of continuous
measurement, plotted as the inverse of the FRET ratio change,
such that increased concentrations are represented by increasing
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Fig. 5. Continuous cortisol sensing with antibody-switches coupled to a fiber optic sensor. (A) Diagram of the setup for our tapered fiber optic sensor. The fiber tip is
functionalized with antibody-switches via biotin-streptavidin immobilization onto a PEG monolayer. Laser light travels to the fiber tip and excites antibody-switch donor
fluorophores within the evanescent field generated along the tapered portion of the fiber. The resulting donor and FRET emission is then coupled back to measurement
instrumentation through the fiber. The measurements themselves are performed within a 50-pl flow chamber. (B) Continuous FRET measurement of changing cortisol
concentrations in buffer over the course of a 3+-hour experiment. Buffer spiked with various concentrations of cortisol (purple dotted curve) was injected into the
chamber at 5- to 15-min intervals, and the antibody-switch FRET response was measured continuously. The presented FRET response data are corrected for the
effects of photobleaching and plotted as the absolute value of the FRET ratio change from the baseline, so that increased concentrations lead to increased rather
than decreased signals. (C) Continuous measurement of cortisol within the physiological concentration range of 10 nM to 1 uM using fiber optic sensors. Solid and
dashed lines, respectively, represent the mean and SD of n = 3 independently fabricated and functionalized sensors. (D) Steady-state FRET response values extracted
from continuous measurements show the concentration-dependent sensor response. Data points and error bars, respectively, represent the mean and SD of the last three
data points upon saturation from n = 3 fiber optic sensors.

rather than decreasing signals. As in our bead-based assays, the
switch was sensitive to sharp increases and decreases in cortisol
concentration across a ~10,000-fold dynamic range, detecting
spikes as low as 10 nM and as high as 100 puM. Over the course of
this measurement, the sensor responded rapidly to rising and falling
cortisol concentrations, achieving equilibration in <5 min at all
measured concentrations (fig. S10). Critically, the sensor main-
tained a stable baseline over the course of many cycles of increasing
and decreasing target concentration.

Thompson et al., Sci. Adv. 9, eadh4978 (2023) 22 September 2023

We then investigated the reproducibility and performance of our
sensors at physiological cortisol concentrations in more detail by
testing three independently fabricated and functionalized anti-
body-switch fiber sensors in parallel. Because the geometry of the
fiber optic tapers used for sensing varies slightly from fiber to
fiber, the FRET signal amplitude also varies between fibers and
thus requires a simple calibration method to ensure repeatable
results. We performed single time point calibration, normalizing
measured FRET ratios based on the first FRET ratio measurement
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in target-free buffer, and then applied the photobleaching correc-
tion described above. This simple single time point calibration ap-
proach is similar to the factory calibration approaches used to
improve reproducibility in commercial CGMs (34).

We then tested these sensors’ continuous-mode performance in
buffer at cortisol concentrations spanning 10 nM to 1 pM to simu-
late low and high physiological concentrations in human ISF or
blood (Fig. 5C). We observed reversible and rapid sensing across
this range. We observed that the sensors approached their steady-
state values within 10 min of each step change in cortisol concen-
tration. The sensors also returned to a stable baseline upon washing
with buffer throughout the >2.5-hour measurement period. To
assess sensor resolution at these concentrations, we extracted the
steady-state FRET response values from our continuous measure-
ments, obtaining a sensor response curve (Fig. 5D). This curve in-
dicated that our calibrated sensor is consistently capable of
discriminating low cortisol concentrations (10 nM) from higher
(>100 nM) concentrations of cortisol. We subsequently calculated
an LOD of 1.2 nM, which falls below our lowest demonstrated mea-
surement of 10 nM and is consistent with the LOD we obtained with
our bead-based measurements.

As a final proof of concept, we tested our antibody-switch bio-
sensor’s performance in sensing physiological cortisol concentra-
tions directly in 99% human whole blood with no sample
preparation. We measured the response of three independently fab-
ricated sensors to repeated cycles of cortisol increase and decrease in
healthy human donor blood over a 45-min measurement (Fig. 6).
Beginning from a baseline measurement in buffer, the sensor exhib-
ited a substantial change in signal when exposed to human blood
due to both the endogenous cortisol present in the blood sample
and changes in optical properties due to blood's absorbance. The
sensors were then exposed to the same donor blood spiked with
an additional 100 nM cortisol to mimic a physiological increase
from the endogenous baseline, and we repeated this exposure to un-
spiked and spiked blood for multiple cycles. The sensor response
captured these 100 nM increases and decreases in cortisol, and
the response to each concentration change was resolved within 5

min. It should be noted that these blood-based measurements suf-
fered from issues associated with clotting and biofouling, resulting
in inconsistent sensor response across cycles as well as drift and
signal degradation over time. Nevertheless, the ability to continu-
ously detect physiological cortisol spikes in unmodified whole
human blood is an important advance, laying the groundwork for
future efforts to develop more robust performance in undiluted
biofluids.

