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Bioresorbable, Wireless, Passive Sensors as Temporary
Implants for Monitoring Regional Body Temperature

Di Lu, Ying Yan, Raudel Avila, Irawati Kandela, Iwona Stepien, Min-Ho Seo, Wubin Bai,
Quansan Yang, Chenhang Li, Chad R. Haney, Emily A. Waters, Matthew R. MacEwan,
Yonggang Huang, Wilson Z. Ray, and John A. Rogers*

Measurements of regional internal body temperatures can yield important
information in the diagnosis of immune response-related anomalies, for
precisely managing the effects of hyperthermia and hypothermia therapies
and monitoring other transient body processes such as those associated with
wound healing. Current approaches rely on permanent implants that require
extraction surgeries after the measurements are no longer needed. Emerging
classes of bioresorbable sensors eliminate the requirements for extraction, but
their use of percutaneous wires for data acquisition leads to risks for infection
at the suture site. As an alternative, a battery-free, wireless implantable device
is reported here, which is constructed entirely with bioresorbable materials for
monitoring regional internal body temperatures over clinically relevant
timeframes. Ultimately, these devices disappear completely in the body
through natural processes. In vivo demonstrations indicate stable operation
as subcutaneous and intracranial implants in rat models for up to 4 days.
Potential applications include monitoring of healing cascades associated with
surgical wounds, recovery processes following internal injuries, and the

progression of thermal therapies for various conditions.

Core body temperature is one of the most essential and com-
monly used indicators of health status in clinical practice. Be-
cause rates of heat dissipation from tissues depend on spatial lo-
cation, regional body temperatures (RBTS) vary from the dermis

to the corel!l as well as from organ to
organ,?l and even within a given organ.’!
Accurate evaluations of internal RBTs have
strong potential in the context of diagnos-
tic and therapeutic opportunities that can-
not be addressed by contact or infrared
thermometers for oral, rectal, or epider-
mal measurements. For example, in the ab-
sence of a corresponding increase in core
body temperature, a rise in local tempera-
ture by 2—4 °C around the site of a surgical
process typically indicates the development
of an infection.! Temperatures in the in-
tracranial space that increase significantly
above normal values (>1 °C) after a trau-
matic injury correlate strongly to increased
rates of mortality.’] In the context of re-
gional hyperthermia and hypothermia ther-
apies for certain types of cancer, depression
and nerve injuries,[®l accurate measure-
ments of temperature can guide selection
of parameters for optimized outcomes. As
most of the medical conditions highlighted
above are temporary, the use of permanent implants as sensing
devices!”—currently the only means to monitor temperatures in-
side the body—is nonideal. Prolonged exposure of the surround-
ing tissues to such sensors increases risks of infection and other
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complications, while removal of the devices after they are no
longer needed demands a secondary extraction surgery, adding
cost, pain and various risks to the patient.[®*]

A recently developed design strategy that overcomes such
challenges involves construction of temperature sensors using
bioresorbable materials.'®13] Such bioresorbable devices, as
a subset of a broader technology characterized as physically
“transient,” function in a stable fashion over a time that matches
the medical need, and then dissolve completely in surround-
ing biofluids to yield benign products through hydrolysis or
biochemical decomposition. This process eliminates risks
of long-term exposure as well as the need for an extraction
surgery. Examples of such types of devices include those for
electrical sensing of intracranial pressure and temperature,®!
of electrophysiological signals for electroencephalographic and
electrocardiographic mapping,[>!*! for electrical stimulation as
a form of neuroregenerative therapy,!'*! and for optoelectronic
tracking of chemical concentrations and temperature changes.[1!
A primary disadvantage of bioresorbable RBT sensors follows
from their requirement for wires to transmit information to
external readout systems:['®! percutaneous wires can serve as
niduses of infection,!’”] they are prone to mechanical failure,!®]
and they physically constrain movements of the patient.

