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Abstract

A phenylboronic acid-based, hydrogel-interlayer Radio-Frequency (RF) resonator is demonstrated
as a highly-responsive, passive and wireless sensor for glucose monitoring. Constructs are
composed of unanchored, capacitively-coupled split rings interceded by glucose-responsive
hydrogels. Phenylboronic acid-hydrogels exhibit volumetric and dielectric variations in response
to environmental glucose concentrations—these are efficiently converted to large shifts in the
resonant response of interlayer-RF sensors. These tiny, stretchable and scalable sensors (5 mm x 5
mm x 250 pm) require no microelectronics or power at the sensing node and can be read-out
remotely via near-field coupling. Sensors exhibit high sensitivities (~10% shift in resonant
frequency—corresponding to 50 MHz—per 150 mg/dL of glucose), possess a limit of detection of
10 mg/dL, and a step response time of approximately 1 hour to abrupt shifts in carbohydrate
concentration. Notably, these sensors exhibited no signal drift or hysteresis over the time periods
characterized herein (45 days at room temperature). We transform sensors into bioelectronic RF
reporter-tags via the attachment of a single LED—these remotely report on glucose concentration
via emitted light. We anticipate the non-degradative, long-term nature of both RF read-out and
phenylboronic acid-based hydrogels will enable biosensors capable of long-term, remote read-out
of glucose.
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Introduction

Continuous glucose monitors (CGM) represent the modern start-of-the-art treatment of
diabetic patients. These devices enable the on-demand measurement of the glucose levels,
which can then be accordingly utilized to manage patient blood sugar level. A variety of
glucose sensing biosensors have been reported—these can be generally categorized as
electrochemical (Karyakin et al., 1995; Bandodkar et al., 2018; Martinez et al., 2019),
optical (Hsieh et al., 2004; Barone et al., 2005; Hao et al., 2017), or dielectric (Yilmaz et al.,
2019; Huang et al., 2010) sensors. Modern CGM typically relies on the scavenging of
electrons from glucose via glucose oxidase (for example the Dexcom CGM or FreeStyle
Libre) in electrochemical sensors. These devices are fundamentally limited by the lifetime of
glucose oxidase—while a myriad of strategies have been employed to extend sensor lifetime
(Kausaite--Minkstimiene et al., 2018; Shamsipur et al., 2010; Tseng et al., 2016), glucose
oxidase activity will inevitably degrade over time, and amperometric read-out will
eventually lead to signal drift and reference electrode breakdown.

Phenylboronic acid (PBA) hydrogel-based sensors have recently emerged as a viable
competitor to enzymatic sensors (an example is the recently FDA-approved Eversense long-
term CGM). In contrast to existing CGM that relies on enzymatic activity, PBA-hydrogels
reversibly bind to glucose (as well as other sugar molecules) and subsequently swell or
deswell (Zhang et al., 2013), and this binding is not subject to degradation (Kim et al.,
2018). Thus, it is anticipated that such materials could potentially form the backbone of
next-generation, long-term CGM. Various strategies have been employed to convert the
behavior of PBA-based, glucose-sensitive hydrogels into usable electronic signals. These
include optical (Elsherif et al., 2018; Heo et al., 2011; Gupta et al., 2013), piezoresistive
(Baker et al., 2008; Ciftci et al., 2013), and dielectric Micro-Electro-Mechanical Systems
(MEMS)-based techniques (Huang et al., 2010; Lei et al., 2006). Fluorescence-based
approaches (whose fluorescent intensity will modulate with hydrogel swelling) have so-far
seen the most success /n-vivo (Heo et al., 2011; Shibata et al., 2010). When implanted,
sensors have achieved readout at 5 months (possibly longer). However, these sensors depend
on fluorophores that will bleach with repeated illumination (in addition to reduced signal
over time due to oxidative processes generated during encapsulation or implantation), and
cannot practically be read-out without electronics at the sensing node. This is due to
conflicting optical signals from the environment, fluorophore bleaching when exposed to
sunlight, and more. In practice, complex electronics and heavy encapsulation at the sensing
node are required to achieve consistent readout (Eversense CGM). In addition, these devices
are self-limited by the read-out itself, which will degrade fluorescence over time. In general,
other optical based approaches—including nanostructured strategies—will see similar issues
during implementation in implanted settings (Lee et al., 2004; Xue et al., 2014).