DISCUSSION

The antibody-switch design provides a way to engineer existing an-
tibodies into target-responsive molecular switches capable of real-
time continuous biosensing. Our constructs link an antibody to a
bait molecule through a DNA scaffold, enabling competitive
binding with the free target that gives rise to conformational switch-
ing events that can be detected via FRET. These switches exhibit de-
sirable properties for biosensing, including a broad (~10,000-fold)
dynamic range, rapid kinetics, reversibility, and the ability to sense
targets directly in undiluted biofluids. The antibody-switch design
is also modular and generalizable, such that it can be tailored to a
broad range of targets simply by exchanging the antibody and bait
molecule, as we have demonstrated in experiments using antibody-
switches for DIG and cortisol. This modularity also allowed us to
tune the sensitivity of our cortisol-responsive antibody-switch by
replacing the cortisol bait with a mismatched corticosterone bait,
which enhanced the switch's target affinity ~100-fold. By integrat-
ing our switch into a miniaturized fiber optic sensor probe, we were
able to achieve continuous cortisol sensing across a concentration
range of 10 nM to 100 uM with temporal resolution of ~5 min
and stability over >3 hours in buffer. We further demonstrated
that these sensors can reproducibly resolve cortisol concentrations
across the physiological range of 10 nM to 1 uM in a buffer and that
these sensors repeatedly detect 100 nM changes in cortisol concen-
tration in whole human blood with no sample preparation. These
preliminary results suggest that antibody-switches may offer a

0.04— +100 nM +100 nM +100 nM +100 nM
) +0 nM +0 nM +0 nM
0.03— I
@002 ey R E NG
(7]
(=
o
& 0.01—
<
[
W 0.00 —
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Fig. 6. Continuous antibody-switch biosensing in 99% whole human blood. The fiber optic cortisol sensor was challenged with alternating 5-min cycles of healthy
human donor blood containing endogenous cortisol concentrations or the same blood spiked with 100 nM cortisol to simulate a physiologically relevant increase from
the baseline. The sensor was first prepared in a buffer and then allowed to equilibrate in unspiked blood before testing the sensor response to alternating cycles of
unspiked and spiked blood (indicated by arrows on the plot). Solid and dashed lines, respectively, represent the mean and SD of measurements from n = 3 independently

prepared sensors.
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general and robust method for developing switch-based continuous
biosensors.

We believe that our antibody-switch design represents a valuable
addition to the rapidly growing toolbox of protein-based biosen-
sors. For example, Easley and coworkers have made use of compet-
itive binding of solution-phase antibodies to enable small-molecule
sensing using antigen-modified DNA structures on electrochemical
sensors (35—37). However, because these sensors rely on the intro-
duction of free antibody into solution to achieve competitive
binding, they are unsuitable for continuous sensing. Kang et al.
(38) have demonstrated the use of redox-modified protein-based
molecular switches for reagent-free sensing of specific protein
binding partners, demonstrating tunable signal gain and high sen-
sitivity in diluted plasma, but it is unclear how this approach could
be adapted to sensing small molecules that lack naturally occurring,
structure-switching protein receptors. In another notable recent
advance, the molecular pendulum approach developed by Das et
al. (23) offers an antibody-based approach to sense protein
targets in biofluids. This approach achieves high-sensitivity
protein detection and is compatible with a range of biofluids and
can readily be generalized to a wide range of protein targets by sub-
stituting the target-binding antibody. The key limitation of this ap-
proach is that it may be difficult to apply to small-molecule targets
because the sensing mechanism relies on substantial changes in
pendulum dynamics upon target binding, which typically requires
higher-molecular weight analytes. Our antibody-switch comple-
ments these various molecular detection technologies by enabling
the continuous sensing of small molecules at time scales and con-
centrations that are appropriate and physiologically relevant for the
clinical analysis of small-molecule biomarkers such as cortisol.
Other small-molecule sensing schemes have emerged recently
that leverage competitive binding to achieve continuous sensing
by tracking particle mobilities (39, 40), but we believe that our
FRET-based readout mechanism and sensor design are more com-
patible with the miniaturized sensor probe designs required for bio-
medical applications such as wearable or implantable sensors.

Future iterations of this system could enable continuous sensing
of a broader range of targets, including peptides and even small pro-
teins. The scaffold length can readily be modified during antibody-
switch assembly and thus should accommodate the inclusion of the
larger peptide- or protein-based bait molecules needed to sense
these targets. These targets may require increased sensitivity, and
mismatched bait designs that weaken competitive binding beyond
what was demonstrated with corticosterone may yield sensors that
are capable of detecting analytes in the range of 10 pM to 1 nM.
However, at these low concentrations, the antibody's intrinsic prop-
erties will impose fundamental limitations on sensitivity. The lowest
achievable ECsj in this competitive switch design is determined by
the antibody's affinity, and few antibodies exhibit affinities below
the 10 pM range. Furthermore, the temporal resolution of contin-
uous measurement is limited by the antibody off-rate. Because this
off-rate typically decreases with higher affinity, low-abundance
targets may not be suitable for sensing at single-minute resolution.
However, careful optimization of the sensor by screening for faster
off-rate antibodies and using emerging computational approaches
that enhance the temporal resolution of measurements made with
slow-responding receptors could facilitate the development of con-
tinuous sensing applications for low-abundance analytes (26, 41).
We have also observed that biofouling remains a substantial

Thompson et al., Sci. Adv. 9, eadh4978 (2023) 22 September 2023

challenge to stable sensing in whole biofluids, as is the case for
most biosensors. Cell and protein binding to the fiber optic probe
surface contributes to noise, drift, and signal attenuation, degrading
sensor performance. However, strategies for stabilizing surface-
based biosensors such as membrane protection (42), high-perfor-
mance chemical passivation strategies (43, 44), or the use of nano-
porous electrodes that protect receptors from proteins and cells in
bulk biofluid (45, 46) could greatly enhance sensor performance in
in vivo settings.

