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ABSTRACT: Bioresorbable passive resonance sensors based on induc- Bijoresorbable bone
tor capacitor (LC) circuits provide an auspicious sensing technology for fixation plate
temporary battery-free implant applications due to their simplicity, wireless
readout, and the ability to be eventually metabolized by the body. In this
study, the fabrication and performance of various LC circuit-based sensors
are investigated to provide a comprehensive view on di erent material
options and fabrication methods. The study is divided into sections that
address di erent sensor constituents, including bioresorbable polymer and
bioactive glass substrates, dissolvable metallic conductors, and atomic layer
deposited (ALD) water barrier Ims on polymeric substrates. The
manufactured devices included a polymer-based pressure sensor that
remained pressure responsive for 10 days in aqueous conditions, the rst
wirelessly readable bioactive glass-based resonance sensor for monitoring
the complex permittivity of its surroundings, and a solenoidal coil-based compression sensor built onto a polymeric bone xation
screw. The ndings together with the envisioned orthopedic applications provide a reference point for future studies related to
bioresorbable passive resonance sensors.

KEYWORDS: transient electronics, biodegradable sensor, bioresorbable, resonance sensor, wireless, orthopedics
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1. INTRODUCTION curve. This can be detected by estimating the frequency of the
maximum or minimum value of the curve (depending on
whether the resonance curve is a peak or a dip, respectively). A
review by Huang et al. discusses the operational principle and
state-of-the-art of these sensors in more detail.”

A typical resonance sensor consists of a planar or solenoidal
inductor coil connected to an interdigital or parallel-plate
capacitor, which is often used as the sensing element. In
addition, the sensors comprise a certain resistance (R) and
may contain separate resistive components, which is why the
term RLC circuit is sometimes used. Passive resonance sensors
enable a variety of measurement applications, including but not
limited to pressure, strain, pH, temperature, and biochemical
sensing.’

Bioresorbable sensors are, by de nition, only suitable for
short-term applications. For example, after an open reduction
and internal xation (ORIF) of broken bones, the sensors
could be added into the xation devices to temporarily

Implantable sensors have been used for research purposes as
part of orthopedic xation devices for decades, but their
clinical usage has remained scarce. The early smart implant
systems utilized percutaneous wires for power and data
transfer, but the wires are known to increase infection risks
and may constrain the device usage to hospital surround-
ings." ® One approach for wireless sensor systems involves
inductively coupled passive resonance sensors, which essen-
tially consist of a parallel circuit of an inductor (L) coil and a
capacitor (C). Such sensors operate without batteries, which
reduces their size and complexity, thus making them easier to
integrate into orthopedic implants.* As a recent approach,
sensors made from bioresorbable materials are designed to
operate for a de ned time under physiological conditions, after
which they degrade into nontoxic substances that can be
eliminated from the body.>®

The operational principle of the sensors is based on
inductive coupling between the LC circuit and a reader coil, - - —
whereupon a resonance curve is created at a given frequency Received:  April 20, 2020
range. The resonance curve may form a peak or a dip, Accepted:  June 22, 2020
depending on whether the real part of the impedance or the Published: June 22, 2020
phase of the impedance is measured, respectively. Typically,
the capacitance or inductance of the sensor changes in
response to a measured variable, which shifts the resonance

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c07278
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Figure 1. (a) Architecture of the wireless bioresorbable Mg pressure sensors, whose initial resonance frequencies in air are presented later in Table
1. (b) Examples of the pressure response of the sensor in air before immersion and in Sorensen bu er solution after 1 and 10 days of immersion.
(c) Measured pressure sensitivities of the sensor immersed in Sorensen bu er. (d) Drifting of the pressure sensor resonance frequency under
immersion without applied pressure. (e) Water uptake properties of PDTEC. (f) Measurement setup for all the mechanical tests, where the three-
point bending of the PDTEC samples was performed under immersion at +37 °C. (g) Flexural moduli of the immersed PDTEC samples. The
initial, day O dry value was measured at +21 °C. (h) Flexural stress strain curves of PDTEC as tested under immersion at various time points. (i)
Stress relaxation behavior of PDTEC in aqueous conditions under a static 2 mm displacement.

monitor parameters like temperature for early signs of
infection, intratissue pressure for cues of acute compartment
syndrome, or strain to measure the sti ness of the fracture
callus or to personalize tendon rehabilitation processes.*® °
Furthermore, intraoperative load sensors have provided
improved results in total knee replacements by guiding the
surgeon toward correct knee loading.** Similar sensor-guided
operations could be performed with smart implants where a
bioresorbable sensor would be integrated into the orthopedic
implant. These kinds of applications could reduce unnecessary
patient discomfort and facilitate massive savings by detecting
adverse events early or by reducing revision surgeries and
expensive imaging procedures.**?

