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Non-Surgical, In-Stent Membrane Bioelectronics for
Long-Term Intracranial Pressure Monitoring

Jimin Lee, Allison Bateman, Mi Hyeon Kim, Bruno Rigo, Hodam Kim, Jaeho Lee,
Yun Hyeok Choi, Robert Herbert, Deok Hee Lee,* and Woon-Hong Yeo*

Traditional intracranial pressure (ICP) monitoring methods, using
intraventricular catheters, face significant limitations, including high
invasiveness, discrete data, calibration complexities, and drift issues, which
hinder long-term and stable monitoring. Here, a non-surgical, in-stent
membrane bioelectronic system is presented for continuous and reliable ICP
monitoring. This platform integrates a capacitive thin-film sensor with a stent,
enabling precise real-time detection of pressure fluctuations directly within
the dural venous sinus without requiring skull penetration or frequent
recalibration. The sensor demonstrates a high sensitivity of 0.052%/mmHg
and a broad, readable pressure range of 3-30 mmHg while maintaining
calibration-free and drift-free performance. A series of in vivo studies highlight
the system’s superior sensitivity, rapid sampling rate, and long-term stability
compared to conventional microcatheters. Statistical analyses reveal a strong
agreement between the device and clinical reference, underscoring its
potential to revolutionize ICP monitoring. These advancements pave the way
for broader clinical applications, minimizing complications and improving
patient outcomes in neurocritical care.

1. Introduction

Having real-time intracranial pressure data
is vital for the clinical decision-making and
management of various severe neurologi-
cal conditions, including traumatic brain
injury, hydrocephalus, and idiopathic in-
tracranial hypertension. Elevated ICP can
lead to severe complications, such as brain
ischemia and permanent neurological dam-
age, making real-time ICP monitoring vi-
tal for timely intervention and improved
patient outcomes. Current gold-standard
methods like intraparenchymal microsen-
sors and intraventricular catheters are effec-
tive but present significant limitations due
to their invasive nature, risk of infection,
sensor zeroing requirement, and reliance
on complex surgical procedures.!! These
conventional methods, particularly intra-
ventricular catheters, require skull penetra-
tion, making them invasive and increasing
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Figure 1. Overview of a non-surgical membrane bioelectronic system for continuous ICP monitoring. A) Illustration of the developed in-stent biosensor
system loaded into a catheter and delivered through the venous system from the antecubital vein to the superior sagittal sinus, offering continuous,
long-term ICP monitoring without skull penetration. B) Capacitive membrane sensor-integrated stent navigated through veins smaller than 4 mm and
seamlessly deployed in the superior sagittal sinus. C) Principle of detecting ICP values via the measurements of capacitance changes by the membrane

sensor.

the risk of complications such as infection rates up to 25%
and hemorrhage risks between 5% and 7%. Furthermore, these
systems are restricted to intensive care settings and are un-
suitable for long-term, non-invasive monitoring, limiting their
applicability in broader clinical scenarios, such as outpatient
care.24

Recent advancements in wireless telemetry systems, such as
near-field communication, inductive coupling, and ultrasonic
telemetry, offer minimally invasive alternatives.[’l However, these
systems face major challenges, including signal attenuation
caused by biological tissues, cerebrospinal fluid, and the skull.
Their reduced readout range and dependency on close-range ex-
ternal receivers further limit their clinical utility.[®! Besides, de-
vice size limitations make it difficult to integrate these systems
into small anatomical spaces, such as brain arteries, without com-
promising performance. Amid these challenges, endovascular
approaches offer a promising, minimally invasive alternative.”!
Unlike traditional methods that require cranial penetration, an-
giographic techniques involve minimal incisions, reduced need
for general anesthesia, and faster recovery times. These catheter-
based procedures enable precise device placement and real-time
imaging, significantly improving treatment accuracy and patient
safety, thereby Detter tolerated in the conscious patient. The en-
dovascular methods also allow for the navigation of complex
anatomical structures, further enhancing their appeal as a min-
imally invasive solution for ICP monitoring. Drawing on this
framework, the development of a minimally invasive intravascu-
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lar pressure sensing system could achieve the “holy grail” in neu-
rocritical care as a significant advancement to address the limita-
tions of current ICP monitoring methods.[*]