Critically, our design provides a general strategy for transform-
ing antibodies into a monolithic sensor construct that achieves
target recognition, molecular switching, and fluorescent signaling
with only minimal screening effort required and without any engi-
neering of the antibody protein itself. This approach thus eliminates
the need for unique proteins with intrinsic switching, high-
throughput combinatorial selection assays, or case-by-case redesign
of the switch structure. Hence, we believe that this antibody-switch
approach has the potential to accelerate development of a diverse
range of continuous biosensors for physiological monitoring and
improved patient care.

MATERIALS AND METHODS

Reagents and materials

All oligonucleotide sequences (table S1) were purchased high-per-
formance liquid chromatography (HPLC)—purified from Integrated
DNA Technologies with various internal and terminal modifica-
tions as specified in their sequences. Cortisol monoclonal antibody
(XM210) was obtained from Abcam. DIG pAb (Sheep, SKU:
11333089001) was obtained from Sigma-Aldrich, and DIG mono-
clonal antibody (clone no. 611621) was obtained from R&D
Systems. T4 ligase and low—molecular weight DNA ladder were ob-
tained from New England Biolabs (NEB). Methyltetrazine Dibenzo-
cyclooctyne, TCO-N-hydroxysuccinimide (NHS) ester (Axial), and
BTTES (3-{4-[(Bis{[1-(tert-butyl)-1H-1,2,3-triazol-4-yl]methyl}a-
mino)methyl]-1H-1,2,3-triazol-1-yl}propane-1-sulfonic acid) were
purchased from Click Chemistry Tools. ATTO643 azide was pur-
chased from ATTO-Tech GmbH. VECTABOND reagent was pur-
chased from Vector Laboratories. All DNA synthesis reagents—
including 5'-amino-modifier C6, alkyne-modifier serinol phos-
phoramidites, and Glen-Pak DNA purification cartridges—were
purchased from Glen Research. Biotin-PEG-SVA [molecular
weight (MW) of 5000] and Methoxy poly(ethylene glycol) succini-
midyl valerate (mPEG-SVA) (MW of 5000) were purchased from
Laysan Bio. Amicon Ultra-0.5 size exclusion columns, DIG, DIG
NHS-ester (DIG-NHS), hydrocortisone, hydrocortisone 3-(O-car-
boxymethyl)oxime, O-(carboxymethyl)hydroxylamine hemihydro-
chloride, N,N'-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), sodium ascorbate, and copper (II) sulfate were purchased
from Sigma-Aldrich. Cortisol-3CMO [O-(carboxymethyl)hydrox-
ylamine hemihydrochloride)], 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC), NHS, Alexa Fluor 546
NHS ester (succinimidyl ester), Dynabeads protein G, Dynabeads
T1, SiteClick antibody azido modification kits, bis(sulfosuccinimi-
dyl)suberate (BS3), tris-HCL (1 M, pH 7.5), magnesium chloride,
10x PBS (pH 7.4), adenosine 5'-triphosphate (ATP), NuPAGE
sample reducing agent, NuPAGE LDS sample buffer (4x),
NuPAGE 4 to 12% bis-tris mini protein gels, 20x NuPAGE MES
SDS running buffer, SeeBlue prestained protein standard,
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SimplyBlue SafeStain, UltraPure Tris-borate-EDTA(TBE) buffer
(10x), Novex TBE-Urea Gels (10%), GelStar nucleic acid gel stain,
and Tween 20 were purchased from Thermo Fisher Scientific. Hep-
arinized heathy human donor whole blood was obtained from the
Stanford Blood Center and was stored at 4°C until 30 min before
measurement and used within 36 hours of collection.

Instrumentation

Standard automated oligonucleotide solid-phase synthesis was per-
formed on an Expedite 8909 synthesizer from Biolytic Lab Perfor-
mance. DNA was quantified by ultraviolet absorbance at 260 nm
with the NanoDrop 2000 spectrophotometer from Thermo Fisher
Scientific. Gel electrophoresis was carried out on a 20 cm—by-20 cm
vertical Hoefer 600 electrophoresis unit. Gel images were captured
using a ChemiDoc MP System from Bio-Rad Laboratories. Thermal
annealing of all DNA structures was conducted using an Eppendorf
Mastercycler 96-well thermocycler. Flow cytometry was performed
using an SH800 cell sorter from Sony Biotechnology. Mass spec-
trometry (MS) was performed using a microflex matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) instru-
ment from Bruker. Shaking was done using a ThermoMixer F1.5
from Eppendorf.

DIG bait-DNA synthesis

DIG bait-DNA conjugates were prepared by labeling the amine in
the bait-DNA sequence with DIG-NHS. DIG-NHS was dissolved in
15 mM DMEF and then added to the bait-DNA in 100 mM sodium
bicarbonate (pH 9) to achieve final concentrations of 82 uM DNA
and 1.2 mM DIG-NHS in a 122-pl reaction volume. This mixture
was incubated with rotation overnight at room temperature, then
purified via ethanol precipitation, and resuspended in deionized
(DI) water to ~100 uM before use. MS was used to validate DNA
modification.

