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Introduction

The development of implantable brain-machine interfaces
(BMIs) has progressed significantly, enabling a wide range of
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Parylene is widely recognized as an effective candidate for encapsulating implantable bioelectronics due to
its outstanding chemical stability, conformity and biocompatibility. However, its weak adhesion to inorganic
substrates remains a significant challenge. Here, we explored various pre- and post-deposition treatments
to enhance adhesion and stability of parylene coating for implantable brain—machine interfaces (BMls). We
utilized 0%, 0.5%, 1%, and 1.5% (v/v) 3-(trimethoxysilyl)propyl-methacrylate as an adhesion promoter for
substrate treatment prior to deposition. Deposited samples were subsequently subjected to post-heat
treatments at various temperatures. Samples were exposed to an in vitro accelerated aging bath at 87 °C
for 7 days to assess their post-implantation durability. Cytotoxicity and in vivo biocompatibility were also
investigated to further evaluate biocompatibility and encapsulation efficiency of parylene coatings on
commonly used rigid and flexible bioelectronic substrates. The emergence of carboxyl groups in FTIR
and chlorine abstraction in EDS analyses, indicated that the as-deposited samples were degraded during
aging. The chemical stability of these coatings was improved in heat-treated samples due to their higher
crystallinity. Additionally, delamination and microcrack initiation/growth reduced due to post-heat
treatments. We found the optimal heat treatment temperature to be 150 °C; any increase beyond this
compromised coating quality by increasing delamination and defect formation. Increasing the
concentration of adhesion promoter enhanced coating adhesion to the substrates in both as-deposited
samples and the ones heat-treated at 150 °C. In contrast, the adhesion strength decreased when heat-
treatment was performed at higher temperatures, even when the concentration of adhesion promoter
was increased. Numerical analysis was used to assess the effect of parylene coating on the electrical
performance of a typical implantable, wirelessly powered model device. The results demonstrated that
the presence of the parylene layer not only preserved the wireless coupling between this device and the
pickup probe, but also enhanced it. In addition to these favourable physiochemical improvements,
parylene also promoted general in vivo brain compatibility and cell viability of the devices. This study
revealed the synergistic effects of pre- and post-deposition treatments and systematically optimized
adhesion and stability of parylene coatings for implantable BMIs for the first time.

functions, including neural recording, deep brain stimulation,
imaging, drug delivery, and treatment of brain and neurological
disorders."” Implantable bioelectronic devices are predomi-
nantly composed of metals and semiconductors, which are
classified as inorganic materials. However, the inherent
susceptibility of these materials to corrosion or degradation
causes device failure, particularly in the harsh physiological
environments, where they come into direct contact with body
fluids. This unavoidably results in multiple surgeries for
removing the failed device and replacing it with a new func-
tional one. Furthermore, corrosion products may induce
toxicity inflammation in the host physiological
environment.*’

and

‘Chemical Engineering, School for Engineering of Matter, Transport and Energy,
Arizona State University, Tempe, AZ 85287, USA. E-mail: layla.zadeh@asu.edu
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5ra04683a

26660 | RSC Adv, 2025, 15, 26660-26672

Parylene C is a derivative of parylene, in which poly(para-
xylylene) is substituted with a single chlorine molecule, and has
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been widely used for encapsulating and conformal coating of
implantable medical devices.*™* It is a semi-crystalline poly-
meric coating known for excellent biocompatibility, chemical
stability (highest among other types of parylene), high dura-
bility, low moisture absorption, and water impermeability.*>**
Consequently, it offers long-lasting protection for implanted
devices against enzymes and lipids in the corrosive environ-
ment of body.**** While certain inorganic or ceramic materials
offer superior dielectric properties, the selection of an encap-
sulation material for implantable devices should also account
for conformality, biocompatibility, chemical resistance, and
mechanical flexibility. Parylene is FDA-approved,'® chemically
inert, and has a long clinical history as a conformal barrier layer
for medical implants. Its gas-phase deposition through chem-
ical vapor deposition (CVD) enables uniform conformal
encapsulation of high-aspect-ratio structures, and its mechan-
ical flexibility ensures compatibility with both rigid and soft
tissue interfaces."” The significant challenge associated with
this promising coating is its weak adhesion to inorganic
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materials and high risk of delamination which can lead to
disruption of device functionality after a short period of
implantation.***®* This limitation arises from the inability of
parylene to form a chemical bond with inorganic materials such
as silicon and metals, which are leading candidates for
implantable bioelectronics owing to their favorable electrical
and mechanical properties.***** To address this issue, we used
3-(trimethoxysilyl)propyl methacrylate, also called silane A-174
as an adhesion promoter. This molecule forms covalent
bonds with both organic and inorganic materials. Trimethox-
ysilane group in the molecular structure of this promoter forms
a covalent bond with hydroxyl groups on the substrates, and its
methacrylate functional group polymerizes with the para-xyly-
lene radicals in parylene molecules. These bondings can
potentially improve the adhesion of parylene coating to the
surface of substrates and generally prolong the lifetime of the
implanted devices. This agent can be feasibly applied to
substrates in both liquid (e.g., dip-coating) and gas (e.g,
vacuum deposition) phases.’***** On the other side, the
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Scheme 1 Schematic showing the chemical mechanism and method used for encapsulating the neural devices with parylene C.
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physiochemical properties of parylene C is highly dependent on
its crystalline structure. Therefore, any process (e.g., heat
treatment) that can alter the crystallinity of parylene C, can
modify its physiochemical properties after implantation.**
Previous studies have shown that mechanical properties, such
as Young's modulus and hardness of parylene C, can be
increased through controlled heat treatments.”>** However,
heat treatments in air and at temperatures exceeding 180 °C
result in oxidation of parylene C and changes in its proper-
ties.”»** This oxidation can trigger the parylene C delamination
through transformation of methylene bonds to ester bonds,
making the devices vulnerable to hydrolysis in in vivo environ-
ments.'®** Moreover, heat treatments at or beyond 350 °C lead
to decomposition of parylene C even in inert atmospheres such
as nitrogen or argon.