Here, in response to the growing need for safer, less invasive
ICP monitoring solutions, we propose a thin-film sensor-
integrated endovascular stent platform. This system offers a
minimally invasive approach for real-time, continuous ICP
monitoring. Our design incorporates an ultra-thin capacitive
nanomembrane sensor mounted on a self-expanding stent
retriever, which can be deployed via retrograde venous access.
The sensor is engineered to detect subtle pressure changes
within the dural venous sinus, providing a precise surrogate
measurement of ICP. This approach circumvents the need for
traditional, highly invasive cranial procedures and is compatible
with existing catheter delivery systems, making it suitable for
broader clinical use. The wired stent-sensor platform is designed
to capture both static and dynamic pressure changes, including
pulsatile variations, with high sensitivity. Integrating the sensor
with a self-expanding stent ensures stable, long-term positioning
within the dural venous sinus (DVS), enabling continuous
monitoring without the need for complex wireless systems or
frequent recalibration. The capacitive design of the sensor allows
it to detect pressure changes as small as 15 mmHg, reflecting
normal ICP levels (i.e., 5-15 mmHg)**#! while maintaining a
rapid response time to capture pulsatile pressure variations.

2. Results and Discussion

2.1. Overview of the Non-Surgical, In-Stent Membrane
Bioelectronics

Figure 1A illustrates our non-surgical system for continuous ICP
monitoring, using an ultra-thin, capacitive sensor integrated with
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a stent platform. This design provides a minimally invasive al-
ternative to conventional ICP methods, allowing accurate, less
painful measurements without the need for skull penetration.
Unlike wireless sensors that suffer from signal interference due
to cerebrospinal fluid, brain tissue, or skull, our wired system
ensures reliable, uninterrupted monitoring. A 170 cm fully in-
sulated conductive wire, that runs from the antecubital vein to
the superior sagittal sinus (SSS), is electrically connected with a
highly sensitive ultra-thin capacitive sensor at the end of the wire.
This setup allows continuous ICP monitoring without the need
for complex wireless implants. Signals are transmitted through
the exposed end of the wire near the antecubital vein, ensuring
stable and precise data acquisition over extended periods, over-
coming the limitations of wireless systems that often require im-
planting circuits near the lesion. The sensing platform should
be miniaturized enough to enable proper placement within the
body, ensuring compatibility with implantation techniques and
anatomical limitations.['!) As depicted in Figure 1B, the sensor-
integrated stent platform, loaded into a catheter, smoothly navi-
gates through tortuous veins smaller than 4 mm (e.g., from the
antecubital vein to the brachial vein, subclavian vein, and internal
jugular vein) to its final destination in the SSS. Once seamlessly
deployed, the stent expands from a compressed state within the
catheter to a final diameter of 4 mm, ensuring stable positioning
for effective ICP monitoring. This confirms the compatibility of
the device with small anatomical spaces, making it suitable for
smooth deployment within the SSS (see Figure S7 (Supporting
Information) for the lumen diameter diagram showing the rela-
tive sizes of the target lesion and sensor platform).'?] This system
reduces the need for invasive cranial procedures, while the high-
sensitivity thin-film sensor accurately detects pressure variation
based on a change in its capacitance (Figure 1C). The platform
also ensures long-term, continuous monitoring of static and pul-
satile pressure variations, significantly improving patient safety
and comfort.