Testing binding and competition for bait-DNA candidates
Pairs of target-binding antibodies and bait-DNA conjugates were
screened to assess their affinity and the ability of free target to
compete with their binding. All assays were performed in physio-
logical buffer [1x PBS (pH 7.4) with 1 mM MgCl, 4 mM KClI,
and 0.05% Tween 20]. The antibodies were first immobilized onto
Dynabeads protein G by diluting 6 ul of stock Dynabeads (30 mg/
ml) into 600 pl of 230 nM antibody in buffer. Beads were incubated
for 1 hour and then washed and resuspended in 6 ml of buffer.
Samples for each bait-DNA/target concentration were prepared
by mixing 90 pl of antibody-coated beads with 10 ul of bait-
DNA/target solution to achieve the final desired concentrations.
For the bait-DNA binding assays, no target was included, and the
concentration of bait-DNA varied between 0 and 3 pM. For compe-
tition assays, bait-DNA concentrations were held constant at 10 nM
and free DIG concentrations (stock prepared at 100 mM in DMSO)
were varied between 0 and 100 pM. To test the target specificity in
these competition assays, the same density and volume of antibody-
coated beads was incubated with 10 nM bait-DNA and either 1 or
100 nM cortisol, corticosterone, DIG, prednisolone, or progester-
one in 0.1% DMSO. Antibody-coupled beads were incubated in
these solutions for 1 hour and then resuspended in 200 pl of
buffer immediately before measuring on a cell sorter to quantify
Cy5 fluorescence.

Thompson et al., Sci. Adv. 9, eadh4978 (2023) 22 September 2023

Cortisol and corticosterone bait-DNA synthesis

The Cort-DNA conjugate was prepared by coupling cortisol-3CMO
to the terminal amine on the bait-DNA sequence using EDC/NHS
chemistry. First, we combined 50 pl of 100 mM steroid-3CMO con-
jugate in 100% DMSO, 50 pl of 100 mM sulfo-NHS in 50% DMSO,
and 5 pl of 100 mM EDC in 100% DMSO and then shook this
mixture at 1500 rpm for 30 min at room temperature using a ther-
momixer. We then added 100 ul of 100 to 500 uM DNA and 40 pl of
1 M sodium bicarbonate (pH 9) and incubated this mixture for 2
hours at room temperature. The DNA was buffer-exchanged into
DI water using a 3-kDa MWCO Amicon Ultra-0.5 centrifugal
filter, then purified using HPLC, and validated for correct bait con-
jugation via MS.

CSO-DNA was synthesized by adapting a previously described
protocol (47). A carboxyl group was conjugated onto corticosterone
by combining 1.480 ml of 75 mM carboxymethoxylamine hemihy-
drochloride in methanol, 1.184 ml of 125 mM corticosterone in
methanol, and 23.7 pl of pyridine. This solution was mixed by
shaking at room temperature for 5 hours. To remove unreacted car-
boxymethoxylamine, the solution was dried, leaving behind a salt.
This was resuspended in 1 ml of ethyl acetate and 1 ml of DI water,
vortexed, and then centrifuged for 1 min at 2000g until the ethyl
acetate and water were separated from each other. The water
phase was discarded, an additional 1 ml of DI water was added,
and the process was repeated for a total of three washes. After dis-
carding the final wash, the ethyl acetate solution was dried, and the
resultant solid was weighed. We recovered 61.6 mg of corticosterone
with carboxyl linker. At this stage, the powder contained corticoste-
rone with one to two carboxyl groups conjugated at different loca-
tions. The corticosterone-CMO was then conjugated onto the bait-
DNA sequence using the EDC/NHS reaction described above. The
resulting corticosterone-conjugated DNA was buffer-exchanged
into DI water using a 3-kDa MWCO Amicon Ultra-0.5 centrifugal
filter, then purified using HPLC, and validated for correct bait con-
jugation via MS.

DNA-bait synthesis with ATTO643

Alkyne-bearing DNA oligos (bait-DNA-alkyne4 and bait-DNA-
alkynel0) were synthesized using an Expedite 8909 DNA synthesiz-
er at 1 pmol scale. Coupling efficiency during synthesis was moni-
tored after removal of the DMT 5-OH protecting group. After
deprotection with a 1:1 aqueous ammonium hydroxide:methyl
amine (AMA) solution for 15 min at 65°C, DMT-ON purification
of DNA oligos was performed using Glen-Pak DNA purification
cartridges following the standard manufacturer’'s procedure.
Before use, the purified DNA was quantified based on absorbance
at 260 nm. The terminal amines of these alkyne-bearing DNA
strands were then modified with cortisol or corticosterone following
the same protocol as for the Cy5-containing strands. ATTO643
azide was coupled to the cortisol- or corticosterone-modified
strands using copper-catalyzed azide-alkyne cycloaddition as de-
scribed previously (48). Briefly, we prepared ~20 uM DNA and
~150 uM ATTO643 azide in 100 mM PBS (pH 7) and added pre-
mixed 500 uM BTTES ligand and 100 uM copper (II) sulfate, along
with 5 mM sodium ascorbate. This mixture was incubated for 1
hour at room temperature, then purified using a 3-kDa MWCO
Amicon Ultra-0.5 centrifugal filter followed by a Glen Gel-Pak 0.2
Desalting Column to exchange the labeled DNA into DI water. Last,
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the ATTO643-labeled DNA was purified using HPLC and validated
for correct bait and dye conjugation using MS.

