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Active-reset protein sensors enable continuous
in vivo monitoring of inflammation

H. Zargartalebi*?>3, S. Mirzaie3, A. GhavamiNejad!, S. U. Ahmed™*, F. Esmaeili?®, A. Geraili®,
C. D. Flynn?, D. Chang’, J. Das?, A. Abdrabou*®, E. H. Sargent®>>7, S. 0. Kelley">346+

Continuous measurement of proteins in vivo is important for real-time disease management and
prevention. Implantable sensors for monitoring small molecules such as glucose have been available for
more than a decade. However, analysis of proteins remains an unmet need because the lower
physiological levels require that sensors have high affinities, which are linked to long complexation
half-lives (t;,> ~20 hours) and slow equilibration when concentrations decrease. We report active-reset
sensors by use of high-frequency oscillations to accelerate dissociation, which enables regeneration

of the unbound form of the sensor within 1 minute. When implemented within implanted devices, these
sensors allow for real-time, in vivo monitoring of proteins within interstitial fluid. Active-reset protein sensors
track biomarker levels on a physiological timescale for inflammation monitoring in living animals.

he development of wearable and implan-

table sensors for health-related biomarkers

has the potential to revolutionize disease
monitoring and prevention (I, 2). The
ability to continuously measure protein
biomarker concentrations in bodily fluids
would enable the tracking of patients at risk
of acute, rapid deterioration as well as those
managing chronic diseases (3-5). Moreover,
the ever-emerging role of inflammation in all
aspects of human health indicates that real-
time monitoring could be pivotal in prevent-
ing many major health issues, including heart
disease (6), diabetes (7), and even depression (8).
Previously reported body-interfaced (wear-
able or implantable) sensors are mainly re-
stricted to monitoring of small molecules, such
as electrolytes (9, 10), drugs (11-13), neurotrans-
mitters (14-16), hormones (17-19), and me-
tabolites (20-22). Continuous, in vivo protein
monitoring has remained a substantial chal-
lenge given that many sensing strategies re-
quire reagents or reporter groups that are
incompatible with the development of self-
contained sensing devices for use on or inside
the human body. Although progress is being
made in the area of reagentless protein-sensing
systems (23, 24), existing systems remain in-
compatible with dynamic measurements of
proteins in vivo. The detection of the low lev-
els of proteins present in physiological media
requires the use of affinity receptors, such as
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antibodies and aptamers. These have long dis-
sociation times that prohibit real-time track-
ing of decreasing protein levels (I, 25-27). For
example, affinity receptors that exhibit disso-
ciation constant (K;) values of 1 nM may have
dissociation rates of 10° s and complexation
half-lives of ~20 hours. Slow dissociation Kkinet-
ics impede the ability of sensors to dynamically
respond to and report on changes in protein
levels. Although previous studies have explored
tracking protein biomarker levels in vivo, includ-
ing in excreted fluids such as sweat (26, 28-30),
real-time monitoring of changes in live ani-
mals has remained an unmet need.

Biomolecular analysis approach

We reasoned that the wait time for passive
complex dissociation to occur underlies the
slowness of sensor response, but that an active
approach, in which an external stimulus was
applied to force dissociation, could break through
this bottleneck. A reagentless molecular pen-
dulum (31-33) that uses a tethered DNA sensor
construct for temporally differentiated Faradaic
readout (Fig. 1A) was used as the starting point
for the development of an implantable sensor
for continuous protein monitoring (Fig. 1B).
This construct consists of a rigid, electrode-
bound double-stranded DNA scaffold with a
terminal ferrocene molecule (e~ donor) and
protein aptamer sequence. Aptamers were
selected as receptors in this system owing to
their programmable interactions, small phys-
ical size, high stability, and long shelf life, mak-
ing them ideal candidates for highly sensitive
and selective in vivo protein monitoring (34-37).
The application of +500 mV (versus silver) draws
DNA to the electrode, where ferrocene is oxi-
dized. Protein detection occurs by observing
delayed oxidation due to hydrodynamic drag
that affects electron-transfer rates. The pen-
dulum sensing approach has previously been
used for reagentless protein monitoring in situ
(31-33) but, given the slow timescale of passive
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This sensing approach is reagentless be-
cause it does not require the addition of re-
porter groups or other additives and is therefore
suited for the development of implantable pro-
tein sensing devices (Fig. 1C). The aptamer por-
tion of the sensor is a modular element that
can be substituted to allow the development of
constructs for different protein analytes. High
levels of sensitivity and specificity for a range
of analytes can be achieved in simulated inter-
stitial fluid (ISF) by using this approach (figs.
S1 to S4) that match the requirements of phys-
iological monitoring. However, the high-affinity
receptors that are used to achieve the needed
levels of sensitivity are associated with long
dissociation times, which requires the devel-
opment of an active-reset mechanism to ensure
that sensors can report on both increases and
decreases in concentration.