2.2. Sensor Fabrication and Device Integration

Implantable sensors typically require hydrophobic surface treat-
ments achieved through plasma treatments or chemical modi-
fications. However, since our sensor is integrated into a stent
and delivered via catheter, no additional surface treatment was
required. Instead, we focused on ensuring biocompatibility
through a parylene coating, which effectively mitigates the risk
of polymer resin residues and contamination. As shown in
Figure 2A, the capacitive membrane sensor is electrically con-
nected to the tip of a 170 cm guidewire, allowing precise detec-
tion of external pressure changes and corresponding capacitance
variations. The ultra-thin, flexible membrane sensor is securely
attached to the endovascular stent mesh using medical-grade ad-
hesive, ensuring stable deployment and preventing sensor-stent
separation (Figure 2B; see Figure S8, Movie S1, Supporting In-
formation). This design eliminates signal collection issues re-
lated to sensor detachment from the stent and ensures electri-
cal insulation between the sensor-connected guidewire and the
push wire of the stent, preventing interference. Figure 2C-E
present the dimensions and structure of the capacitive sensor.
The dielectric layer was fabricated from polydimethylsiloxane
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(PDMS) micropyramids, using electroforming and plating pro-
cesses to create a microfabricated thin-film substrate. A capaci-
tive sensor’s sensitivity and response to pressure are highly de-
pendent on the mechanical properties of the dielectric mate-
rial between its conductive plates. A key factor is the force re-
quired to compress the dielectric. As the dielectric deforms, it
brings the conductive plates closer together, increasing the value
of its capacitance. Materials that deform more easily under min-
imal force allow the sensor to respond more rapidly to pressure
changes. For optimal performance, the sensor must also exhibit
elastic behavior, ensuring it can return to its original shape and
baseline capacitance value after deformation. To enhance the sen-
sitivity of the capacitive sensor, efforts such as geometric param-
eter optimization were implemented.l"3] By tailoring the defor-
mation characteristics of the micropyramidal microstructure un-
der applied pressure, we aimed to maximize sensitivity. Given
the high precision required for intracranial pressure monitor-
ing, achieving exceptional sensitivity with minimal error mar-
gins was essential. This optimization resulted in significantly en-
hanced sensitivity, particularly in the low-pressure range, consis-
tent with trends observed in prior studies (e.g., micropyramid
> micropillar > planar)." Additionally, to improve the dielec-
tric properties, porosity was incorporated within the micropyra-
midal PDMS dielectric layer. Combined with the inherently low
Young’s modulus and high dielectric constant of PDMS, these
features significantly enhanced the sensor’s ability to detect sub-
tle pressure changes with high accuracy.'>! The resulting struc-
ture was highly optimized for insertion into cerebral vasculature,
with minimal thickness (300 pm), width (0.4 mm), and length
(6 mm) (Figure 2C). The sensor comprises two metallic layers
sandwiching the PDMS dielectric layer (Figure 2D). When pres-
sure is applied perpendicularly to blood flow, the contact area be-
tween the upper metal layer and the PDMS changes, inducing
capacitance variation. The strategic placement of the membrane
sensor near the edge of the stent enhances sensitivity, maximiz-
ing capacitance fluctuations in response to pressure changes.
Figure 2E illustrates the morphological features of the micropy-
ramidal PDMS dielectric layer. A template stamping process pro-
duced a uniform structure with a base of 100 um, a height of 100
um, and a pitch of 150 um. Additionally, we introduced a porous
structure on the micro pyramidal surface using a solution evap-
oration process (isopropyl alcohol:acetone = 60:40 vol%), which
further improves the sensing performance (see Figures S9,S10,
Supporting Information for the comparison between porous- and
non-porous PDMS structures in morphology, and reproducibil-
ity of the sensor fabrication process, respectively).['®) Compara-
tive data in capacitance between porous and non-porous PDMS
structures will be discussed in detail. The fabricated stent-sensor
platform can be reliably delivered through a 4.2 french size (Fr)
Fubuki catheter without the need for additional surface treat-
ments (Figure 2F). When compressed inside the catheter, the
diameter of the stent is ~#<1.3 mm, expanding to 4 mm upon
deployment in the dural venous sinus. Even after repeated cy-
cles of compression and dilatation, the ultra-thin nanomembrane
capacitive sensor exhibited no morphological damage. Biocom-
patibility is key to the longevity and performance of implantable
sensors. Figure S11 (Supporting Information) shows the bio-
compatibility test results for the materials used in the capaci-
tive sensor fabrication, with parylene C commonly employed for
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Figure 2. Membrane sensor-integrated stent system. A) Photo of the in-stent biosensor system, which is deployable within a blood vessel using a
4.2-Fr guide catheter. B, C) Photos and illustration of a fabricated in-stent biosensor system that has an exceptionally smaller form factor. D) Schematic
illustration of the structural layout and working principle of the membrane pressure detecting sensor. E) SEM images of the PDMS micro pyramidal
structures used as a dielectric layer in the pressure sensor. F) Changes in the diameter of the membrane sensor-integrated vascular stent during expansion

(top), deployment in the blood vessel (middle), and compression (bottom).

encapsulation.!’”] According to ISO standards, materials demon-
strating over 70% cell viability are deemed biocompatible and
non-toxic.['® The positive control was 1% sodium dodecyl sul-
fate, a substance that kills cells through lysis, which is evident
by its significantly low cell viability of 6.7%. The negative control
consisted of untreated cells in plain medium, showing 100% cell
viability, serving as a baseline for comparison. The tested sam-
ples, which were fully encapsulated by biocompatible materials
such as PDMS, parylene C, and PI, showed cell viability of up to
84.90%, while the one-side Cu membrane showed only 57.51%.
The polymer-covered samples met the ISO standard with cell via-
bilities exceeding 70%, confirming their suitability for long-term
implantation, and highlighting the importance of encapsulation.
The biocompatibility results suggest that the materials used in
the sensor are appropriate for safe, long-term implantation in
medical devices.