Synthesis of the antibody-switch

For this first step in the antibody-switch preparation process, ~250
pg of antibodies were modified as directed in the SiteClick antibody
azido modification kit to enzymatically attach azide groups to gly-
cosylation sites in the Fc region of the antibody, yielding a final
volume of ~100 ul of 10 uM antibody. Then, 200 mM methyltetra-
zine DBCO in DMF was added to this ~100 pl of azide-modified
antibody to achieve a final concentration of 6.7 mM methyltetrazine
DBCO. This step converts the azide into a methyltetrazine group for
more efficient click modification with the DNA scaffold. This
mixture was incubated for 2 hours at room temperature and then
purified with a 50-kDa MWCO Amicon Ultra-0.5 centrifugal
filter to remove all free methyltetrazine DBCO. TCO-NHS (axial)
was dissolved to 15 mM in anhydrous DMF and then added to scaf-
fold-DNA in 100 mM sodium bicarbonate (pH 9) to achieve final
concentrations of 66 pM DNA and 3.75 mM TCO-NHS. This
mixture was incubated with rotation overnight at room tempera-
ture, then purified with ethanol precipitation, and resuspended in
DI water to ~100 uM before use. MS was used to confirm DNA
modification. The methyltetrazine-modified antibody and TCO-
modified scaffold-DNA were then mixed to achieve a final DNA
concentration of 40 uM (and a minimum 3:1 DNA:antibody
excess) in 1x PBS. This mixture was incubated overnight at room
temperature and then purified with a 50-kDa MWCO Amicon
Ultra-0.5 centrifugal filter to remove any free DNA. The degree of
labeling was quantified with reducing SDS-PAGE by comparing the
intensity of bands from unmodified antibody heavy chains to the
intensity of heavier bands formed from specific DNA conjugation
to the antibody heavy chains (fig. S2, A and B). The complete
removal of free DNA was assessed by denaturing DNA gel electro-
phoresis, noting the absence of bands corresponding to free scaf-
fold-DNA and the formation of a heavy band corresponding to
the antibody-DNA conjugate (fig. S2C). These gels were prepared
by diluting either antibody-DNA or reference scaffold-DNA
samples to ~400 nM in 1x TBE buffer and then mixing in a 1:1
ratio with 95% formamide-loading dye and heating to 95°C for 2
min. A ladder sample was prepared by diluting low—molecular
weight DNA ladder to 1x in a 1:1 mixture with formamide
loading dye and then heating to 95°C for 2 min. Each sample (4
ul) was loaded onto Novex TBE-Urea Gels (10%) and run for 40
min at 180 V in 1x TBE buffer before staining with GelStar
nucleic acid gel stain for 5 min and imaging.

Splinted ligation was used to covalently attach the bait-DNA
conjugate to the antibody-DNA conjugate with various scaffold
lengths. To assemble the 60-bp scaffold, 3.5 pM bait-DNA was an-
nealed with 3 uM scaffold—complement DNA in ligation buffer [50
mM tris-HCI (pH 7.5), 10 mM MgCl,, and 1 mM ATP] by prepar-
ing a 17-pl reaction volume, heating the mixture to 95°C, and then
cooling to 4°C for 30 min. To assemble the 120-bp scaffold, the
same procedure was performed, but with the reaction volume con-
taining 3 uM scaf120_c2 DNA, 3.3 uM scaf120_ligate DNA, 3.5 uM
scaf120_c1 DNA, and 3.75 uM bait-DNA. To assemble the 180-bp
scaffold, the same procedure was performed but with the reaction
volume containing 3 uM scaffold_c2 DNA, 3.3 uM scaf120_ligate
DNA, 3.5 uM scaf180_c1 DNA, 3.75 uM scaf180_ligate DNA, 4.1
uM scaf180_c0 DNA, and 4.3 uM bait-DNA. Then, 40 pl of ~500
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nM antibody-DNA conjugate was mixed with the entire annealed
mixture in ligation buffer and incubated for 1 hour at room temper-
ature to allow for hybridization. This mixture (56.3 pl) was then
combined with 13.5 pl of ligation solution, comprising 2700 U of
T4 ligase (6.75 pl of 400,000 U/ml) in ligation buffer, and incubated
for 1 hour at room temperature to achieve complete ligation into a
covalently linked antibody-switch molecule. The success of this li-
gation was monitored using reducing SDS-PAGE. For the SDS-
PAGE analyses mentioned here and above, these products (along
with unmodified control antibodies) were diluted to ~0.2 mg/ml
in 8.1 ul of 1x PBS and then mixed with 0.9 pl of NuPAGE
sample-reducing agent and 3 ul of 4x NuPAGE sample loading
buffer and heated at 95°C for 5 min. Then, we loaded 10 pl of
SeeBlue prestained protein standard as a ladder and 12 pl of the an-
tibody mixtures onto NuPAGE 4 to 12% bis-tris mini protein gels
and ran them for 35 min at 200 V with 1x NuPAGE MES SDS
running buffer. The gels were stained for 30 min with SimplyBlue
SafeStain and then destained for up to 2 hours in water before
imaging. An increase in the molecular weight of all bands corre-
sponding to DNA-modified heavy chains indicated that all DNA
present on the antibody-DNA conjugate had been ligated. This li-
gation was specific and was not observed in controls where either T4
ligase or the scaffold-complement was not added (fig. S3).