Development of sensor reset approach for
continuous protein measurements

When a protein interacts with the aptamer-
based receptor, the rate of electron transfer
between the sensor-appended redox label and
the electrode surface is slowed because of the
altered hydrodynamic drag for molecular pen-
dulum methodology. This electron-transfer de-
lay manifests as a decrease in current decay in
chronoamperometry (Fig. 2A), allowing for the
correlation of the change in current at a given
time point (AI) with protein concentration. The
measurement of sensor response when three
aptamers with varying dissociation constants
(aptamer sequences and sources are provided
in table S1) for a model analyte [myeloperoxidase
(MPO)] of 27 nM (low affinity), 2 nM (mod-
erate affinity), and 160 pM (high affinity) are
used (27) illustrates the need for an active-
reset mechanism (Fig. 2B). When a protein-
containing solution was substituted with buffer
(passive reset), the signal changes observed
among aptamers were 70% (low affinity), 30%
(medium affinity), and 5% (high affinity) after
30 min of incubation. Despite the lack of pro-
tein target in solution, the sensor with picomo-
lar affinity to the protein was unable to report
on this pronounced concentration change.
Although programming receptors for higher
dissociation rates is one method of reducing
dissociation times, this approach may adversely
affect receptor sensitivity and selectivity. We
instead present a more active form of analyte
dissociation and sensor reset by using an
oscillation-based approach. We hypothesized
that by inducing rapid oscillation of the sensor
through changes in potential and applied electric
field, the drag and inertial forces induced might
cause the target protein to rapidly dissociate
when concentrations dropped below K. As
shown in Fig. 2C, applying +0.3 V at 95 Hz re-
sets the sensor in <1 min, as confirmed with
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Fig. 1. Active-reset sensors for continuous protein monitoring in vivo.

(A) (Left) Schematic of microdevice inserted into skin. The device delivers ISF to
the working electrode (WE), reference electrode (RE), and counter electrode
(CE) upon insertion into the skin. (Middle) Aptamer-based molecular pendulum
sensors enable reagentless analysis of protein biomarkers (1, > 1;). (Right)
Potential-mediated oscillation enables active reset of sensors. Application of

an alternating potential results in oscillation of the molecular pendulum

electrochemical analysis. Quartz crystal micro-
balance (QCM) measurements validated this
reset, with frequency difference (Af) values after
the reset matching phosphate-buffered saline
(PBS)-only values, which indicates complete
analyte displacement (Fig. 2D and fig. S5). Nega-
tive alternating potentials have no significant
effect on the bound signal (fig. S6). The reset
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cytokine monitoring.

methodology is versatile for aptamers with var-
ious affinities by adjusting voltage and frequency
(fig. S7), with multiple reset cycles feasible with-
out significant degradation (figs. S8 to S12). The
extent of reset or dissociation can be controlled
by varying voltage and frequency (Fig. 2E). There
is also a strong correlation between aptamer
affinity and the reset parameters, highlighting
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constructs and subsequent release of target proteins. (B) The oscillatory-
based sensor reset method enables continuous monitoring of increasing

and decreasing protein levels. (C) Microdevice design and application. (i) Electrode-
integrated microdevice and internal features. (ii) Design of the capillary-based
microdevice along with subcomponents needed for in vivo monitoring. (iii)
Schematic of the implanted sensor mounted on a rat for real-time, in vivo

the method’s adaptability for different aptamer-
target complexes (Fig. 2F).