MEMS dielectric sensors present a potentially powerful strategy to transduce signals from
PBA-hydrogels. Passive, wireless MEMS-based sensors are utilized in a number of
commercial medical devices monitoring the pressure of ventricular arteries(Fonseca et al.,
2006) or intraocular pressure (Agarwal et al., 2018). Existing PBA-based MEMS sensors,
however, inefficiently convert the signals from the hydrogel to electrical signals (Lei et al.,
2006; Huang et al., 2013). These additionally require complex, multi-layer microfabrication
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steps, and hydrogels are further encapsulated in mechanically-fixed cavities that prevent the
complete swelling response of the hydrogel. Existing studies on PBA-based wireless MEMS
sensors interconvert the signal from the hydrogel to pressure (PBA-hydrogels are typically
extremely soft), and exhibits minor shifts in resonant frequency (1%) at physiological
concentrations of glucose (Lei et al., 2006).

In this publication, we develop a phenylboronic acid-based, passive and wireless sensor for
remote glucose monitoring by extending the capabilities of hydrogel-interlayer Radio-
Frequency (RF) resonators presented in a recent publication (Tseng et al., 2018). Constructs
are composed of unanchored, capacitively-coupled split rings interceded by glucose-
responsive hydrogels. This forms highly sensitive sensors that can be read out remotely via
inductive coupling with a remote reader/read-out coil. These modernized RF sensors resolve
many issues present with existing remote glucose biosensors—they are fully flexible/
stretchable for integrability into a multitude of environments, can be read out through
opaque mediums, and require no microelectronic components at the sensing node.
Importantly, the sensor read-out is non-degradative as no electrolysis and minimal heat is
generated during RF read-out. This is in contrast to many optical sensors that utilize
degradable transducers, such as fluorescent or colorimetric markers. When combined with
hydrogel polymers that are more robust than enzymes, we anticipate PBA-interlayer RF
sensors could survive in a variety of environments and facilitate continuous glucose read-out
for extended periods of time. Our first generation sensors exhibited zero signal drift and/or
degradation of sensor response over the time periods/storage characterized herein (45 days at
room temperature with read-out at regular intervals).

2. Materials and Methods

2.1 Chemicals

Acrylamide and methylene bisacrylamide (PAM), 3-(Acrylamido)phenylboronic acid
(PBA), Phosphate Buffered Saline (PBS), Ammonium Persulfate (APS) and N,N,N",N"-
Tetramethyl-ethylenediamine (TEMED), D-(+)-Glucose, D-(-)-Fructose all are purchased
from Sigma Aldrich. D-galactose and Lactose are purchased from Fisher Scientific. All
chemicals are used without further modification.

2.2 Fabrication

Resonator patterns were designed using 2D design tools. Metal conductive sheets (aluminum
or titanium foil) were pasted on vinyl, and conductive patterns were created using an
electronic cutter (Silhouette Cameo 3). A known amount of hydrogel precursor solution was
deposited above one half of the resonator (corresponding to the desired hydrogel thickness)
before the second half of the resonator was aligned and set above the hydrogel interlayer.
This gelation proceeded in a 3-dimensional PDMS (SYLGARDTM 184, Silicone Elastomer;
Base: Curing Agent=10:1) mold. After the hydrogel was polymerized at room temperature,
the sensor was demolded in acetone to release it from the vinyl and kept in the Phosphate
Buffered Saline (ionic strength: 35 mM) 1 day before experiments. The schematic
representation of the fabrication technique is included in Suppl. Figure S1.
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2.3 p(PBA-co-AAm) Hydrogel Synthesis

Two stock solution of 20% PAM (composed of 20% w/w acrylamide, and 6% (w/w)
methylene bis acrylamide in DI, Sigma), and 0.32 M PBA in 53.85% ethanol were initially
prepared. Appropriate amounts of the two stock solutions (20% PAM: 0.32 M PBA = 8:9 for
our final hydrogel) were mixed in a microcentrifuge tube, followed by addition of 0.15%
(w/w) APS and 0.5% (v/v) TEMED to synthesize a 23.5% PBA functionalized 4% PAM
hydrogel (p(PBA-co-AAmM)).