Adv. Healthcare Mater. 2025, 14, 2404680 2404630 (4 of 12)

2.3. In Vitro Validation of the Device’s Performance

Figure 3A shows the overview of the in vitro setup to validate
the fabricated device’s performance in detecting ICP. Details of
the system setup showing a custom-built intracranial phantom
appear in Figure S5 (Supporting Information). This model was
designed to replicate the critical features of the intracranial
cavity and the dural venous sinus (DVS), providing a controlled
environment to assess the sensor accuracy, sensitivity, and
response to varying pressure levels. The phantom included key
intracranial components—a rigid skull, a DVS, and a brain com-
partment filled with 0.08 M saline solution—while maintaining
a closed fluid circuit using a pulsatile flow pump to simulate
venous blood flow. The sensor, integrated with a commercial
stent and deployed in the DVS section (Figure 3B and see Movie
S2, Supporting Information), was tested under varying pulsatile

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. In vitro validation of ICP monitoring using an artery phantom. A) Scheme of the testing setup with a pulsatile water pump and an artery
phantom. B) Expanded view of the 0.4-mm-wide sensor-integrated stent deployed in the dural venous sinus section of the phantom. C) Sensitivity
comparison between non-porous and porous PDMS dielectric layers. D) Response and recovery time of the sensor upon pressure application. E)
Repeatability test of the sensor under pulsatile conditions (40, 60, 80 bpm applied). F) Durability test of pressure detection under 50000 loading cycles
with 40 bpm.
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conditions to validate its functionality and long-term stability.
The sensing performance of the thin-film sensor was evaluated
across a pressure range from 3 to 30 mmHg. As shown in
Figure 3C, we compared the sensitivity of two different thin-film
sensors, which incorporate either porous- or non-porous PDMS
dielectric layers. The porous micro pyramidal PDMS layer exhib-
ited significantly higher sensitivity, with a capacitance change
rate 0f 0.052%/mmHg, compared to 0.028%/mmHg for the non-
porous PDMS layer. This enhanced sensitivity of the porous layer
can be attributed to its increased surface area, which facilitates
greater deformation under applied pressure, resulting in a more
pronounced change in capacitance. The linear response observed
in both cases confirm the sensing capability to detect ICP vari-
ations accurately within the physiological range. The response
time, defined as the duration required for the sensor to detect a
change in pressure, was also evaluated. As shown in Figure 3D,
the sensor demonstrated an exceptionally fast response time
of ~<0.2 s, with equally rapid recovery. This fast response
is crucial for capturing dynamic changes in ICP, particularly
pulsatile variations, which occur on short timescales. The ability
to measure rapid pressure fluctuations ensures that the sensor
can provide real-time monitoring and timely feedback in critical
care settings. Figure 3E,F illustrate the results of pulsatile testing
under cyclic loading. The sensor was subjected to pressure cycles
simulating physiological conditions, ranging from 40 to 80 beats
per minute (bpm). The sensor maintained excellent repeatability
across multiple cycles, with consistent changes in capacitance
correlating with the applied pressure. This confirms the stability
and accuracy of the sensor in monitoring pulsatile ICP variations
over time. Furthermore, long-term durability testing (Figure 3F)
demonstrated the sensing ability to withstand 50000 loading
cycles without significant degradation in performance. After 21
h of continuous cyclic testing, the sensor still exhibited reliable
and repeatable output, highlighting its robustness for long-term
monitoring applications. The in vitro results validate the sensing
capability to continuously and accurately monitor both static and
pulsatile ICP variations. This is a significant improvement over
traditional monitoring methods, which often focus solely on
mean ICP values.’] To simulate capacitance changes caused by
natural bending in cerebral vasculature, bending tests were con-
ducted using the setup in Figure 3A with silicone tubing (Figure
S12A-C, Supporting Information). The in-stent thin-film sensor
was bent at angles of 0°, 10°, and 20° under pulsed pressure (30
mmHg). Subtle changes in absolute capacitance and minor vari-
ations in relative capacitance (AC/C,) were observed, likely due
to deformation of the micropyramidal PDMS layer. For accurate
measurements in anatomical contexts, the bending angles of
the thin-film sensor can be monitored in real-time during stent
deployment using angiographic guidance, ensuring precise
alignment of the membrane sensor with the endovascular stent
mesh. A calibration equation, shown in Figure S12D (Supporting
Information), based on bending angles can then be applied to
correct capacitance readings, ensuring reliable performance in
complex vascular environments. Overall, our sensor’s ability to
capture both static and dynamic changes offers a more compre-
hensive view of intracranial dynamics. The in vitro evaluation
also demonstrates that the sensor offers high sensitivity, rapid
response, and long-term stability, making it a promising tool for
continuous ICP monitoring in both clinical and remote settings.
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2.4. In Vivo Validation of the Device’s Performance