Wireless, bioresorbable RBT sensors are attractive in this
context. Digital wireless schemes such as those based on near-
field communication protocols and Bluetooth standards rely,
however, on nonresorbable integrated circuits.l®] Alternative
analog wireless transmission techniques that use amplitude-
or frequency-modulated radios require active components. All
such schemes demand the use of batteries!’ or harvesting
systems!®1>2% for power supply, thereby adding complexity
to the system designs and the implantation procedures. As a
result, wireless bioresorbable sensors that exploit passive LC-
resonance circuits are of interest, where parameters to be sensed
induce changes the capacitance C of a responsive element that
forms part of the circuit.2?2l Such LC-resonance circuits have,
however, two intrinsic features that frustrate use for measure-
ments of RBT. 1) Typical bioresorbable temperature sensors
rely on temperature-dependent resistances (thermistors) or volt-
ages (thermocouples), with fixed capacitance, while capacitive
temperature sensors use nonresorbable materials.)l 2) The
responses of bioresorbable sensors tend to drift with timescales
of minutes to hours to days due to material degradation and/or
water permeation, thereby causing difficulties in accurate track-
ing of parameters, such as temperature, that change over similar
timescales. Certain wireless sensors reported in the literature,
specifically those that respond to pressure, also have some level
of temperature dependence in their operation.l??] This character-
istic could, in principle, form the basis of a temperature sensor.
In practice, however, optimizing the response and decoupling
the effects of temperature from other parameters are difficult,
particularly for applications in RBT sensing.

Here we present materials, fabrication processes, device de-
signs and performance characteristics, along with in vitro and
in vivo demonstrations, of a wireless, fully bioresorbable, LC-
resonance-based passive temperature sensor with a detection
range >2 cm, a precision (random noise level) of <0.05 °C, an
accuracy (error compared to a standard thermometer) of 0.5 °C,
and a drift (long-term changes of the result) of +0.5 °C un-
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der physiological conditions. A key design feature is the use of
polyethylene glycol (PEG), a polymer that exhibits a strong tem-
perature dependent dielectric constant near body temperatures
(34-42 °C), in a parallel plate capacitor. A layer of natural wax
serves as a water barrier encapsulant to suppress drift, for stable
operation for up to 6 days in buffer solutions and 4 days when im-
planted in rat models. Demonstration experiments involve con-
tinuous, real-time monitoring of subcutaneous and intracranial
temperatures in these animals, with quantitative comparisons to
measurements using nonresorbable standards.

The temperature dependence of the dielectric constant (e,) of
PEG arises from the gradual “freezing” of rotational degrees of
freedom of the PEG molecules below their melting point. Such
freezing decreases the ability of PEG to screen electric fields
by rotation of hydroxyl groups along the polymer backbone,?*!
thereby reducing ¢, in this temperature range. An analytical ex-
pression that phenomenologically describes €,(T) is the Curie—
Weiss formulal®! (Figure S1, Supporting Information; theoreti-
cal models for the dielectric constant of PEG do not exist, to the
best of our knowledge)

Tm_ TC

6r=65+(61—£S)T_—TC

(T<T,) (1)