2.4 In-Vitro Validation

Resonant responses of the antennas were characterized with a Keysight E5063A network
analyzer using an RF Explorer H-loop antenna attached to the coaxial input. 5mm x 5mm x
250um interlayer structures were placed on a plastic petri dish for measurements. For
characterization, the infiltration/release rate of the sensors, each sensor was exposed to a set
concentration of 200 mg/dL in PBS (35mM ionic strength, pH=7.4). For the average
response, three sets of three sensors were exposed to the respective analyte solution of 200
mg/dL concentration for four hours. For incremental response, the concentration of the
solution was increased nine times by 50 mg/dL (0 to 400 mg/dL), and in each step the sensor
was monitored over three hours. For the repeatability response, sensors were measured after
four hours exposure to 200 mg/dL solution and reset to initial state overnight for 10 trials. In
all experiments solutions were initially mixed via a 5 to 10 second pipetting of a high
concentration glucose dose that would dilute to yield the desired glucose concentration.
Otherwise the solution was stagnant and unagitated. Some basic performance parameters
(including the consistency/repeatability of the response) are presented in the Suppl. Table
S1.

2.5 Glucose RF reporter-tags

For wireless power transfer, a miniVNA Tiny was used as a signal generator, and a 20dB
gain power amplifier was used to amplify the signal. For light intensity measurements, light
illuminance variations were measured in a semi-dark room using a REED R8140 LED Light
Meter for a 2cm x 2cm x 500pm sensor initially operating at 96MHz (generated signal
frequency was 116MHz). To test the response of the sensor circuit, the light illuminance was
monitored while glucose concentration was stepped up by 200 mg/dl. The light intensity
over 10 seconds was averaged every 5 minutes over the experimental duration.

2.6 Exvivo Validation

Chicken and pork were washed in phosphate buffered saline three times over 5 days before
sensors were implanted right under the outer skin. Next, they were exposed to two
concentrations of glucose (0 and 500mg/dL) while measurements were taken remotely by a
network analyzer. For long term studies, sensors were tested for response to a step change of
200 mg/dL glucose over 3 hours at every 3" day. This experiment proceeded over 45 days..

3. Results and Discussion

In this publication, we demonstrate a facile, inexpensive strategy of generating passive and
wireless RF sensors (Tseng et al., 2018) that are highly responsive to shifts in glucose. A
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diagram of the working components of the final sensor is shown in Figure 1a, which consists
of 2 elements, a metal conductor and glucose sensitive hydrogel (although one side of the
sensor is typically affixed to a thin vinyl sheet to facilitate manipulation). A p(PBA-co-
AAmM) hydrogel bilayer intercedes two split ring resonators that are unanchored and free to
move. In brief, PBA-hydrogels operate as follows: at a certain pH range (around 6.5 to 8.5
depending on exact molar chemistry), PBA readily reacts to available hydroxide ions that
convert PBA into more negatively charged molecules. Cis-diols, like sugar molecules, can
then bind with this boronate complex and stabilize its charged form. This binding manifests
as either a 1:1 monobidentate complex that leads to hydrogel swelling, or a 2:1 bis-bidentate
complex that leads to hydrogel contraction (Zhang et al., 2013). PBA-hydrogels generally
behave in one of two ways (Zhang et al., 2013). In the first type, the hydrogel will transition
from swelling to deswelling, and finally swelling again with increasing concentrations of
glucose—this occurs because binding kinetics at moderate concentration favors the
deswelling 2:1 complex, whereas at higher concentrations will transition back to the
swelling 1:1 complex. In the second type, the hydrogel will generally only swell with
increasing glucose. In this publication, we utilize a polyacrylamide-based PBA-hydrogel that
primarily swells with increasing glucose concentration over the typical working range of
glucose sensors (Elsherif et al., 2018; Lin et al., 2010; Siegel et al., 2010; Zhang et al.,
2012). Polyacrylamide forms well-behaved, tunable hydrogels that are generally accepted
for use in biomedical applications (EI-Sherbiny and Yacoub, 2013). Such properties make
them suitable for glucose sensors. Of note for PBA-hydrogels, in glucose-dominated
environments (such as blood), hydrogel swelling becomes directly correlated with glucose
concentrations. In addition, these materials typically require dosing with dexamethasone to
prevent inflammation.