Figure 4 shows the result of a set of in vivo studies that validate
our device’s performance with a swine model, selected for its
physiological similarity to human intracranial conditions. De-
tails of the setup appear in Figure S13 (Supporting Information).
This study was crucial for validating the precision, reliability,
and effectiveness of the sensor in real-time monitoring of ICP
changes. The in vivo test results highlight the potential of
our stent-based system, especially when navigating complex
anatomical structures, while demonstrating its minimally in-
vasive nature compared to traditional ICP monitoring systems,
such as the Codman MicroSensor. As depicted in Figure 4A, B,
the experimental setup involved a dual approach. A commercial
transducer and silicone balloon catheter (SBC) were inserted
via a burr hole in the skull to modulate ICP levels, while the
sensor-integrated stent was deployed via the femoral vein using
a guide catheter, with the microcatheter serving as the refer-
ence electrode (see Figures S14,S15, Supporting Information
for the detailed setup and deployment). The stent system was
successfully navigated to the DVS through the femoral vein,
with angiographic imaging confirming accurate positioning and
deployment of the stent with four distal radiopaque markers
(Figure 4C-E; Figure S16, Supporting Information). The SBC
was inserted into the subdural space (Figure 4B), and its inflation
was used to manipulate ICP levels, ranging from normal levels
(5-15 mmHg) to elevated states, which is up to 30 mmHg.
Notably, ICP can be measured indirectly through the DVS pres-
sure. Rooted in the Monro-Kellie doctrine, which asserts that
intracranial pressure remains constant within the fixed volume
of the cranial cavity, recent studies have shown a strong corre-
lation between lumbar opening pressure and sinus pressure.[*’]
This suggests that pressure measurements taken from the DVS
could serve as a viable surrogate for direct ICP measurements,
enabling minimally invasive monitoring without penetrating the
brain parenchyma. Figure 5A shows the setup for continuous
ICP readings, which were recorded in parallel using both the mi-
crocatheter reference sensor and the thin-film sensor integrated
into the stent (Figure S17, Table S1, Supporting Information for
a comparison of measurement methods). Since the data from
the Codman and microcatheter systems was not automatically
collected or saved, we recorded both screens and manually
extracted the data at 0.2-s intervals for Codman and 1-s intervals
for the microcatheter. The data were collected focused on ICP
levels of 0 to 20 mmHg by inflating the balloon. The ICP mea-
surements from both the reference microcatheter (red trace) and
the thin-film sensor (blue trace) are presented in Figure 5B. The
data reveal that the thin-film sensor closely tracked the reference
measurements, with both sensors displaying a clear response to
gradual increases in ICP during balloon inflation. The thin-film
sensor exhibited high sensitivity, consistently aligning with the
reference values. Figure 5C provides a more detailed view of the
sensor performance during the in vivo study, highlighting sev-
eral advantages of the thin-film sensor over the reference system.
The thin-film sensor demonstrated greater continuity in the data,
enabled by its higher sampling rate, which allows for more pre-
cise tracking of rapid pressure changes. This, combined with the
narrower error range, highlights the enhanced sensitivity of the
sensor, particularly in detecting subtle pressure variations. These
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improvements make the thin-film sensor more accurate and
capable of delivering higher-resolution data, which is crucial for
real-time monitoring of both dynamic and mean ICP fluctua-
tions. Notably, the performance of the thin-film sensor aligns
with the standards set by the American National Standards
Institute and the Association for the Advancement of Medical
Instrumentation, which recommend a reading difference of
only 2 mmHg for ICP values between 0 and 20 mmHg, and less
than 10% for ICP values between 20 and 100 mmHg.[* This
high level of accuracy underscores the novelty of our sensor and
its potential to surpass current monitoring technologies. Given
the successful performance of these devices in the intracranial
space, their application could extend to other organs and com-
partments of the body. As demonstrated in the in vitro studies,
the soft, thin-film sensor is capable of detecting pulsatile ICP,
which could significantly enhance our understanding of sec-
ondary brain injury.?%) To quantify the accuracy of the thin-film
sensor compared to the reference microcatheter, we determined
a statistical significance by performing Spearman correlation
analysis and Bland-Altman analysis. As shown in Figure 5D, the
Spearman correlation coefficient shows a tight linear correlation
(r = 0.90578, p < 0.001), indicating a high level of positive
agreement between the two systems (see Table S2, Supporting
Information for Spearman’s rank correlation coefficients). The
Bland-Altman plot in Figure 5E further supports this, with
most data points falling within the 95% confidence interval (CI).
The mean bias between the thin-film sensor and the reference
was —0.1738 (95% CI: —1.1268 to 0.7791), indicating that the
differences between the two-sensor ICP monitoring were within
acceptable limits, reinforcing the reliability of the thin-film
sensor. Notably, the intraclass correlation coefficient was 0.7958,
indicating strong agreement between the two methods (see Table
S3, Supporting Information for detailed Bland-Altman analysis
results for each phase). The seamless integration of the thin-film
sensor into the stent enabled stable deployment and continuous,
real-time monitoring throughout the experiment. The system
demonstrated high reliability and repeatability in data collection,
with no technical complications arising from wire handling or
sensor stability. This performance stands in stark contrast to the
021 microcatheter, which encountered significant challenges.
Specifically, technical difficulties in stable microcatheter tip
positioning in the transverse sinus prevented it from accurately
measuring ICP in this critical region (Figure S18, Supporting
Information). These issues highlight the limitations of con-
ventional systems when navigating anatomically constrained
areas, further underscoring the superior adaptability of the
thin-film sensor. The miniaturized dimensions and flexibility of
the thin-film sensor allowed it to overcome the challenges posed
by anatomical variations, successfully capturing continuous ICP
data even in locations that are difficult to access. This capability,