where ¢, and ¢, are the dielectric constants of the solid phase at
low temperature and the liquid phase at the melting temperature,
while T, and T, are the melting temperature and effective Curie
temperature determined by the molecular weight M,, of PEG, re-
spectively. Defining the measurement range from the melting
temperature to the temperature when e, decreases 90%, where
the drastic €, change happens, gives Tc + 10(T,, — Tc) < T <
T,,. For experiments reported here, M,, = 1500, corresponding
to T,, = 47.2 °C and T = 48.8 °C (Figure S1, Supporting Infor-
mation), suitable for measurements across a physiological range
(3442 °C; Figure 1a). Note that €, shows negligible dependence
on frequency for the range of interest (10-1000 MHz; Figure S2,
Supporting Information). Using PEG as the dielectric in a par-
allel plate capacitor yields a structure with capacitance, C, that
depends strongly on temperature, as a capacitive signal for an LC-
resonance-based passive sensor (Figure 1D, inset). The low loss
tangent of PEG in this temperature range (<0.1; Figure 1a) leads
to negligible leakage currents, which allows high-quality factors
Q = 20, and therefore narrow peaks for precise determination
of the resonance frequency. Connecting C to an inductor (induc-
tance L, resistance R) forms an LC circuit (Figure 1b,c) that res-
onates ata frequency f. = 1/2x1/LC = f,(T). Near-field magnetic
coupling of L to a readout coil L, enables remote sensing of f,
through measurements of the impedance Z as a function of fre-
quency facross L, (Figure 1b,c). A plot of Re Z versus f manifests
as a peak around f;. Fitting these measurements to the following
functional form deduced from the equivalent circuit (Figure 1c)
yields the resonance frequency of the sensor!2]

Kf?

ReZ = 3
1+ Q*(f/f. - £i/f)

(2)

where other fitting parameters are quality factor Q = 4/L/C/R,
and coupling constant K= 472> M? /R (M is the mutual inductance
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Figure 1. Sensing mechanism for bioresorbable, passive, wireless temperature sensors. a) Dielectric constant and loss tangent of PEG (M,, = 1500)
as a function of temperature. b) Schematic illustration of wireless sensing based on an implanted LC-resonance-based sensor coupled to an external
readout coil; inset, schematic illustration of the structure of a PEG-filled parallel plate capacitor. c) Equivalent circuit of (b). d) Flowchart for the signal

conversion process.

between L and L;). The value of K affects only the amplitude,
but not the shape of the resonance, suggesting that determin-
ing f; is robust against the distance and angle between the sen-
sor and the coil. Measuring f, for a series of known temperatures
yields f;(T), and a conversion from f; to T (Figure 1d). Continu-
ous monitoring of f; also naturally yields temporal variations in
temperature.

Figure 2a—d schematically illustrates the structure of the sen-
sor and the assembly process. Laser cutting a 100 pm thick mag-
nesium foil yields a six-turn, 1.2 cm diameter coil that connects
to the bottom electrode of the capacitor (4 mm diameter). Sand-
wiching an ~50 pm thick PEG layer between the bottom elec-
trode and a corresponding top electrode (Mg, 100 pm) while us-
ing structures of poly-r-lactic acid (PLA, 50 pm) as spacers forms
a capacitor (Experimental Section; Figure 2d). Cutting four holes
at the end of the coil, and guiding an electrical lead to the top elec-
trode through the holes forms a “twisted” connection. Fixing the
connection with conductive wax (tungsten—wax mixture, Experi-
mental Section; Figure 2b,c) mechanically strengthens the joint.
Subsequent encapsulation by poly-lactic-co-glycolic acid (PLGA,
10 pm) and a wax-based water barrier layer completes the fabrica-
tion (Experimental Section; Figure 2d). The resonance frequency
changes with temperature in the expected way. The shape of the
curve agrees well with simulated results based on the dielectric
constants for PEG (Figure 2e,f). More than 20 fabricated sensors
show similar dependence of resonance frequency on tempera-
ture, as a validation of the reliability of the design. The calibration
function f,(T) also agrees with simulation, with little temperature
hysteresis (Figure 2g). Fitting the calibration function with the
Curie-Weiss formula converts f; to T, and comparing the tem-
perature measured by the wireless sensor to that of a standard
technique defines the accuracy of the sensor (0.5 °C; Figure S3,
Supporting Information).
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An important performance parameter associated with such de-
vices is the operating range. Increasing the vertical distance, or
separation z, reduces the signal strength in terms of Re Z (Fig-
ure 3a,b), which also increases noise-induced uncertainties in
measurements of temperature (converted from the error of f; us-
ing the calibration function), as characterized by the standard de-
viation of repetitive measurements (Figure 3c). Defining the de-
tection range as the distance between the sensor and the readout
coil when the precision is +0.05 °C at 37 °C determines the ver-
tical operating range of the sensor described in Figure 2 (outer
diameter OD = 12 mm) as 1.2 cm (Figure 3c). This operating
range applies across a large range of axial angles (<30°, Figure 3d;
Figure S4, Supporting Information). Such phenomena can be ex-
plained in terms of the magnitude of Re Z, which mainly depends
on the mutual inductance M between the sensor and the readout
coil, and therefore their relative position. Finite element analysis
for their magnetic coupling strongly supports this explanation—
the simulated decay of the signal strength with increasing relative
distance and axial angle (Figure 3e,f; Figure S5, Supporting In-
formation) closely resembles the experimental data (Figure 3b,d).
Simulation also suggests that changing the geometry of the coils,
here the diameter as an example, affects the magnetic coupling
and therefore strongly influences the operating range of the sen-
sor (Figure 3f). Specifically, increasing OD from 12 to 16 mm
(Figure S6, Supporting Information) increases the range from
~1.2 to ~2.2 cm, while decreasing OD to 8 mm yields a miniatur-
ized sensor but with a range of only 0.6 cm, as also confirmed
experimentally (Figure 3d).