A simplified lumped element model of our RF biosensor is shown in Figure 1b, which can
be approximated as an RLC equivalent circuit. The PBA-based hydrogel swells in the
presence of glucose, which will modulate the thickness of the capacitor formed by coupling
the two split rings. The swelling of the hydrogel in this construct directly couples to the

capacitance of the resonator, and thus its resonant frequency (fy.s = ﬁ). This resonant
N

response of the sensor can then be read out remotely using a vector network analyzer (we
typically use either a benchtop—Keysight—or compact—miniVNA—iterations of these).

In general, analytical RF sensors need to operate at around 1 GHz and below. Operation at
such frequencies facilitates sensor read-out by giving access to portable network analyzers
and UHF RFid readers. In addition, water begins to heavily absorb RF signals at 1 GHz and
above—sensors operating above these frequencies cannot be implanted too deep in tissue.
We were able to obtain electrically-small sensors shown in Figure 1¢ (~5mm x 5mm)
operating at below 1 GHz using simple fabrication steps (Kao et al., 2016; Kim et al., 2016)
and sacrificial release techniques (Tseng et al., 2014) (Suppl. Figure S1). Conductive split
rings were separately patterned using a vinyl cutter, and silanized to facilitate covalent
bonding to metal. Hydrogel precursor of a known volume is drop-cast above one of the split
rings and allowed to gel before the opposing split ring is set above the precursor solution.
Either one or both vinyl backing layers are finally removed from the sample using acetone.
Sensors can be tuned to a wide variety of sizes and operating frequencies by modulating the
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size of the sensor or the thickness of the hydrogel interlayer (Figure 1d and e). Typically,
passive sensors possessing sub-GHz operation require either a large areal footprint,
microfabrication to generate high inductance planar coils, and/or integrated
microelectronics. The low operating frequencies, small size, and inexpensive nature of our
RF sensors were facilitated by both the broad-side coupling of the resonator, as well as to the
high dielectric constant of hydrogel (close to 80). As synthesized, the resonant frequency of
sensors was slightly lower than the frequency after sensors were equilibrated in their final
working solution (PBS, pH=7.4, ionic strength=35 mM), indicative of minor swelling in the
hydrogel during this process (Suppl. Figure S2). We anticipate utilizing this format of
glucose/carbohydrate biosensor in a variety of biofluids (such as saliva, urine, sweat, or
blood), or in unique avenues such as food or culture medium monitoring. Such fluids exhibit
a wide variety of ionic strengths, from low (0 mM in many drinks), to moderate (~20 mM in
sweat, urine, or saliva), to high (~150 mM in blood). For the purposes of this publication, we
chose to optimize our sensors at a moderate ionic strength (~35 mM). This is above the ionic
strength of many relevant fluids that could be monitored, but below that of blood. We
studied the magnitude read-out of our sensors while operating at this ionic strength versus
that of solutions similar to blood (Suppl. Figure S3). Our sensors generally exhibited a
magnitude of ~5.5 dB at our test conditions of 35 mM, and exhibit a minor drop to ~3 dB at
150 mM—the resonant frequency of the sensors remains readable at both these conditions.
While the read-out of sensor resonant frequency remains adequate at higher ionic strength
solutions, the reduced quality factor (Q) of the sensor indicates that it would be more
difficult to resolve very small shifts in glucose. If extremely high sensitivities are required,
we anticipate that the utilization of modern approaches in materials science (i.e.
encapsulation/integration with salt suppressing hydrogels such as polyacrylic acid (Zhu et
al., 2019) or chitosan (Sapna et al., 2019)), or electromagnetic amplification (via exceptional
points of degeneracy) (Kazemi et al., 2019), will dramatically improve sensor sensitivities.