One of the main challenges in bioresorbable sensors is their
fabrication. In many cases, the bioresorbable substrates are
incompatible with conventional microfabrication processes like
electrodeposition, photolithography, and etching.**** The
process steps may involve spin-coating materials with organic

31149

solvents, baking at high temperatures, or immersing the
substrates into electrodeposition solutions or lift-o chemicals.
The associated conditions may damage the substrates or
already prepared functional layers, which complicates the
assembly of bioresorbable sensors.

The aim of this study is to provide an overall materials
perspective on bioresorbable passive resonance sensors by
discussing di erent material options, fabrication methods, and
sensor architectures. The experimental novelty of the work lies
in two original sensors, new material combinations and
discussion of in vitro testing methods. Furthermore, an
improved version of a previously published pressure sensor is
utilized to discuss the e ect of polymer substrates on the
sensor performance as well as to compare physical vapor
deposited (PVD) magnesium (Mg) and zinc (Zn) conductors.
The novel sensor architectures include the rst bioactive glass-
based wireless resonance sensor and a molybdenum (Mo)
wire-based compression sensor with a solenoidal design. The

https://dx.doi.org/10.1021/acsami.0c07278
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performance of the devices is demonstrated with wireless
sensor measurements, on top of which the material properties
of the components are evaluated in simulated physiological
conditions. Finally, the water barrier materials are addressed by
evaluating atomic layer deposited (ALD) encapsulation Ims,
which are deposited on bioresorbable polymer substrates. In
addition to the experimental results, several potential
orthopedic applications are suggested for wireless bioresorb-
able sensors.

2. RESULTS AND DISCUSSION

2.1. Bioresorbable Polymer-Based Pressure Sensors.
Bioresorbable wireless pressure sensors reported so far are
mostly based on polymeric substrates.>*> *® This is rational
because bioresorbable polymeric bone xation plates have
been used for decades especially in pediatric patients, where
permanent xation might hinder bone growth.®* Thus,
fabricating the sensors directly onto the orthopedic plates
o ers one simple possibility for integrating the sensors onto
the implants. In this study, the material attributes of a recently
reported polymer-based bioresorbable pressure sensor'® were
adjusted regarding the adhesive layers and Mg conductor
patterns. This section involves testing these Mg pressure
sensors and characterizing the water uptake and exural
properties of the substrate material in simulated physiological
conditions.

The Mg pressure sensors were fabricated by attaching two
poly(desaminotyrosyl tyrosine ethyl ester carbonate)
(PDTEC) substrates (430 m) with e-beam evaporated Mg
conductor patterns (7.5 m) onto a holed spacer by using
molten polycaprolactone (PCL) Ims ( 15 m) as an
adhesive (Figure 1a). The working principle of the sensor is
based on variable capacitors formed by the Mg electrodes on
the substrates; as pressure is increased, the electrodes bend
toward each other in the two cavities that are con ned by the
substrates and the holes in the spacer. This increases the
capacitance of the LC circuit, which is detected as a shifting
resonance peak (or decreased resonance frequency) as
illustrated earlier.’® In this study, the adhesive PCL layer
that attaches the substrates into the spacer was about twice as
thick than in the previous version. This was assumed to
increase the functional lifetime of the pressure sensor because
in the anterior publication the substrates were noticed to
detach from the spacer during immersion. In addition, the
evaporation masks were now fabricated from laser-cut metal
sheets instead of 3D-printed polymers that were used in the
earlier study."® The masks were redesigned to remove excessive
Mg from around the coils to reduce possible stray capacitances.

In this study, the sensor remained readable and responded
to pressure changes under immersion in the Sorensen bu er
solution for 10 days, after which the resonance peak ( 101
MHZz) was largely attenuated and the test was terminated. The
Sorensen bu er was chosen to reliably compare the sensor
behavior with our previously reported pressure sensor, which
had failed during the rst 24 h of immersion.*® In addition, a
similar sensor was now immersed in Minimum Essential
Medium (MEM) to more accurately simulate the contents of
physiological solutions.?® The sensor was readable in MEM for
up to 12 days. Thereafter, the detection of the resonance
frequency ( 88 MHz) was not reliable anymore due to
resonance peak attenuation, which increased the uncertainty in
estimating the resonance frequency. The attenuation was
caused by the corroding Mg conductors, which increased the

electrical resistance in the circuit. Furthermore, the increasing
resistance may decrease the resonance frequency.”* The e ects
of the resistance on the resonance frequency are often
neglected in conventional applications where the resistances
are diminutive, but should be taken into account in
biodegradable devices where the resistances and their changes
can be more signi cant.