Last, the ligated antibody-switches were modified with Alexa
Fluor 546 NHS ester. 15 mM Alexa Fluor 546 NHS ester in DMF
was added to 145 nM antibody-switch in 1x PBS to a final fluoro-
phore concentration of 60 pM dye; this reaction was adjusted to pH
9 with 1 M sodium bicarbonate. This mixture was incubated at
room temperature for 1 hour and then quenched by adding 33%
by volume of 200 mM tris-HCI (pH 7.5). This resulted in a final an-
tibody-switch concentration of ~110 nM.

The antibody-switches contain a site-specific biotin moiety
within the DNA scaffold and thus can be directly immobilized
onto streptavidin-coated surfaces. For each replicate flow cytometry
experiment, immobilization was achieved by suspending 1 pl of
streptavidin-coated Dynabeads T1 in 500 ul of 14.5 nM antibody-
switch in physiological buffer. For the fiber-optic biosensor exper-
iments, the streptavidin-functionalized fiber sensor tip was im-
mersed in 40 pl of 75 nM antibody-switch in physiological buffer
within the measurement chamber. In both cases, the sensor surfaces
were incubated for 1 hour at room temperature, washed with phys-
iological buffer, and then incubated in 5 mM BS3 crosslinker in
physiological buffer (500 ul for bead-based assays and 40 pl for
fiber-based assays) for 30 min to covalently link the antibody-
switches to the sensor surface. The beads or fibers were then
washed again and incubated in physiological buffer with 5 mM
MgCl, and 200 nM scaffold-complement DNA (500 pl for bead-
based assays and 40 pl for fiber-based assays) for 2 hours at room
temperature and then overnight at 4°C. Scaffold-complement was
added to ensure that the DNA scaffold assumes a double-stranded
form. Last, the beads or fiber sensor were washed and resuspended
in physiological buffer (500 ul for bead-based assays and 40 pl for
fiber-based assays) before testing.

Flow cytometry testing of antibody-switch binding,
reversibility, and kinetics

Antibody-switch binding responses were measured in physiological
buffer or 0.45-pm filtered chicken plasma. For each replicate curve
within a binding curve experiment, a sample of antibody-switch
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beads (500 pl, prepared as described above) was diluted to 2.8 ml of
buffer or plasma per replicate binding curve, and then 194 pl of the
resulting bead stock was mixed with 6.6 pl of 100 mM DIG or cor-
tisol in DMSO, yielding samples containing 0 to 3.3 mM target. For
antibody-switch specificity testing, the same density and volume of
beads was incubated with either 1 or 100 uM cortisol, corticoste-
rone, DIG, prednisolone, or progesterone in 0.1% DMSO. These
samples were incubated for 1 hour at room temperature to equili-
brate before analysis on a cell sorter. To monitor FRET signaling,
antibody-switches were excited using a 561-nm laser; donor fluoro-
phore (Alexa Fluor 546) emission was measured using one band-
pass filter (583-nm center wavelength and 30-nm bandpass
width) and acceptor fluorophore (Cy5 or ATTO643) emission
was measured using another bandpass filter (665-nm center wave-
length and 30 nm bandpass width). All samples were run to record
3000 to 10,000 bead counts.

To measure the reversibility of the switch responses, we tested
the response of switch-coated beads over three cycles of target ad-
dition and washing. Thus, to study the switch behavior over these
cycles, we tested the beads under seven conditions: before adding
target, after target addition 1, after wash 1, after target addition 2,
after wash 2, after target addition 3, and after wash 3. We recorded
three replicates of this series of seven conditions. To prepare each
replicate, a sample of antibody-switch—coupled beads (500 pl, pre-
pared as described above) was diluted into 1.5 ml of physiological
buffer and then split into seven different 200 pl of samples to be
tested under each of the seven conditions. Switches were subjected
to alternating 30-min cycles of incubation at room temperature in
physiological buffer containing either 0 or 1 mM DIG/cortisol. To
control for the bleaching or degradation of the antibody-switch—
coated bead surface over many cycles of removing and adding
new wash or target solution to the beads, we ensured that all
seven conditions underwent the same number of solution
removal and addition steps while varying the number and sequence
of wash and target steps to achieve the seven desired conditions. All
samples were subjected to a single removal and addition of solution
at each time step, with the identity of the solution added (either
target-free buffer or 1 mM target) specified in table S2.

To measure the on-rate kinetics of switching using flow cytom-
etry, a sample of antibody-switch—coated beads (500 pl, prepared as
described above) was diluted to 3 ml in physiological buffer and
then split into three different 1-ml replicates, which were then
swapped into 1 ml of buffer containing 1 mM target to measure
their kinetic response. To measure the off-rate response, an identi-
cal set of bead samples was prepared but then equilibrated in 1 ml of
1 mM target in buffer, followed by swapping them into target-free
buffer and subsequently measuring their kinetic response. In both
cases, the switch response was measured at 2- to 5-min intervals
after changing concentrations with no additional washes.