We ran a series of studies to optimize the performance of our sensor. This occurred both by
directly studying the swelling of a PBA hydrogel block, as well as tracking sensor behavior
for different sizes and thicknesses of the hydrogel interlayer. Mass transport of glucose into
our sensor was improved by removing vinyl backing layers and introducing bypass holes
into metal conductors (Suppl. Figure S4). Our data additionally revealed that the smaller (5
mm x 5 mm) and thinner (250 pm) hydrogel interlayers can swell much faster than their
larger (1 cm x 1 cm) and thicker (500 pm) counterparts (Suppl. Figure S5). These results
indicate that hydrogel structural rearrangement is the limiting factor for sensor response
time, and further reducing of hydrogel volume will yield quicker and more responsive
sensors. The swelling of the hydrogel dependeds on the pH of the environment, with
hydrogel swelling exhibiting an optimal sensitivity at around pH 7 to 7.5 (Suppl. Figure S6).
Percent mass of the polymer similarly has an effect on the swelling—we found that lower
percent mass of the polymer will exhibit enhanced swelling, however, these will require
slightly more time to saturate (Suppl. Figure S7). In this case, we believe the lower elastic
modulus of the lower percent mass polymer enables a more responsive sensor. While sensors
could potentially be further tuned, we settled on 5 mm x 5 mm sensors with a 250 um thick
interlayer of 4% polyacrylamide. These sensors exhibited adequate response times and
resonant shifts (Suppl. Figure S8) for measurement of hourly oscillations in glucose at room
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temperature. This response rate will vary with temperature, and response times ~4 to 5 fold
faster have been found at elevated temperatures (37° C) as opposed to room temperature
(Tierney et al., 2009).

For glucose, association constants with boronate complexes have been measured to be
extremely fast with k,,;=.6 M1 s71 and ko = .13 M~1 571 (Ni et al., 2012). In addition, the
diffusion speed of glucose into hydrogel has been estimated at close to 10 s for 100 um-thick
hydrogels (Ben-Moshe et al., 2006). Both of these are significantly faster than the response
time of most synthesized hydrogels. In general, it appears the thickness/density of the
hydrogel limits the response time of sensors (which was found and documented in our
studies). For example, 1 to 5 mm thick hydrogels have been reported to exhibit very slow
response times of 400 minutes and greater (Matsumoto et al., 2004). The thickness of our
hydrogels (250 to 400 um) are similar with recently published work on optical diffusers
based on PBA hydrogels (Elsherif et al., 2018)—these exhibited similar response times to
our sensors (60 minutes). Ultrathin hydrogel films on the micrometer scale (and using a
similar hydrogel formulation of acrylamide-PBA) exhibited 5 minute response times (Zhang
et al., 2012). Thinner and lower density hydrogels lead to more rapid response times. In the
future, we anticipate utilizing much thinner hydrogel films to obtain higher sensitivities and
quicker response times.

We studied the response of our sensors to a variety of carbohydrates purported to induce
changes in the osmotic swelling of phenylboronic acid-based hydrogels, including glucose,
galactose, fructose, and lactose (Figure 2 and Suppl. Figure S9). We first analyzed the
temporal response of sensors to a relatively large shock in carbohydrate concentration of 200
mg/dL of respective carbohydrates (Figure 2d—f). All sensors reached within 80% of their
final response within approximately 1 hour, which is satisfactory for measuring hourly
oscillations in glucose (these sensors will respond slower or faster depending on
environmental temperature). The response time of our sensors was found to be 56 minutes
for 50 mg/dL, 63 minutes for 200 mg/dL, 70 minutes for 200 mg/dL, and 85 minutes for 500
mg/dL of glucose. While the sensor’s response to galactose and fructose would smoothly
saturate to its final value, we found that the sensor response to glucose would often exhibit a
minor initial overshoot of its final response, indicating some additional complexity in the
kinetics of the osmotic swelling of our p(PBA-co-Aam) in glucose. Additionally, we found
that while glucose would release from the hydrogel relatively quickly, galactose exhibited a
much slower release, and a percentage of fructose remained permanently trapped in the PBA
hydrogel (this would be later confirmed in the response of our sensors to repeated stimuli).
In general, we believe the ability of our sensors to continuously and readily resolve the
kinetics of hydrogel swelling may additionally be utilized to optimize and/or screen for
novel polymer combinations.