Using this sensor reset approach, we chal-
lenged the platform to monitor MPO for more
than 700 min, with concentrations from 10 pg/ml
to 1 ng/ml (Fig. 2G). These studies indicated a
high level of reproducibility as determined
through statistical analysis of separate data
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Fig. 2. Active-reset sensor development. (A) Chronoamperometry was used
for the detection of target proteins that slow electron-transfer kinetics upon
binding. (B) Measurement of a model protein (MPO) at a concentration of

200 pg/ml by using aptamers with Ky of 27 nM, 2 nM, and 160 pM (sequences
and sources of aptamers are available in table S1). (C) Oscillation-based reset
of the sensor for high-affinity MPO aptamer sensor in <1 min. (D) Confirmation of
protein dissociation by use of QCM measurements. (E) Dependence of level

of sensor reset on voltage and frequency applied. (F) Reset percentage based on
frequency and applied voltage level for the MPO aptamers with low, medium,
and high affinities. (G) In vitro continuous measurements by using a MPO
aptamer sensor with 10 pg/ml to 1000 pg/ml concentrations in a 12+ hour

experiment. (H) Active reset applied to structure-switching electrochemical
aptamer-based (EAB) sensors specific for doxorubicin, with square wave
voltammetry used as the detection method. (I) Active reset applied to antibody-
based molecular pendulum biosensor specific to IL-6. Statistical analysis was
performed for the last five signal points of each concentration, which represents
the statistically significant difference between various concentrations [P values
are indicated with stars: **P < 0.01, ***P < 0.001, ****P < 0.0001; two-sided,
two-sample t tests and analysis of variance (ANOVA)]. In (A) to (C) and (D), the
current data and Al are normalized by their maximum value in the bound state.
The time values in (E) are normalized with the maximum oscillation time for each
case. All experiments were reproduced with n > 3 replicates.
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Fig. 3. MD simulations of oscillation-based reset. (A) MD analysis of an
aptamer-protein complex in the absence and presence of oscillation. (i and

i) Computed number of interactions between aptamer and protein in the

(i) absence and (i) presence of oscillation. (i) SASA of P2 aptamer in the
complex state. (iv) RMSF values of P2 aptamer in the complex state. (v and vi)

points collected at the same concentration. This
dataset also demonstrates the effectiveness of
the active-reset approach when tracking increas-
ing and decreasing concentrations.

We also investigated the universality of the
method by applying the active-reset method-
ology to various target molecules of different
sizes, sensing approaches, and receptor types
(Fig. 2, H and I, and figs. S13 and S14/). The
results confirmed that the active-reset method-
ology is applicable to a wide range of sensors
that use either aptamers or antibodies as re-
ceptor elements. This approach successfully
targeted a variety of analytes, including small
molecules such as serotonin, peptide-based hor-
mones such as insulin, and larger proteins such
as MPO.

To investigate the potential mechanisms that
drive complex dissociation and sensor reset
(Fig. 3A), we used molecular dynamics (MD)
simulations to monitor the structural details
of the aptamer-protein interaction and how
oscillating potentials can affect complexation
(Fig. 3B and figs. S15 to S21). We report in Fig.
3A, i and ii, on the quantity of noncovalent
interactions between the aptamer and protein
for scenarios with and without oscillation,
with hydrogen bonding being the dominant
mode of interaction.

The 100-ns simulation shows a decrease in
average hydrogen bonds from 21.5 to 16.9 with
oscillations (fig. S15). The solvent accessible sur-

Zargartalebi et al., Science 386, 1146-1153 (2024)

face area (SASA) of the aptamer increases sig-
nificantly under oscillation (Fig. 34, iii), which
indicates greater exposure to water molecules,
which may compete for protein binding. Root
mean square fluctuation (RMSF) values in Fig. 3A,
iv, reveal amplified fluctuations in the protein-
binding domain (residues 55 to 117). There is
an increased hydrogen bonding between water
and protein/P2 (Fig. 3A, v and vi), which sug-
gests improved solvation and reduced aptamer-
protein interaction. The simulations indicate
that rapid oscillation destabilizes the protein-
bound sensor complex because of drag, inertial
forces, and increased water collisions. Compar-
isons of high-energy (higher frequency/voltage)
and low-energy (lower frequency/voltage) sys-
tems (figs. S22 to S25) further align with ob-
served experimental behavior.