Encapsulating the sensor with a material such as natural
wax(?’l forms an effective water barrier for stable operation. The
weak inflammatory responses of natural wax materials after im-
plantation represent evidence of their biocompatibility.?8! Two
critical parameters control the accuracy of the measurement — the
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Figure 2. Fabrication and basic characterization of the temperature sensors. a) Schematic illustration of a sensor showing the spiral coil inductor and
the PEG-based capacitor. b) Exploded schematic illustration of the structure of the sensor. C-wax, conductive wax. c) Detailed structure of the “twisted”
electrical connection between the top electrode and the coil. d) Steps for fabricating a temperature sensor. e) Measured shifts of the LC-resonance peak
of a sensor as a function of temperature r. f) Simulation results for the resonance peaks under conditions similar to those of the experiments in frame

(e). g) Measured and simulated calibration curves f, (T).

baseline value of the resonant frequency (f; at 37 °C) and the sen-
sitivity (df;/dT at 37 °C). In phosphate buffered saline (PBS, at
37°C), both the baseline and the sensitivity of sensors coated with
500 pm thick wax are stable from Day 1 to Day 6 (Figure 4a,b):
the drift of the baseline and the sensitivity are within +0.5 °C,

Adv. Healthcare Mater. 2020, 9, 2000942

2000942 (4 of 11)

and +2%, respectively. After Day 6, the baseline drifts down and
the sensitivity drifts up, likely due to water permeation. The large
dielectric constant of water in this frequency range (~80) may
increase the parasitic capacitance of the sensor coil, thereby re-
ducing f.. Permeation of water into the PEG lowers its melting
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Figure 3. Measurements and simulations for the detection range of the temperature sensors. a) Schematic illustration of the relative position of the
sensor and the readout coil. b) Signal strength as a function of distance in the vertical configuration (x =y = 0). OD, outer diameter; N, number of
turns. c) Simulated signal strength for (b). d) Measurement precision of the temperature as a function of distance in the vertical configuration for sensor
coils with different dimensions. e) Measurement precision as a function of vertical distance z and horizontal distance x for sensor coils with different

dimensions. f,g) Simulated signal strengths for (d) and (e).

point,[?] to shift the calibration function to the left and to increase
the slope of the f—T curve (Figure 2g). Reducing the thickness of
the wax (200 pm) reduces the stable operation period to 2 d in
37 °C PBS. Sensors with no wax encapsulation drift significantly
within a few minutes in otherwise similar conditions (Figure S7,
Supporting Information).