Processing and normalization of binding data

All flow cytometry data were processed in FlowJo 10. Bead popula-
tions corresponding to singlet beads were selected, and the median
fluorescence of each channel within this population was recorded.
All data analysis was performed in Microsoft Excel and GraphPad
Prism 8.0.2. All flow cytometry data were corrected for background
signal by subtracting fluorescence measurements obtained from un-
modified beads run on the flow cytometer at the same settings. For
all FRET-based flow cytometry data, donor fluorescent emission
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(Fponor) and acceptor fluorescent emission (Fycceptor) Versus
target concentration ([Target]; corresponds to either DIG or corti-
sol depending on dataset), the FRET ratio for each data point was
calculated as

F Acceptor (1)
FDonor + FAcceptor
Flow cytometry data were normalized to correct for experiment-
to-experiment variations in fluorescent intensity due to changes in
instrument gain, bead surface density, and photobleaching between
replicates and to allow easier visual comparison between different
conditions and switches. Normalization was only done by setting
a single point to a value of 1, rather than forcing the entire
binding curve to span a range of 0 to 1, to maintain a quantitative
comparison of the dynamic range and signal of each experiment.
Non-normalized FRET ratios and raw FRET data (donor and
FRET channels independently) are provided in figs. S4 and S5. Nor-
malization was carried out per replicate for all binding curves. For
unlinked binding data (Figs. 2, B and C, and 4, B and C, and fig. S1),
binding curves were normalized by setting the largest value in the
dataset equal to 1. For antibody-switch binding data (Figs. 2E, 3,
and 4, D to F), normalization was done by setting the first FRET
measurement in each dataset (either [Target] = 0 or time = 0) to
be equal to 1.

Fitting binding data to obtain affinities, LOD, ULOQ, and
kinetic rates

For Cy5-fluorescence-based measurements of bait-DNA binding
and target competition, we analyzed Cy5 emission (Fcys) versus
bait-DNA concentration and free target concentration ([Ligand]).
These data were fitted to the Langmuir isotherm as follows

[Ligand]

- 2
Kp + [Ligand] R @)

F Cy5 =
where Kp, is the measured affinity of the interaction and A and y,
correspond to the magnitude and ligand-free background of the
binding response, respectively.

When assessing the antibody-switch binding response, a Hill fit
was used to fit the binding data and extract an ECs, for each switch,
which corresponds to the concentration of target at which 50% of
the maximum switching signal is achieved. This fitting was achieved
by using nonlinear least squares fitting to the Hill equation

[Target]"

—— 3
ECZ, + [Target]" 3)

where 7 is the Hill coefficient corresponding to the degree of coop-
erativity observed during switching. Kp and ECs, values are report-
ed as the best-fit value with 95% CI upper and lower bounds
from fitting.

LODs were determined from the mean values of A, y,, n,and
ECsy as determined from fitting, as well as the SDs (o) of these pa-
rameters. We applied the standard definition of LOD, which is the
target concentration at which the switch response is three SDs above
background. Thus, LODs for all switches were determined by
solving the equation

rereT = A + Yo

LOD"

30y, = Ao 4
M = 2 ECl, + LOD” )
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Upper limits of quantification (ULOQ's) were determined from
the mean values of A, y,, n, and ECs as determined from fitting, as
well as the SDs (0) of these parameters. The ULOQ is the concen-
tration at which the switch response is three SDs below the saturat-
ing signal, which we calculated as follows

ULOQ"

= 5
EC}, + ULOQ" ©)

30) = A

To determine the kinetics of the on- and off-switching response,

we first normalized the FRET ratio (rgrgr) versus time (¢) based on

the initial measurement and then fitted these data with a single-
phase exponential decay model of the form

(6)

where rerero and rerersare respectively the FRET ratios before and
after prolonged laser excitation and 7 is the time constant that char-
acterizes the kinetics of antibody-switching behavior.

—t/T
rerer = (FFRET,0 — T’FRETf)e AR T'ERET f

Fiber optic measurement system setup

The fiber optic measurement system comprises an optical readout
system and tapered fiber optic probe. The development of both
components has been thoroughly documented and characterized
for continuous sensing in previous work (33). Briefly, the optical
readout system is designed to excite donor fluorophores on the
probe and collect the resulting fluorescent donor and acceptor emis-
sion signals, enabling continuous FRET ratio measurements. Exci-
tation light is provided by a 532-nm laser that passes through laser-
line filters into a fiber switch. The fiber switch connects either to the
sample probe or a dead-end port, allowing measurements with an
interval controlled by an Arduino and LabVIEW GUI. When con-
nected, laser light excites the sample probe, and then emission light
is coupled back into the reader where it is split into two channels
using filters to isolate either donor or acceptor emission. These
signals are measured using a single-photon counting module
(SPCM) with an integration time of 500 ms and ~300-nW output
laser power.