Next, we performed a test on the average response of a triplicate set of sensors produced
from a single batch using the same exact conditions (polymer concentrations, infiltrated
volume, etc.). Note that we found that there was minor batch-to-batch variation in the
response of sensors. This is due to the difficulty in controlling the exact polymer
concentration and polymerization conditions between different batches in an academic
setting that utilizes small volumes and imperfect environmental conditions. Nevertheless, we
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found sensors built from the same batch to exhibit consistent resonant peaks and shifts in
various carbohydrates (Figure 2g—i). As with literature, we found that swelling exhibited an
ordering that followed published results, where fructose>galactose>glucose>lactose.
(Nguyen et al., 2012; Xu et al., 2019) Lactose exhibited very minor shifts in resonant
frequency that were difficult to measure (Suppl. Figure S9).

Furthermore, we performed studies on the step and repeatability response of our sensors to
glucose, galactose, and fructose (Figure 2j—0). The step responses clearly indicate the
primary response shift in resonance frequency occurs within around an hour and remains
constant after thisafterwards. For the repeatability esperiment, the sensor response to glucose
and galactose at 200 mg/dL was repeatable and indicated no retention of carbohydrate in the
hydrogel—note that in these repeat studies 1 day was given for samples to rest that allowed
the galactose to fully exit the hydrogel. The sensor baseline shifted in fructose, however,
indicating that a percent of fructose becomes permanently complexed to the phenylboronic
acids in the gel. This fixed percent appears constant for extended repeated stimuli at this
initial stimulation concentration. Additionally, the suitability of the sensor to track glucose
in glucose dominated environments (such as in interstitial fluids whose glucose
concentration is 130 mg/dL and fructose concentration is 0.1 mg/dL) was studied in an
interference experiment (Suppl. Figure S10).

Next, we perform an analysis of the sensitivity of the sensors extracted from the resonant
frequency and magnitude response in various concentrations of glucose, galactose, and
fructose (Figure 3a—c). Sensors exhibited initial linearity in frequency shift with respect to
concentration shifts, possessing rates of 304 KHz/(mg/dL), 540 KHz/(mg/dL), and 2.804
MHz/(mg/dL) for glucose, galactose, and fructose respectively (Figure 3d—f). These shifts in
resonant frequency mute somewhat at higher carbohydrate concentrations (above 150 mg/dL
for glucose). We also found that the magnitude of the sensor response was additionally
indicative of carbohydrate concentration, with resonant response to glucose, galactose, and
fructose all exhibiting initially improved Q with increasing carbohydrate concentration
(Figure 3g—-i and Suppl. Figure. S9). This is somewhat counterintuitive because a swollen
interlayer implies a greater presence of water and salt that would increase the dielectric loss
of the hydrogel (this ends up being true for fructose that swells heavily). However, the
formation of the boronate-carbohydrate complexes seems to suppress mobile ion
concentration during moderate swelling, thus in fact increasing the Q of the resonator during
swelling. This is suggestive that further manipulation in the hydrogel chemical composition
may be a simple route to improve the resonant behavior of the sensor. As a special note, as
shown in Figure 3i, the Q the resonator response to high fructose concentrations does
eventually reduce—it appears that for fructose the exceptionally heavy swelling of the
sensor (increasing the interlayer thickness significantly and reducing sensor magnitude)
becomes the dominant response over the suppression of mobile ions.