The metals, polymers and natural wax materials used in these
sensors are all bioresorbable, as confirmed in previous stud-
ies. Magnesium reacts with water to form a soluble hydroxide
(Mg + 2H,0 — Mg(OH), + H,).['!l Tungsten in the conductive
wax oxidizes in water to yield a corresponding soluble acid (2W
+ 2H,0 + 30, —» 2H,WO0,).['!l PLGA and PLA degrade into nu-
tritious compounds—Iactic acid and glycolic acid,'?! while wax
is biocompatible and degrades in vivo.[*} PEG is a nontoxic poly-
mer that dissolves readily in aqueous solutions and is excreted
through natural processes.[*”) Immersing the sensor in PBS at

Adv. Healthcare Mater. 2020, 9, 2000942

2000942 (5 of 11)

37 °C demonstrates the dissolution processes at the device level,
where all components except the wax dissolve after 69 d (Fig-
ure 4c). Removal of the front side of the wax encapsulation high-
lights the internal structure. Full degradation of the wax may
take months or years, given the slow degradation rate (10 pm
per month).[3] Computational tomography (CT: Figure 4d) with
a sensor subcutaneously implanted in the dorsal region reveals
the in vivo dissolution processes. The clearly visible Mg coil be-
gins to degrade gradually over 2 weeks and eventually disappears
on Day 38.

Implanting such sensors in rats allows wireless monitoring
of RBT in real time. Figure 5a,b illustrates the implantation of
a sensor in a subcutaneous pocket of the dorsal region while
the animal is under anesthesia. Wrapping a heating blanket or
a water bag at room temperature around the flank of the ani-
mal induces changes in body temperature. Measurements with

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Operational stability and biodegradability of the temperature sensors. a) Drift of the calibration curves f,(T) in 37 °C PBS. The differences
between the resonance frequencies of different sensors arise mainly from differences in the separation between the bottom and top electrodes in the
capacitors. b) Drift of the baseline (f; at 37 °C) and sensitivity (df,/dT at 37 °C) in 37 °C PBS. c) In vitro biodegradation process in PBS at 37 °C. The front
side of the wax encapsulation is removed to show the internal structure. d) Computational tomography of a test structure subcutaneously implanted in

the dorsal region demonstrating in vivo biodegradation.

the wireless sensor during these procedures yield data that agree
well with those captured using a wired thermocouple inserted
into the same subcutaneous pocket under anesthesia (Figure 5c).
Figure 5d compares the results of measurements with a ther-
mocouple placed on the skin around the implantation area, an
implanted bioresorbable wireless sensor and a rectal probe dur-
ing warming and cooling processes. At equilibrium, correspond-
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ing to the beginning of the experiment, the surface skin temper-
ature is the lowest (=32 °C), the body core temperature is the
highest (%36 °C), and the subcutaneous temperature is in be-
tween (~34 °C), consistent with expected differences.!l'! Despite
its adjacency to the environment, the subcutaneous pocket ex-
hibits temperatures that are robust against changes in the tem-
perature of the surroundings. During changes, the temperature
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Figure 5. In vivo subcutaneous temperature measurements. a) Schematic illustration of the location of the implanted sensor. b) Procedure for im-
planting the sensor. ¢) Subcutaneous temperature measurements using the bioresorbable sensor and a commercial sensor. d) Comparison of the skin
temperature, dorsal subcutaneous temperature measured by the bioresorbable sensor and body core temperature in warming and cooling environments.
e) Drift of the measured subcutaneous temperature in warming and cooling environments.

of the core lags behind the temperature of the subcutaneous
region (Figure 5d). Such phenomena confirm that neither the
temperature of the core nor the skin provides a reliable estima-
tion of RBT of the subcutaneous pocket. The temperature cap-
tured by the wireless sensor is consistent for the first 4 days fol-
lowing implantation, and then drifts to values of >40 °C (Fig-
ure 5e), likely due to material degradation and water permeation
as observed through in vitro tests in PBS. The slightly shorter
lifetime in vivo may be attributed to the influence of enzymes
and other species present in biofluids, or to mechanical effects,
that could accelerate the decomposition of the wax encapsulation
layer.3]