To further understand the relation of drag and
inertial forces on the sensor reset performance,
we oscillated the sensor in a solution with sig-
nificantly increased viscosity (fig. S26). The
higher viscosity leads to an increase in the drag
force and a decrease in the inertial force as the
sensor’s angular displacement decreases during
oscillation. By decreasing frequency and con-
sequently increasing the inertial force, levels of
reset increased (fig. S26). These experiments,
combined with the observations of the MD sim-
ulations, indicate that the mechanism of sensor
reset involves a variety of molecular forces im-
parted by the potential-induced oscillations.

6 December 2024

Hydrogen bond number between (v) protein and water molecules and (vi) P2
aptamer and water molecules. Ave, average. (B) Schematic showing proposed
mechanism of oscillation-
potential oscillates the sensor, which leads to breakage of noncovalent
interactions and subsequent protein release.

based sensor reset. Application of an alternating

Microdevices for electrochemical
measurements in vivo

To test active-reset sensors for the intended ap-
plication of continuous protein monitoring, an
implantable device contacting dermal ISF was
developed for electrochemical testing. ISF has
emerged as a key biofluid for biomolecular anal-
ysis owing to its minimally invasive sampling,
rapid equilibration with surrounding tissues,
and high compositional correlation with blood
(38, 39). However, despite its advantages, ISF has
not gained widespread adoption in clinical ap-
plications because of its complex extraction meth-
odologies and small volumes available for ex vivo
analysis (40, 41). An alternative approach to ISF
monitoring involves direct, in situ analysis of in-
terstitial analytes by using sensor-integrated
microneedles or microdevices that can be adapted
to various form factors (22, 42).

We fabricated a microscale enclosure for wire-
based electrodes that featured three channels for
working, reference, and counter electrodes and
a main central channel featuring three inlets
within the tip of the device that are internally
connected for ISF flow (Fig. 4A and fig. S28).
ISF enters the microdevice through capillary
flow through the inlets owing to its hydro7-
philicity and the overall design of the channels
(figs. S28 and S29). Electrodes are embedded
within the device, which ensures that the func-
tionalized electrodes are protected during skin
insertion (figs. S29 and S30).
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Fig. 4. Implantable sensor architecture, fluid dynamics, and biocompatibility.
(A) Schematic of fabricated microneedle. (B) Microneedle microscopy images
showing (i) the microneedle side, (i) the printed inlet features, and (iii) the
microneedle tip. Scale bars, (i and ii) 500 um and (iii) 50 um. (C) lllustration of ISF
flowing into the microneedle through capillary force. (D) Computational fluid
dynamic (CFD) simulation of the ISF flow when the dermis pressure is at its
minimum (-4 mmHg) and requires <5 ms to fill the needle. (Inset) A
fluorescence microscopy image of the filled microneedle. Scale bar, 300 um.
(E) CFD simulation of the protein concentration change. The average protein level
in the microneedle is calculated over time when the concentration in the
microneedle is lower or higher than in the dermis layer. This causes the proteins
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to diffuse into or out of the microneedle and equilibrate in <20 min. Conc.,
concentration. (F) Implanted microdevice. (i) The device mounted with housing
for dermal implant. (i) Administration of the sensing platforms on rat dorsal skin.
(i) Indentation caused by the microneedle penetration. (iv) H&E-stained tissue
section of the rat after microneedle penetration, illustrating the extent of
penetration. (G) H&E-stained sections of healthy rat organs with and without
administration of the microdevice, indicating excellent biocompatibility of the device.
Scale bar, 500 pm. (H) Quantitative polymerase chain reaction results

of a comprehensive panel of 66 genes spanning crucial inflammatory
pathways that were systematically investigated to discern any potential
activation of inflammatory pathways.
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Fig. 5. Continuous monitoring of IL-6 and TNF-« in diabetic rats. (A and
B) Real-time monitoring of IL-6 and TNF-a for about 6 hours for the biological
target concentration range of 10 to 500 pg/ml. The statistical analysis was
performed for the last five signal points of each concentration, which represents
the statistically significant difference between various concentrations (P values
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6 December 2024