www.advhealthmat.de

combined with a high sampling rate (e.g., up to 20/s) and
real-time data transmission, positions the stent-based sensor as
a transformative tool for ICP monitoring in both standard and
complex clinical scenarios. Table S1 (Supporting Information)
compares the ICP measurement methods used in this study,
including the proposed stent-sensor platform, microcatheter,
and Codman system. The thin-film sensor consistently outper-
formed its counterparts across key metrics, including sampling
rate, sensitivity, invasiveness, and the ability to record, save,
and transfer data for further analysis. This comprehensive
comparison illustrates the distinct advantages of the proposed
system, which offers a robust, minimally invasive solution for
continuous ICP monitoring. Following the in vivo experiment,
the sensor was retrieved and re-evaluated for performance
across a pressure range of 3 to 30 mmHg. As shown in Figure
S19 (Supporting Information), the sensor maintained a nearly
identical slope in capacitance changes, indicating consistent sen-
sitivity before and after the study. The slight sensitivity variation
(A = 0.0497%/mmHg after the study vs A = 0.052%/mmHg
before) suggests minimal impact from in vivo conditions. After
30 days post-retrieval, the sensor showed a negligible drift, with
a sensitivity of A = 0.0472%/mmHg, reflecting <0.1% drift.
Further analysis involved disassembling the sensor to investi-
gate the microstructural changes in the dielectric PDMS layer.
Microstructural imaging (Figure S20, Supporting Information)
revealed the development of pastry-like patterns. This pattern
was observed in both sensors retrieved after the in vivo study and
those tested under in vitro long-term cyclic tests, implying that it
can be attributed to the pressure exerted by fluid flow within the
tubing during the experiment. Interestingly, despite some wear
at the apexes of the micropyramids, the sensitivity of the sensor
did not decline. This resilience can likely be attributed to the
formation of micropores in the dielectric layer, which may have
compensated for the material degradation, preserving the overall
performance.

In clinical settings, wired ICP monitoring is generally utilized
for short-term applications (3—6 h). Considering the procedu-
ral duration of &3 h per session (including stent deployment
and retrieval), our sensitivity and drift data sufficiently sup-
port the system’s reliability for its intended use. Even after
30 days post-retrieval, the sensor exhibited a sensitivity of
A = 0.0472%/mmHg with a negligible drift of <0.1%. Further
microstructural analysis of the dielectric PDMS layer revealed
pastry-like patterns formed due to fluid pressure, as shown in
Figure S20 (Supporting Information). Notably, despite minor
wear at the micro pyramid apexes, the sensor maintained high
sensitivity, attributed to compensatory micropore formation in
the dielectric layer. These results underscore the robustness and
reliability of the thin-film sensor for short-term clinical mon-
itoring and its potential for longer durations under controlled