Reductions in the overall size of the sensor are possible
through the use of folded designs for the capacitor, with a coil di-
ameter OD = 8 mm. The result allows insertion into the limited
space between the brain and the inner surface of the skull, where
measurements of the temperature of the brain and surrounding
cerebrospinal fluid are possible (Figure 6a,b). The experiments
involve placing the sensor component of the system in direct
contact with the dura mater through a piece of removed skull
(~4 mm diameter) and inserting a commercial sensor through a
burr hole at an adjacent location (Figure 6¢,d). As might be ex-
pected, temperatures of the core and the skin are different from
those of the brain (Figure Ge). As before, temperature captured
from the wireless sensor is consistent for 4 days (Figure 6f). In
this case, the change of the core temperature during warming
and cooling is larger than that of the brain or the skin, likely be-
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cause heating and cooling occurs on the flank, separated from
the head (Figure 6e).

These bioresorbable passive sensors allow for accurate, wire-
less measurements of local temperatures at targeted regions
inside the body. A defining feature is that the systems consist en-
tirely of bioresorbable materials, configured to allow stable opera-
tion for a clinically relevant period of time, followed ultimately by
complete dissolution into benign and nontoxic products that are
expelled through natural body processes. Passive LC-resonance-
based designs yield simple devices that operate without separate
sources of power supply. Although somewhat larger than wire-
less sensor designs that use concepts in metamaterials,!?}! our
LC-resonance system naturally separates the inductor and the
temperature-sensitive capacitor. The result allows the use of
relatively large inductors for long detection range, compatible
with deep tissue implantation, together with small capacitors for
localized measurements of temperature. The biodegradable PEG
material serves a key role in these devices to convert changes in
temperature into changes in capacitance for wireless measure-
ment via the LC circuit, enabled by the temperature-dependent
dielectric constant of this material. The wax-based water barrier
layers support reliable operation for 4 days in rats, with minimal
drifts in baseline or sensitivity. The thickness of the wax layer de-
fines the lifetime of the sensor. Encapsulation with bioresorbable
inorganic materials that have low water permeation rates offers
the potential to extend the sensor lifetime without increas-
ing the thickness.’2] Such modifications may also extend the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Compact sensors for measurements of temperature in the intracranial space. a) schematic illustration of the structure of the sensor, highlight-
ing the folding of the capacitor. b) Schematic illustration of the implantation location. c) Images that highlight the procedures for implanting the sensor.
d) measurements of brain temperature captured with the bioresorbable sensor and a commercial sensor. €) comparison of the skin temperature, brain
temperature measured by the bioresorbable sensor and body core temperature in warming and cooling environments. f) drift of the measured brain

temperature in warming and cooling environments.

applicability of these sensor from conditions such as acute
wound infection to those that involve long term monitoring
of temperature.[**] The sensors do not affect the healing of
the wounds for the dorsal subcutaneous pocket; some wounds
associated with implants on the head show imperfect healing,
likely due to the mechanical stresses applied on the skin due
to presence of the implants and the rigidity of the skull.34
Reducing the thickness of the encapsulation layer may mitigate
such effects. The physical dimensions of the inductor control
the detection range, where demonstrated values reach 2.2 cm for
inductors with diameters of 16 mm. Use of transmission instead
of reflection geometries may provide a route to improving this
range without increasing the size of the inductor, to facilitate
use in deep tissue regions.®! Even in current designs, in vivo
measurements of temperature in subcutaneous regions and in
the intracranial space demonstrate excellent performance and
quantitative agreement with conventional, permanent wired
based devices. The results suggest broad applications such as
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those in monitoring of infections during recovery from internal
wounds, of the status of the brain after traumatic injury, of the
temperature during in hyperthermia/hypothermia treatments.
Some of the device layouts and materials introduced here may
have additional utility in other types of wireless sensors for
pressure,!??] strain,3°! and electrical potential.[*%!