are indicated with stars: ***P < 0,001 and ****P < 0.0001; two-sided, two-
sample t tests and ANOVA). The statistical nonsignificant differences are not
shown. (C) Impact of fasting on proinflammatory cytokines. Fasting enhances
autophagy, increases production of adiponectin and ghrelin, reduces ROS,

and lowers immune cell activity. This combination leads to the down-regulation
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of IL-6 and TNF-c. (D) Design of the animal study: longitudinal microdevice
administration on diabetic rats and blood/ISF collection. Diabetic rats underwent
fasting for 6 hours, and the levels of IL-6 and TNF-o were measured every
20 min during the experiment. Different animals underwent fasting alone, fasting +
insulin injection at 20 min, and fasting + LPS injection at 220 min. (E) Results

The Young’s modulus of the printed needle
is 3.1 GPa, which is sufficient for skin puncture
(22). The ISF inlets were designed to be small
enough to ensure sufficient capillary force for
the collection of ISF and large enough to prevent
blockage during insertion and measurement
(Fig. 4B) (43). Fluid movement in the dermis
follows a descending hydrostatic gradient, from
positive capillary pressure (10.5 to 22.5 mmHg)
to negative dermal pressure (-1 to —4 mmHg).
To assess device performance, fluid flow was
simulated assuming the worst-case dermal pres-
sure of -4 mm Hg (Fig. 4C). The simulation shows
that ISF fills the device within 5 ms, ensuring
rapid immersion of electrodes (Fig. 4D). Fluores-
cent microscopy confirmed the complete filling of
inner channels with fluorescent ISF (Fig. 4D,
inset). Velocity profiles and pressure changes
during filling are detailed in fig. S31. Controlled
ISF flow is essential for consistent electrode wet-
ting and repeatable sensing, so the device was
designed with a 90° expansion acting as a capil-
lary stop valve (fig. S32). Biocompatibility tests
showed minimal cytotoxicity and minor changes
in cell viability after 48 hours (fig. S33).

Protein concentration in microdevices changes
because of diffusion and reaches equilibrium
with exterior ISF over time. A concentration shift
from 1000 to 500 pM takes about 20 min (Fig.
4E and fig. S34).

In the in vivo study, the microdevice with in-
tegrated electrodes was implanted into the rat’s
dorsal skin. Hematoxylin and eosin (H&E) stain-
ing of the puncture site confirmed successful
penetration through the epidermis and inser-
tion into the dermal layer (Fig. 4F). To evaluate
systemic toxicity, we isolated vital organs (heart,
liver, lungs, and kidneys) and performed H&E
staining to assess immune cell infiltration after
administration. No meaningful differences
or histological abnormalities were found be-
tween tissues from control rats and those im-
planted with microdevices (Fig. 4G).

We also assessed whether the microdevice or
its oscillations triggered localized inflammation
by analyzing more than 60 genes related to in-
flammatory pathways, including adhesion mol-
ecules, tumor necorsis factor (TNF) receptors,
and prostaglandin metabolism. No significant
changes in gene expression were observed in
skin tissues from control, preoscillation, and
postoscillation groups (Fig. 4H).

Continuous protein monitoring of
inflammatory markers in diabetic rats

In the diabetic population, the inflammatory
cytokines interleukin-6 (IL-6) and TNF-o are

Zargartalebi et al., Science 386, 1146-1153 (2024)

known to be markers of vascular inflammation,
which is a leading cause of morbidity and mor-
tality for these patients (44, 45). Methods that
monitor inflammatory biomarkers would en-
able management of chronic diseases such as
diabetes and could be used as a means to con-
trol complications. We therefore used these two
cytokines as a test case for continuous protein
monitoring in a rat model of diabetes. Sensors
were developed and characterized for IL-6 and
TNF-a (figs. S1 to S3). High-affinity aptamers
were used for both analytes that enabled the
realization of pg/ml detection limits (46, 47),
which corresponds to the physiological levels of
these proteins (fig. S35 and table SI). The sensor
reset strategy was effective with both sensors
for >350 min, as shown in the experiments de-
scribed in Fig. 5, A and B, and fig. S36, which
were performed in simulated ISF in vitro.