Figure 4. Preclinical study of the system with a swine model. A) Experimental setup showing a commercial transducer and silicone balloon catheter (for
manually controlling ICP levels) via a borehole in the skull, alongside microcatheter and sensor-integrated stent deployment via the femoral vein, using a
guide catheter. B) Balloon placed in the subdural area before and after dilatation. C) Schematic representation of the vascular access points and catheter
placements in a sacrificial animal model. For anatomical verification of the venous structure, a catheter is positioned in the right ascending pharyngeal
artery via right femoral artery puncture, followed by contrast medium injection. The left femoral vein is punctured for the insertion of the in-stent sensor
and microcatheter, which are navigated through the jugular vein and positioned in the transverse sinus. D) Angiographic views of the porcine ascending
pharyngeal artery, jugular vein, and internal carotid artery. E) Actual surgical setup with a 6 Fr guide wire and catheter (left) and angiographic images
confirming successful stent deployment, with four distal radiopaque markers visible (right).
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Figure 5. In vivo validation of the device's performance. A) Three representative monitors connected to the Codman transducer (left), the thin-film
sensor (middle), and the microcatheter (right). B) Trace of mean ICP values obtained from the commercial monitor (green), the reference microcatheter
(red), and the thin-film sensor (blue). C) Expanded view of the ICP monitoring comparing two sensors. D) Correlation between reference sensor and
thin-film sensor, showing Spearman correlation coefficient, r. E) Bland-Altman plot comparing reference sensor and thin-film sensor (DBM: the difference
between a pair of measurements and MPM: mean for a pair of measurements).

conditions. Table 1 provides a comparison of our work with
other studies focused on developing pressure sensors for various
biomedical applications. Our sensor features a more compact
design that does not require open surgery for deployment, and

Adv. Healthcare Mater. 2025, 14, 2404680
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it provides higher sensitivity with minimal drift, allowing for the
detection of small ICP changes during long-term monitoring. It
shows a strong correlation with the conventional microcatheter,
achieving a Spearman correlation coefficient of r = 0.906. With
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Table 1. Comparison of various sensor systems for in vivo pressure monitoring.

Reference Target pressure (typical Sensor width Open surgery Long-term Correlation Sensitivity, Error range®)
lumen diameter) [mm] required stability [day] accuracy?) A(C/Cy)%/mmHg [9%]
This work Intracranial pressure 0.4 No 30 0.906 0.052 0.2
[21] [2-4 mm] 2.8 Yes 2 - 0.028 17
[22] 1.4 Yes - - - -
[23] 2.0 Yes - - - -
[24] 2.5 Yes 22 - - <15
[25] 8 Yes 2 - = -
[26] 9 Yes - - - -
[27] 34 Yes 0.08 0.829 - -
[28] Intravascular pressure 15 Yes - - 0.004¢) 2.8
[29] [5-30mm] 40 Yes 2.5 - 0.045 0.3

? Highest Spearman correlation coefficient with p < 0.007; oA reading difference of only 2 mmHg (109%) for ICP values between 0 and 20 mmHg is recommended.!*]

9 Sensitivity or drift values were deduced from the capacitance response to pressure.

successful in vivo testing, it shows strong potential as a promis-
ing candidate for continuous pressure monitoring in clinical
settings.

3. Conclusion

This paper introduces a membrane-sensor integrated endovas-
cular bioelectronic system, demonstrating continuous, real-time
ICP readings across a range of 3-30 mmHg. The successful de-
ployment of the device in a live pig model captures its compat-
ibility with standard catheter delivery systems, showing compa-
rable performance to traditional hardwired sensors. This result
suggests that our sensor platform could feasibly replace con-
ventional methods in short-term and long-term ICP monitoring,
particularly for patients requiring continuous pressure measure-
ments over several days to a month. Moreover, the low-profile
design of the sensor makes it highly adaptable to clinical envi-
ronments, minimizing the need for complex surgical interven-
tions. As neurocritical care increasingly focuses on less invasive
solutions, our in-stent sensor system represents a significant ad-
vancement. Its ability to monitor compartment pressure gradi-
ents continuously, without the risks associated with invasive ICP
monitoring, makes it a valuable tool for managing conditions
like traumatic brain injury, idiopathic intracranial hypertension,
and hydrocephalus. Moreover, its ability to capture both static
and pulsatile ICP provides a more complete assessment of in-
tracranial dynamics, offering critical insights that current meth-
ods overlook. Collectively, we envision that this bioelectronic sys-
tem presents a promising, cost-effective alternative to conven-
tional ICP monitoring, with broad applications in managing neu-
rological conditions and improving patient outcomes.