Experimental Section

Fabrication of the Bioresorbable, Wireless Temperature Sensors:  The fab-
rication began with laser cutting of 100 ym thick Mg foils into spiral coils
and top electrodes, followed by immersion in 20 vol% acetic acid for 5 s
to remove the surface oxide layers. Etching the leads of the top electrodes
in 20 vol% acetic acid for additional 50-60 s reduced their thicknesses to
~10 pm, to facilitate insertion through the holes formed on the spiral coils.
Electrically conductive wax to fix the twisted connection consisted of tung-
sten powder (C10, buffalo tungsten) and candelilla wax (Sigma-Aldrich) in
a weight ratio 15:1.1'3] Techniques based on crimping and other standard
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approaches can be considered as alternatives to this type of twisted con-
nection. Heating the sensor to 60 °C allowed application of liquid PEG (M,,
= 1500, Alfa-Aesar) between the top and bottom electrodes. Adding PLA
(50 pm) spacers between the top and bottom electrodes helped to control
the thickness of the PEG to ~50 pm, where applying a small force on the
top electrodes facilitated even spreading of the liquid PEG layer between
the electrodes. Encapsulation with PLGA (65:35, M,, = 40 000-75 000,
Sigma-Aldrich) at 70 °C sealed the PEG and prevented interdiffusion be-
tween the liquid PEG, conductive wax, and encapsulating wax. Dip-coating
the sensor in a molten mixture of beeswax (refined, Sigma-Aldrich) and
candelilla wax[?’] at a weight ratio 2:3 at 85 °C yielded a uniform, ~100 pm
thick encapsulation layer. Multiple cycles of dipping increased the thick-
ness proportionally. Blowing the fabricated sensor with hot air using a
heat gun softened the wax to eliminate any local defects in the coating,
thereby improving the reproducibility of the sensor lifetime. Each sensor
was calibrated individually before use.

Signal Readout and Temperature Measurements: The readout system
consisted of a single turn coil (Ly; Figure S6, Supporting Information) con-
nected to an Agilent ES062A or an Agilent portable N9923A vector network
analyzer. Setting the network analyzer in reflective mode allowed measure-
ment of the real and imaginary parts of the S-matrix element Sy;. The real
part of the impedance across L, was then deduced from the following
formula

1— (ReSy)* — (ImSyy)?
(1-ReSy))? + (ImSy;)?

ReZ = Z, 3)

where Z; is 50 Q. Sealing the sensors in a plastic chamber (5 cm diam-
eter X 1 cm height, filled with PBS; Figure S8, Supporting Information)
fixed on a programmable hot plate (Torrey Pines HP60) yielded a simple
approximate simulation of a physiological environment. An infrared cam-
era (FLIR) monitored the temperature of the sensor. Using a 0.1°C min~!
temperature ramping rate avoided hysteresis-type artifacts in these in vitro
temperature measurements. Fixing the sensor and the readout coil on a
stage implemented with a micrometer and a goniometer allowed measure-
ment of the dependence on distance and angle (Figure 3b—d). Filling the
PEG samples in a parallel plate capacitor (1cm x 1.cm, 50 pm separation)
and connecting to the same vector network analyzer allowed the measure-
ment of the dielectric constant ¢,. Specifically, converting S;; to Im Z, and
then to the capacitance yielded the dielectric constant

2ImS;;

ImZ = Z
(1= ReSy;)? + (ImSy;)?