Preparation of fiber optic tip probes

Fiber optic probes were fabricated as described previously (33).
Briefly, one end of a graded index multimode fiber (Thorlabs
GIF625) was heated and pulled with a Vytran GPX3000 optical
fiber processor (Thorlabs) to form tapered fiber probes with a
~10-pm tip and an exposed glass surface. The other end of the
fiber is terminated by a standard connector that interfaces with
the optical readout system. The exposed glass tip was functionalized
using a home-built micro-stage setup to dip controlled lengths of
the fiber tip into the various solutions needed for functionalization.
We cleaned and hydroxyl-activated the fiber optic tips with piranha
solution (25% H,0O, and 75% concentrated H,SO,) for 2 hours, fol-
lowed by two to three washes with ultrapure water and acetone. The
fiber tips were incubated in VECTABOND [3% (v/v) in acetone) for
10 min to functionalize the surface with amine groups, then washed
with ultrapure water, and dried for 5 min at room temperature. We
then coated this surface with a PEG monolayer containing ~2%
biotin-terminated PEG for robust attachment of antibody-switches.
This was done by incubating the amine-functionalized surface with
a mixture of 32% (w/w) Methoxy poly(ethylene glycol)
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succinimidyl valerate (mPEG-SVA) (MW of 5000) and 0.5% (w/
w) biotin-PEG-SVA (MW of 5000) in 0.11 M sodium bicarbonate
for 3 hours and then rinsing with water. PEG-functionalized fibers
were then placed in 50 pl of flow chambers (Grace Biolabs Hybri-
Well Hybridization Cover-HBW6L) mounted onto glass slides to
form small measurement chambers with two ports for adding
samples during continuous experiments. These chamber-
mounted fibers were then stored dry at 4°C for up to a week
before use. Before measurement, the fiber surfaces were incubated
with 40 pl of (~200 nM; 0.2 mg/ml) streptavidin solution for 10 min
and then washed three times with physiological buffer. The CSO-
DNA switch was then immobilized onto the fiber sensor surface
as described above. Last, the switch-functionalized fiber optic
probe was connected to the optical readout system for continuous
measurements.

Fiber optic measurement and data analysis

Continuous fiber-based measurements of the antibody-switch re-
sponse were performed by measuring the switch response for 5 s
(10 points with 500 ms integration time each) at approximately
30-s intervals. During continuous measurement, the sample con-
centration within the chamber was varied by pipetting samples
with differing cortisol concentration into the chamber at noted
time intervals (samples used were either physiological buffer de-
scribed above containing a final concentration of 0.1% DMSO or
healthy human donor blood spiked with cortisol to contain a
final mixture of 99% blood, ~1% buffer, and >0.1% DMSO).
Samples were injected as two 50-pl injections at each time point
to ensure full replacement of the fluid within the chamber. After
changing the sample within the chamber, the fiber sensor was left
in the new sample with no agitation or flow while recording the
donor and acceptor emission and using Eq. 1 to calculate the cor-
responding FRET ratio. Intermittently (every ~1 hour), the laser
output power was tested and adjusted to maintain ~300 nW. To
correct for the impact of photobleaching, we first performed a 10-
to 15-min photobleaching calibration experiment to extrapolate the
shift in baseline due to photobleaching over our entire measurement
time (fig. S7). We then subtracted the measured FRET ratio from
this predicted FRET baseline to obtain the final “inverted”
(signal-ON as opposed to signal-OFF) plots shown in Fig. 5.

The kinetics of the antibody-switch response were investigated
by first isolating the response of the antibody-switch sensor to all
individual sample injections during measurement. Each sensor re-
sponse from the time of each injection to the time of the next injec-
tion was separated and then normalized in signal from 0 to 1, where
0 was the smallest signal value and 1 was the largest. These data are
shown in fig. S8 (A and B). These normalized data were then fit with
a single exponential as described above for extracting the rate con-
stants of equilibration as a function of final cortisol concentration
during equilibration. These rate constants are plotted in fig. S8C.
The lack of dependence of the rate constant on the final concentra-
tion is consistent with our proposed antibody-switch mechanism,
where both on- and off-switching are limited by the kinetics of
slow dissociation events (Supplementary Discussion 1).

To account for fiber-to-fiber geometry and signal differences
between sensors in replicate experiments (Fig. 5C), we performed
single-point calibration of the FRET ratio. Measurements from
the green and FRET sensor channels were normalized by dividing
the measurements at all time points by the initial reading at f = 0
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min in a buffer. This normalization leads to initial measurement
signals of green = 1, FRET = 1, and FRET ratio = 0.5. After normal-
ization, photobleaching correction was applied as above using the
average photobleaching rate across all replicates. Steady-state
sensor responses for assessing the reproducibility of replicates in
the physiological range (Fig. 5D) were obtained by averaging the
last three measured FRET response values after reaching signal sat-
uration; the solution cortisol concentration was then changed, and
the resulting signal was again averaged across n = 3 sensors. The
steady-state response curve was fitted with the same Hill model as
for the bead-binding experiments (Eq. 3), fixing the ECs, and n
values to match those measured on beads for the same antibody-
switch. The predicted LOD was extracted from these measurements
using the standard definition described above (Eq. 4). For measure-
ments made in 99% human whole blood (Fig. 6), single-point cal-
ibration was performed upon equilibration in unspiked blood to
capture signal intensity variations within the unique optical envi-
ronment of whole blood. No photobleaching correction was
applied here, as the measurement duration was shorter and biofoul-
ing or drift effects were more substantial than the effects of
bleaching.

Supplementary Materials
This PDF file includes:
Supplementary Discussion

Figs. ST to S11

Tables S1 and S2
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