4. Experimental Section

Fabrication of Membrane Sensors:  The fabrication process for the thin-
film sensor involves three primary steps (Figure S1, Supporting Infor-
mation): top-layer fabrication, micropyramidal dielectric layer-included
bottom-layer fabrication, and final assembly. The process began with a
glass substrate that serves as the base for spin-coating and curing a poly-
imide (Pl) layer. After curing, a thin layer of gold (Au) was sputtered onto
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the polyimide surface. The entire layer was peeled off the glass substrate,
resulting in a flexible, conductive top layer. The bottom layer was fabricated
using a patterned mold to create a microstructural surface. Polydimethyl-
siloxane (PDMS, Sylgard 184, Dow Corning) was spin-coated and cured
on the patterned mold, followed by electroforming copper (Cu) onto the
flat PDMS surface. Au was then electrodeposited onto the Cu to provide
the conductive base and biocompatibility (Figure S2, Supporting Infor-
mation). After the mold was removed, the top and bottom layers were
assembled by aligning the microstructures and bonding the two layers to-
gether. The assembled layers form the capacitive structure, where changes
in pressure induce variations in capacitance. The sensor was electrically
connected to a guidewire containing insulated wires (see Figures S3,54,
Supporting Information for the dimensions of the guide wire). PDMS was
coated over all electrical connections and cured at 180 °C to ensure en-
capsulation. Finally, the entire thin-film sensor was insulated with a 5 um
biocompatible layer of Parylene C (Laboter 3; Specialty Coating Systems)
to enhance durability and biocompatibility. To validate the repeatability of
the microstructure, five sets of non-porous and porous micropyramidal
PDMS membranes were fabricated and characterized for surface morphol-
ogy and capacitive performance under varying applied pressures.
Characterization of Membrane Sensors:  To investigate the microstruc-
tural characteristics of the fabricated thin-film sensor, a scanning electron
microscope (FE-SEM, SU8230, Hitachi) equipped with Energy-Dispersive
X-ray Spectroscopy (EDS) was employed. The surface morphology was
also examined using a digital microscope (VHX-7000, Keyence). In vitro cy-
totoxicity evaluation of the thin-film sensor using L929 mouse fibroblasts
was performed to verify biocompatibility. The adhered L929 mouse fibrob-
lasts were treated with extraction from samples immersed in EMEM-based
complete media for 24 h. After 24 h of immersion, the biocompatibility was
assessed using an MTS tetrazolium/formazan reduction reagent. The de-
hydrogenase activities of the cells were quantified using an MTS assay
(CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega)
and BioTeK Synergy plate reader with optical density (OD) at a wavelength
of 2 =490 nm. Fresh medium without sample incubation was used as a
positive control. Results are presented as the average values + S.D. (n =5).
In Vitro Study: A simplified in-house cranial cavity model was devel-
oped to measure pressure within the DVS as a proxy for ICP measure-
ment (Figure S5, Supporting Information).[®] The in vitro phantom con-
sisted of silicone tubing connected to a pulsatile flow pump (Series 1400
Pulsatile Blood Pumps, Harvard Apparatus). To simulate cerebrovascular
conditions, 0.08 m saline solution (3—4 cPs of viscosity at 21 °C, Sigma—
Aldrich), which matched the conductivity of blood, was circulated through
the tubing.l'% The thin-film sensor was integrated into an existing stent
(Solitaire Platinum vascularization, Solitaire TM 2, revascularization de-
vice, SFR2-4-20, LOT A366610) and then loaded into a guide catheter
(ASAHI FUBUKI 043, 4.2 Fr, ID 0.043”, ASAHI INTECC CO., LTD) (see
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Figure S6, Supporting Information for a profile of endovascular stent). The
full-fledged device was deployed into the silicone artery. For wired testing,
a rotating hemostasis valve (RHV) was combined with the silicone artery
to thread the wires from the implanted sensor outside the artery. For data
recording, wired testing utilized an LCR meter connected to a LabVIEW
program to monitor sensor capacitance. A commercial pressure sensor
was placed near the stent and sensor for comparison, with a multimeter
used to record voltage signals from the commercial sensor. For calibration
of the pressure response, a comparison of the capacitance value of the
thin-film sensor via data acquisition with pressures from the commercial
sensor yielded calibration curves. Flow parameters were adjusted to sim-
ulate various conditions. The pulsatile pump operated at a varying stroke
rate of 20-200, with stroke volumes at 4 mL, allowing for the testing of
pressures between 30 and 1 mmHg.

In Vivo Study: After completing the in vitro study, in vivo feasibility
study had been advanced in using a swine model chosen for its physiolog-
ical resemblance to human intracranial conditions. Further details on the
procedure can be found in the Methods (Supporting Information). All ani-
mal experiments adhered to the guidelines set by the Institutional Animal
Care and Use Committee (IACUC). The ethical approval for the animal ex-
periments was granted by IACUC at HLB bioStep Co., Ltd. (the assigned
approval number for the conducted experiments is BIOSTEP IACUC 23-
KE-0568).

Supporting Information

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