Bacterial growth was noticed as a Im on top of the MEM
solution upon test termination after 14 days, which may
potentially have accelerated Mg corrosion via acidi cation.”
As discussed later in section 2.3, the di erences in the
simulated physiological conditions have a signi cant impact on
the metal corrosion. On the other hand, the contamination
risks and increased complexity of the test setups advocate for
using simpler bu er solutions than cell culture media in sensor
measurements, where the conductors are encapsulated. This is
because the encapsulation layers diminish the e ect of proteins
and other nonpermeable substances on the metal corrosion.

The initial resonance frequencies of the immersed sensors in
Sorensen and MEM were 101.89 MHz (106.57 MHz in air)
and 92.76 MHz (98.67 MHz in air), respectively. The
resonance frequencies decreased during the rst 12 h (Figure
1d), caused by the capacitance increase due to water di usion
into the PDTEC substrates. Thereafter, the resonance
frequency of the sensor started to rise, which is earlier
shown to result from the outward bending of the substrates.'®
This could have been caused by relaxation or swelling of the
substrates or possibly by hydrogen gas generation arising from
the corrosion of Mg.?® Furthermore, the corrosion increased
the resistance of the conductors, which can be considered as
one of the factors that contribute to the drifting. The small
amount of water that di used into the polymer matrix could
have slowly initiated the dissolution of Mg, possibly explaining
why no clear corrosion was noticed after 24 h of immersion.*
The materials testing revealed that the water uptake of PDTEC
was 2.5 wt % after 12 h, in contrast to the nal equilibrium
state of 3.0 wt % after a few days (Figure 1e). The water uptake
remained at the same level during the rest of the 100 days test
period, which is consistent with the reported slow degradation
rate of PDTEC.?®

The pressure response measurements (Figure 1b) showed
that the initial sensitivity of the nonimmersed sensor was
around 7 kHz/mmHg, which is in the same range compared
to the previously reported set of sensors.’® The pressure
sensitivity of the sensor was noticed to drift as a function of
immersion time (Figure 1c). In comparison, the bioresorbable
LC circuit-based pressure sensor of Luo et al. showed also
slight sensitivity drifts under immersion, but the changes were
much smaller.” The three-point bending test showed only a
modest increasing trend in the exural Young's modulus of
PDTEC during the rst week, as tested under aqueous
conditions at 37 °C (Figure 1f,g). Thus, the changes in the
mechanical properties of PDTEC do not explain the nonlinear
sensitivity drifting. Instead, the drifting was likely attributed to
structural changes between the substrates and the adhesive
PCL layers, possibly due to hydrogen generation inside the
sensor. It can be concluded that the di used water caused
changes in the dielectric properties of the capacitors,
dimensional changes in the substrate, and corrosion of the
conductors, all of which are undesirable regarding sensor
stability. The drifting of the sensor would require frequent
calibration in practical implant applications. Thereby, we
suggest that in this kind of sensor architecture the water

https://dx.doi.org/10.1021/acsami.0c07278
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Figure 2. (a) A simpli ed lumped element model and (b) schematic structure of the bioactive glass-based resonance sensor. (c) lllustration of the
resonance peaks at varying reading distances. (d) E ect of reading distance onto the resonance frequency (44 MHz). The results are presented
relative to the reading distance of 1 mm and given as mean + standard deviation (n = 100). (¢) An envisioned application of the sensor as a sensor-
containing bone graft disc shown in a cadaveric porcine tibia. (f) Relative resonance frequency behavior of a parylene-coated sensor embedded in
di erent media, where the mean of 200 measurements in deionized water (di-H,O) has been set as the zero point. (g) E ect of increasing NaCl
content in the resonance frequency of the coated sensor embedded in di-H,0O.

di usion into the polymer matrix should be ideally fully
prevented during the functional lifetime of the sensor,
regardless of the degradation rate of the conductor material.
This could be achieved for example with an appropriate
bioresorbable encapsulation layer.

The PDTEC samples tested in dry conditions exhibited
increased exural strength compared to the wet samples
(Figure 1h). While dry samples maintained the same stress
values beyond the yield point, the immersed samples showed
strain softening. The stress needed to ex the PDTEC samples
to a constant displacement of 2 mm under aqueous conditions
decreased signi cantly within 3 h of testing (Figure 1i). The
stress relaxation behavior could be of signi cance in
applications where the pressure is static. In addition to the
mechanical properties, the response of human broblasts to
compression-molded PDTEC discs was evaluated (Figure S1,
Supporting Information), indicating that their biocompatibility
was at least comparable to, if not better than, that of poly-L/D-
lactide 96L/4D (PLDLA 96/4) discs or untreated polystyrene
well plates.