*

Finite Element Analysis Simulation: The finite element method was
used in electromagnetic simulations to determine the resonance fre-
quency (f;) change and readout range of the wireless, bioresorbable tem-
perature sensors (OD = 8, 12, and 16 mm; Figure S3, Supporting Infor-
mation) as a consequence of a change in temperature that increases the
matching capacitance in the temperature sensitive PEG capacitor. Each
bioresorbable magnesium (Mg) temperature sensor was paired with a sin-
gle turn copper (Cu) wire readout coil with an OD twice that of the sensor,
e.g., a sensor with an OD = 8 mm worked with a readout coil withan OD =
16 mm as shown in Figure S3 (Supporting Information). The simulations
were performed using the commercial software ANSYS HFSS (ANSYS),
where the lumped port was used to obtain the port impedance Z of the Cu
readout coil with a wire diameter of 0.4 mm. An adaptive mesh (tetrahe-
dron elements), together with a spherical surface as the radiation bound-
ary (1000 mm in radius), was adopted to ensure computational accuracy.
The dielectric constant (¢) , electrical conductivity (¢), and dielectric loss
tangent (6) used in the model are ey = 1, oy = 2.25 X 107 Sm™, Spg =
0 for the magnesium traces; ec, = 1,0¢, = 5.8 X 107 Sm~", 5, = 0 for the
copper wire, ey, = 2.4, Gyay = 0S m™, 8y, = 0.0093 for the wax layer;
and epicp = 4.5, opica =0 S M, Gp ca = 0.006 for the PLGA layer. The
material properties of the PEG dielectric layer are presented in Figure Ta.

In Vivo Biodegradation Study: All procedures associated with the
animal studies followed the recommendations in the Guide for the Care
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and Use of Laboratory Animals of the National Institutes of Health. The
Institutional Animal Care and Use Committee (IACUC) at Northwestern
University approved the protocol (protocol 1IS00005877). Two female rats
(250-350 g, Charles River) were acclimatized up to 5 d before surgery.
Animals were anaesthetized using isoflurane gas (2-4%) during the
implantation surgery. Presurgical preparation such as hair removal on
the surgical area, sterilization of the tools, swabbing the skin surface
area with ethanol and povidone-iodine wipes were completed. Creating
a subcutaneous pocket at the dorsal region allowed the implantation of a
bioresorbable wireless sensor. Coating the Mg coil in the sensor was used
here with a 500 nm thick layer of W improved the contrast in CT images,
while reducing the amount of applied conductive wax minimized the
artifacts due to the scattering of the X-ray from its concentrated tungsten
component.3”] Thinning the wax encapsulation layer to 100 pm also
allowed faster degradation of the sensor.

Implantation of Sensors into the Dorsal and Cerebral Locations of Live An-
imals:  All procedures associated with the animal studies followed the
recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. The Institutional Animal Care
and Use Committee (IACUC) of Washington University in St Louis ap-
proved the protocol (protocol no. 20170189). A male Lewis rat weighing
250-350 g (Charles River) received subcutaneous injections of buprenor-
phine hydrochloride (1.2 mg kg~"; Reckitt Benckiser Healthcare) for pain
management 1 h before the surgical process. The surgical procedures in-
volved anaesthetizing the rat with isoflurane gas inhalation (4% for induc-
tion and 2% for maintenance), holding the head in a stereotaxic frame. Fol-
lowing preparation and sterilization of head and dorsal region, a craniec-
tomy on head or a subcutaneous pocket in the dorsal region was made.
The bioresorbable sensor was implanted on the skull or in the subcuta-
neous pocket. For implantation of sensor on the skull, dental cement (Fu-
sio Liquid Dentin) was applied and cured under ultraviolet light to secure
the implant on the skull. A commercial thermocouple-based temperature
sensor (CT305, Thermco Products) implanted in nearby craniectomy or
the same subcutaneous pocket enabled the evaluation of the accuracy of
RBTs measured by the wireless sensor. Attaching the thermocouple on the
skin and inserting a commercial body temperature sensor (Neulog) into
the rectum allowed direct comparison between RBT, temperature of the
skin and body core temperature. The wireless readout involved placing the
readout coil on top of the head for the intracranial temperature measure-
ment and above the subcutaneous pocket for subcutaneous temperature
measurement. The working distance was ~5 mm.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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