We next created facile light-up RFid sensor-circuits that could report on environmental
glucose concentration through the intensity of light. This was executed by utilizing context-
dependent wireless power transfer via inductive coupling between an active source and our
glucose-dependent, passive LC resonator (Figure 4a). Wireless power is initially coupled
into our RF sensor with a single LED attached across the ends of a single split ring (Figure
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4b). The frequency of this power is tuned to be above the resonant frequency of the sensor so
that as the sensor swells and shifts to a higher frequency due to the presence of glucose, the
transmitted power will more efficiently transfer into the circuit. This type of scheme can be
read-out through transparent or partially transparent layers (in this case pig skin). As shown
in Figure 4c, LED illuminance can be readily visualized through thin biological constructs.
Additionally, LED illuminance correlated strongly with the resonant behavior of the sensor
(Figure 4d). As the sensor responds to a step concentration of glucose (500 mg/dL), the
illuminance of our sensor-circuit increases linearly before nearing saturation at the 1 hour
mark (as is the response time of these sensors at room temperature). This scheme simplifies
the read-out of these sensors—a benchtop or portable vector network analyzer is no longer
required to read-out sensors, rather a simple power amplifier circuit and camera (for
example on a cellphone) can be used to determine glucose concentration. We anticipate that,
in this vein, our passive and wireless sensors can be utilized as a powerful component with a
myriad of bioelectronic systems and schemes.

We performed a small set of preliminary studies seeking to display the utility of our sensors,
and its potential to be utilized in implantable settings (such as alongside biological
components, Figure 5a). We first attempted to verify that our sensor could be read when
implanted alongside or within biological constructs. Such structures possess complex
moieties (such as fats, protein, water, and muscle) that could potentially absorb or scatter
Radio-Frequency signals and disrupt sensor read-out. In general, however, biological
constructs possess minimal absorbance in the MHz frequency range (Barba and d’Amore,
2012; Vollmer, 2003), and it should be expected that these electrically-small sensors could
be read-out without issues. We implanted sensors ex-vivo below the skin of a chicken and
pig meat and tested the read-out of our sensors (25 mm? and 100 mm?) to step concentration
increases of 500 mg/dL of glucose (Figure 5b and Suppl. Figure S11). This scenario is
meant to mimic the measurement of glucose in interstitial fluid right below the outer layer of
skin (and similar to the FreeStyle Libre or Eversense CGM). Sensors behaved similar to /n-
vitro settings, with smaller sensors exhibiting a much faster response (nearly saturating
within 1 hour), while larger 100 mm? sensors took significantly longer to respond fully (3
hours).

Lastly, we performed preliminary studies on the potential of this strategy for long-term
readout of glucose (Figure 5c). Phenylboronic acid hydrogels can potentially be used for
continuous and long-term glucose sensing, but the read-out must be non-destructive to truly
obtain long-term sensing. RF read-out generates no destructive electrolysis, and the minimal
heat generated during read-out pulses can be readily buffered by the aqueous environment of
these sensors. In this case, the only potential failure mechanism is delamination between
metal and hydrogel that can be prevented by silanization treatment of the surface (Yuk et al.,
2016). We tested the average response of two sensors exposed to a step of 200 mg/dL
glucose concentration. Similar to repeat studies, the sensors response to glucose infiltration
and release over 45 days shows consistent reversibility of the sensors without any issues—no
delamination of the structure or no retention of glucose in the hydrogel. Importantly, we
noticed little to no signal or response drift past the initial week (potentially caused by
residual monomer that eventually leached from the hydrogel), indicating that this technique
can potentially be used for calibration free, long-term sensing of glucose.
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4. Conclusions

We have demonstrated a highly-responsive and inexpensive, passive and wireless RF sensor
for continuous glucose monitoring. We obtained electrically-small glucose biosensors (~5
mm x 5 mm) operating in sub-GHz regime by using the broad-side coupling of interlayer-
RF resonators and high dielectric constant of PBA hydrogel (~80). We believe the
combination of non-destructive read-out of RF sensors and robust response of PBA
hydrogels may create long-lasting, remote glucose sensors. This is supported by the fact that
our sensors exhibited no signal or response drift over characterized time periods (45 days).
We anticipate the PBA-hydrogel interlayer can be tuned in thickness or composition to
improve sensor response time and sensitivity at physiological conditions. Such passive and
wireless sensors could potentially be placed in diverse settings without worry of
microelectronic failure/leakage.
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Highlights
New, highly-responsive passive and wireless sensor for continuous glucose monitoring

Tiny glucose biosensor (5 mm x 5 mm x 250 um) can be readout remotely with any
microelectronics at the sensing node

Biosensors exhibits high sensitivities (~10% shift in resonant frequency—corresponding
to 50 MHz—per 150 mg/dL of glucose), and a limit of detection of 10 mg/dL.