Possible applications for bioresorbable pressure sensors
include detecting adverse conditions during or after the

surgery. For example, craniosynostosis is a malformation of
an infant’s skull caused by premature ossi cation of cranial
sutures, which is often treated with a cranial vault remodeling
by using bioresorbable plates and screws. Elevated intracranial
pressure (ICP) levels after surgery may potentially require
further treatment, which is why wireless postoperative ICP
monitoring would be desirable.* Detecting acute compart-
ment syndrome (ACS), which is caused by elevated pressure
inside muscle compartments, is another attractive application
for temporary pressure sensors. The diagnosis usually relies in
clinical symptoms such as disproportionately severe pain and
paresthesia, but delays between initial assessment and
diagnosis are still frequent, leading to irreversible ischemic
damage in 6 8 h if the condition is not properly treated.”®
Implantable pressure sensors could be used to detect cues of
ACS in unresponsive or sedated patients or to complement
clinical assessment in other risk groups. Finally, sensors could
be used to guide surgeons during the operation. For example,
pressure sensors could be used to avoid periosteal necrosis and
subsequent osteopenia, which may arise from applying too
much compression on a bone xation plate.”® Embedding such
sensors onto xation plates could aid in the adoption of the

https://dx.doi.org/10.1021/acsami.0c07278
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technology, as there would be fewer modi cations to the
surgical techniques compared to external sensors that are
removed in the end of the operation.

2.2. Bioactive Glass-Based Wireless Resonance
Sensors. Bioresorbable glasses and ceramics o er under-
represented yet fascinating substrate materials for wireless
resonance sensors. Invented by Larry Hench, bioactive glasses
can create a strong bonding interface with bone or even with
soft tissues by releasing soluble ions upon immersion in
water.?” These ions stimulate osteogenic cells and contribute
to the formation of a bonelike apatite layer onto the glass
surface, due to which such glasses are clinically used for
example as synthetic bone grafts. The dissolution kinetics of
bioactive glasses can be adjusted by their composition, and
certain glass compositions are fully bioresorbable. Even though
fast dissolving borate glasses have been proposed as sensor
substrates, the interest toward bioactive glasses in biodegrad-
able electronics has been scarce.’®?° Herein, we present the

rst wirelessly measured bioactive glass-based resonance sensor
with S53P4 (Bonalive) glass disc substrates, dissolvable Mg
conductors, and spin-coated bioresorbable polymer dielectric
layer.

A simpli ed electrical design and the schematic structure of
the bioactive glass-based resonance sensor are presented in
Figure 2a,b. The sensor architecture consisted of spin-coated
PDTEC dielectric layers ( 1 m) and Mg conductors (7.5

m) that were e-beam evaporated through 3D-printed stencil
masks. Figure 2c presents the measured graphs of the
impedance spectrum with increasing reading distances.
Because no batteries are needed in the sensors, the most
critical limiting factor for their miniaturization is the size of the
coil, which has a strong e ect on the reading distance of the
device.”” The bioactive glass-based sensor showed a detectable
but attenuated resonance peak ( 44 MHz) at a distance of 8
mm, which is in line with the previously reported 14 mm
reading distance for the Mg pressure sensors with larger coils.*®
For comparison, the reading distance for nondegradable
intraocular resonance pressure sensors with a diameter of 6
mm have been reported at 30 mm already in 1967 by Collins.*
A more recent example with 4 x 4 mm? pressure sensors
reached a 15 mm reading distance by using Cu conductors.*

The uncertainty in detecting the resonance frequency from
the attenuated peaks increased along with the increasing
reading distance (Figure 2d). In addition, the determined
resonance frequency changed with the increasing reading
distance due to Earasitic capacitances between the sensor and
the reader coil.** This feature might require compensation in
practical applications.