In rats with diabetes, proinflammatory cyto-
kine levels are elevated compared with those in
healthy rats owing to hyperglycemia-induced
cytokine release (48). Diabetes is characterized
by impaired insulin secretion and sensitivity,
which is exacerbated by oxidative stress, endo-
plasmic reticulum stress, pancreatic amyloid
deposition, and ectopic lipid accumulation, all
of which can trigger or worsen inflammation
(44, 45). In type 1 diabetes mellitus (T1IDM),
inflammation in pancreatic islets (insulitis)
progressively destroys insulin-producing 3 cells,
which results in lifelong insulin dependence for
affected individuals, often children or adoles-
cents. Fasting can reduce inflammation by down-
regulating cytokines, improving metabolic health,
and enhancing glucose and insulin control. This
includes inducing autophagy, increasing adipo-
nectin and ghrelin, and decreasing reactive
oxygen species (ROS) and immune cell activity
(Fig. 5C). We conducted an animal study to
directly observe inflammation in diabetic rats,
using IL-6 and TNF-a as inflammatory mark-
ers, and investigated the effects of insulin and
lipopolysaccharide (LPS) injection (Fig. 5D).
We assessed sensor biofouling with and with-
out bovine serum albumin (fig. S37) and found
no significant difference. All in vivo measure-
ments included a negative control to monitor
sensor drift and biofouling.

Using implanted sensors, we measured I1L-6
and TNF-o in ISF every 20 min in diabetic rats’
dorsal skin (Fig. 5E and fig. S38). We collected
blood samples every 40 min for enzyme-linked
immunosorbent assay (ELISA) confirmation.
We also extracted dermal ISF every 40 min with
a hydrogel microneedle patch and measured
cytokine levels with ELISA (fig. S39). IL-6 in
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of the animal study. IL-6 and TNF-a levels were measured over time in ISF by
using the electrochemical platform for the fasting-only model, fasting + insulin
model, and fasting + LPS model. The results were compared with ELISA
measurement in ISF (extracted hydrogel microneedle patch) and in serum. All
experiments were reproduced with n > 3 replicates. Ctrl, control.

fasting diabetic rats decreased from ~520 pg/ml
to ~190 pg/ml (Fig. 5E). Insulin-injected rats
showed a temporary inflammatory response at
60 min owing to tissue trauma but then displayed
an I1-6 decrease similar to that of untreated rats.
Similar trends were observed for TNF-o (Fig. 5E).

LPS injection triggers an immune response,
which causes proinflammatory cytokine release
(41). We tested the microdevice’s ability to moni-
tor cytokine changes under fasting and LPS in-
jection conditions (Fig. 5E). Comparing sensors
with and without active reset shows that active
reset effectively tracks sharp changes in protein
level (fig. S40).

The cytokine levels measured with the micro-
device align with offline ELISA results gener-
ated with ISF, and we observed consistent trends
between electrochemical and ELISA measure-
ments for ISF and serum (Fig. 5E). Bland-Altman
analysis confirmed agreement between in vivo
and offline ELISA measurements (fig. S41).

Different rates of cytokine level changes were
observed in fasting-only, fasting + insulin, and
fasting + LPS rats, with insulin accelerating cyto-
kine reduction and LPS exacerbating inflamma-
tion (figs. S42 to S44). These findings validate
the active-reset sensor’s capability to track in-
flammatory biomarkers in vivo.

Conclusions

We developed an approach that enables real-
time, continuous monitoring of protein bio-
markers in ISF. Whereas previous efforts in
wearable and implantable sensors have focused
primarily on small molecules, this device offers a
solution for protein biomarker analysis, which
overcomes the limitations of slow dissociation
times associated with affinity receptors. By using
oscillation-based active sensor reset and reagent-
less molecular pendulum technology, this device
facilitates real-time measurements with high
sensitivity and specificity. The active sensor reset
mechanism facilitates return to the unbound
state within 1 min, which allows for continuous
protein monitoring. The versatility of this plat-
form is demonstrated by using a wide range of
sensor architectures for the successful measure-
ment of various protein and molecule biomark-
ers with different sizes and affinities, including
cytokines, in an animal model of diabetes.
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