No signal drift or hysteresis over the multiple low-high glucose cycles and time periods
characterized herein (45 days at room temperature), and exhibits a response time of 60
minutes to step shifts in glucose.

Resonators are transformed into glucose-sensing RF reporter tags that light up with
increasing glucose concentration.
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Figure 1. PBA hydrogel-interlayer RF resonators.
(a) Schematic of glucose binding with Phenylboronic acid (PBA) (top). Schematic of the

broad-side coupled, split-ring resonator interceded by p(PBA-co-AAm) hydrogel interlayer
(bottom). Glucose binding with PBA makes the hydrogel to swell. This modulation in the
thickness of the interlayer, in turn, changes the capacitance of the resonator. (b) Simplified
RLC circuit model for the interlayer-RF sensor and its remote readout system. Change in
capacitance will be reflected in the change of the resonant frequency of the sensor. (c) Tiny,
passive sensors were fabricated using a cheap and simple fabrication technique that requires
no microfabrication. Scale bar is 5 mm. (d-e) Tunable operating frequency by facile scaling
of the size of the structure and thickness of the interlayer hydrogel (N=6, standard deviation
(SD)=9.3 MHz).
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Figure 2. In-vitro response of phenylboronic acid-based hydrogel-interlayer sensors due to shifts

in carbohydrate concentration.

(a)-(c) Schematic of glucose, galactose, and fructose chemical structure. (d)-(f) Temporal
response of infiltration and release of glucose, galactose and fructose sensors. (g)-(i)
Average (N=3) response of glucose, galactose and fructose sensors. (j)-(I) Incremental step
response of glucose, galactose and fructose sensors (m)-(0) Repeatability response of sensor
to glucose, galactose and fructose (200 mg/dL).
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Figure 3. Extraction of sensor sensitivity from resonant frequency and magnitude.
(a)-(c) Un-normalized spectral response of PBA-interlayer sensors to glucose, galactose, and

fructose. (d)-(f) Extracted percentage shift in the resonant frequency of sensors as a function
of increasing concentration of glucose, galactose, and fructose (N=3, SD=2.07 MHz, 3.65
MHz and 11.85 MHz respectively). (g)-(i) Extracted magnitude shift in sensor response to
increasing concentration of glucose, galactose and fructose (N=3, SD=0.2 dB, 0.45 dB and
1.2 dB respectively). Note that sensor response was measured in triplicate for their response
to the initial four concentrations, before a single sensor was selected to complete the
experiment.
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Figure 4. Facile glucose RF reporter-tags based around glucose-dependent wireless power
transfer.

(a) Boronic acid-interlayer sensors are modified into glucose-monitoring RF tags via the
attachment of a single LED. These tags can then be activated remotely via glucose-
dependent power transfer from an active source to the RF tag via inductive coupling. (b)
Schematic representation of the shifting of the resonant frequency of the sensor in the
presence of glucose to the generating signal frequency. The more efficient power transfer to
RFid sensor-circuit (due to increased glucose concentration) will increase the intensity of
light emitted from the LED. (c) Ex-vivo glucose monitoring aided by wireless power
transfer to an implanted RFid LED sensor under pig skin. (d) RF tags report on glucose
concentration via intensity of light emitted from the LED (N=2, SD = 0.6 Ix).
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Figure 5. Ex-vivo implementations and behavior of hydrogel-interlayer sensor platforms.
(a) Schematic of an RF sensor implanted below the skin for continuous and long-term,

passive and wireless reporting of interstitial glucose level. (b) Ex-vivo (within chicken meat)
response of 25 mm? (i) and 100 mm? (ii) sensors to a set glucose concentration (500 mg/
dL). (c) Long term (45 days at room temperature) non-degradative RF readout of the glucose
sensor (N=2, SD =5 MHz) exhibiting no signal drift/hysteresis and/or no retention of
glucose in the hydrogel.
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