One potential application for passive resonance sensors is
monitoring complex permittivity changes in their close
proximity.**** This feature is attributed to the electrical eld
in the capacitor, which partly reaches the environment of the
sensor. Changes in the permittivity of the immediate sensor
environment a ect its capacitance and thus shift the resonance
frequency of the device. For example, nondegradable sensors
with interdigital capacitors ( nger electrodes) as sensing
elements have been earlier tested for monitoring the
degradation behavior of bioresorbable polymers as well as for
distinguishing di erent tissues.*>*® The nger electrodes o er
the possibility to con ne most of the interactions between the
electrical eld and the sensor surroundings near these
electrodes.®

The fabricated bioactive glass-based resonance sensors were
used to demonstrate the complex permittivity sensing
capability by distinguishing di erent media in which the
sensor was embedded (Figure 2f). The sensors were rst
coated with nondegradable parylene (13 m) to eliminate the
e ect of Mg corrosion during the tests. The standard
deviations of the estimated resonance frequencies (n = 200)
in air, ethanol, and di-H,0O were 9.7, 9.5, and 9.4 kHz,
respectively. Correspondingly, those of Sorensen bu er and
Dulbecco’s Modi ed Eagle Medium (DMEM) with high
glucose were 10.8 and 10.7 kHz. The 15% higher standard
deviations in Sorensen or DMEM solutions compared to di-
H,O can be explained by their ionic content. In another test, a
nonlinear resonance frequency decrease was observed as saline
was gradually added into di-H,O where the sensor was
immersed (Figure 2g). The result was caused by the
capacitance increase originating from the addition of sodium
and chloride ions.

A highly desirable potential application (Figure 2e) for
resonance sensors made from bioactive glass would be
monitoring the formation of the apatite layer and the
subsequent bonding of bone onto the glass. The sensors
could be integrated onto bioactive glass plates that have been
clinically used for repairing orbital oor fractures and nasal
septal perforations.®” A similar sensing method could be of
bene t also in nondegradable implants like total hip
prostheses. This kind of quick osseointegration measurement
could complement or even replace conventional imaging
procedures and aid in personalizing rehabilitation.

To conclude, glass substrates contain several advantages
over polymeric alternatives, such as better compatibility with
conventional microfabrication processes.”® For example,
bioactive glasses tolerate solvents like acetone and elevated
temperatures that may be required for lithography processes
utilizing photoresist masks. A recent study demonstrated dry
fabrication methods for Mg microcoils and heaters on oat
glass substrates, requiring only four steps: Mg deposition,
photolithography for pattern de nition, ion beam etching of
Mg, and resist stripping with oxygen plasma and acetone.*®
This is one example of methods that could be useful with
bioactive glass substrates for fabricating devices with detailed
conductor patterns.

2.3. Fabrication and Properties of Bioresorbable
Conductor Metals. The prevalent bioresorbable conductor
materials are metals such as Mg, Zn, Mo, iron (Fe), and
tungsten (W), out of which all but W are dietary minerals. Yin
et al. have reported the electrical and corrosion properties of
various dissolvable metal thin Ims (40 300 nm) because
their progerties might be very di erent compared to bulk
materials.>® Nevertheless, more studies are needed to cover the
relevant behavior of bioresorbable metal Ims, especially in
radio-frequency (RF) applications where the Ims are typically
measured in micrometers rather than nanometers and their
electrical properties may be a ected by the skin e ect. In this
section, the fabrication, structure, electrical properties, and
corrosion behavior of a few micrometers thick Mg and Zn thin

Ims are discussed, including the drastic e ect of di erent
corrosion test conditions. In addition, alternative fabrication
methods for bioresorbable conductors are brie y summarized.

In LC circuits, lower electrical resistance of the inductor coil
generally enables higher quality resonators with longer reading
distances.” However, at high frequencies, the skin e ect may
restrict the current ow on the surface of the conductors.*® For
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Figure 3. (a) Structure of the evaporated Mg (7.5 m) and sputtered Zn Ims ( 4 m) illustrated by FIB-SEM, FE-SEM, and AFM techniques.
White scale bars 1 m. (b) Cross-sectional pro les of the 1.7 m thick Mg and Zn Ims. (c) Electrical resistances of the 1 mm wide Mg and Zn
Ims given as mean + standard deviation (n = 6). (d) Photographs of the metal Ims in cell culture medium at +37 °C in 5% CO.,.

instance, pure Fe has been considered as a poor conductor
choice for LC resonators due to its low skin depth.>** Table
S1 summarizes the skin depths of Mg, Zn, Fe, and Mo at
di erent frequencies. The recommended maximum conductor
thickness in RF applications is about 3 5 times the skin depth
because conductors much thicker than this do not result in
signi cant increases in the Q-factor.*?

Physical vapor deposition (PVD) methods are attractive for
fabricating conductors because they can be utilized without
transfer printing, and the techniques can be readily applied
onto many types of substrates. In this study, e-beam
evaporation was used for Mg deposition, as it is known to
be a capable method for producing Mg Ims at the micrometer
scale.”® *° On the contrary, the Zn Ims were magnetron
sputtered because the high vapor pressure of Zn results easily
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