The stability issues related to parylene coating are still
a major drawback, especially for brain implants. Although
previous studies have explored the use of silane adhesion
promoters or post-deposition heat treatments independently to
address this challenge, the combined and systematic study of
both parameters across multiple levels has not been investi-
gated. This work fills that gap by revealing interdependent
effects between silane concentration and annealing tempera-
ture, evaluating their impact on parylene adhesion and coating
integrity under physiologically related conditions, and system-
atically optimizes these parameters. These insights are essential
for advancing the reliability of parylene coatings in long-term
implantable systems.

Here, we provide a comparative experimental analysis to
improve parylene coating for brain implantable devices and our
findings can also be generalized for devices designed for other
organs. We present synergistic effects of silanization and heat-
treatment parameters (i.e., different concentrations of the
adhesion promoting agent, and post-deposition heat treat-
ments temperatures), and coating thickness, on physi-
ochemical stability and adhesion strength of parylene for brain
implantable devices. We used various concentrations of 3-(tri-
methoxysilyl)propyl methacrylate (0%, 0.5%, 1%, and 1.5% (v/
v)) to investigate its impact on the parylene coating adhesion
to substrates. Then, we did heat treatments at 150, 200, and
250 °C in inert argon atmosphere to evaluate effects of
annealing temperatures on mechanical strength and chemical
stability of these coatings. The mechanical properties and
adhesion strength of the coatings were also evaluated using
a standard tape test (ASTM D3359). All samples were tested in
an in vitro accelerated aging environment (phosphate-buffered
saline (PBS) at elevated temperature (85-90 °C) for 7 days) to
characterize their long-term stability in biological environ-
ments. Various devices (including rigid silicon or flexible poly-
imide) with optimal coating characteristics were used for
cytotoxicity and brain compatibility (histology) evaluations.
Finally, the potential impact of this optimized parylene encap-
sulation on the performance of a model wirelessly-operated
implantable sensor was investigated using numerical simula-
tions. This comparative study presents a roadmap for utilizing
parylene coatings as an effective encapsulation layer on various
types of substrates for chronic in vivo applications (Scheme 1).
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Results and discussion
XRD and FT-IR analysis

Fig. 1(a) presents the FT-IR spectrum of the as-deposited par-
ylene C. All spectral bands and functional groups are labeled in
Fig. 1(a) and were compared with previous studies. Also, notable
bands in this region are summarized in Table 1. The absence of
an absorption band around 1700 cm ' (in the range of
1675 cm™~ ' to 1740 cm™ ') implied that there were no carbonyl
bands in the as-deposited film. The formation of carbonyl group
in the FT-IR spectrum of parylene C is a sign of thermal
oxidation.** These observations are in accordance with the
results of Xu et al.,”® in which the presence of carbonyl and
carboxyl peaks were attributed to thermal and photo-oxidation
of parylene C thin films, respectively. IR spectra for as-
deposited parylene C and samples after heat treatment at
different temperatures are compared in Fig. 1(b).

As parylene is a semi-crystalline polymer, any changes in the
crystalline fraction of the structure of this material can change
the physiochemical and mechanical properties of this material.
Therefore, post-deposition heat treatments can play a key role
in optimization of parylene coatings.**® We annealed the
samples at 150 °C, 200 °C, and 250 °C and investigated the
effect of annealing temperature on the physiochemical and
adhesion strength of the parylene coating. We chose 150 °C as
the start point for annealing since it is close to crystallization
temperature (7¢) of parylene C.*® The differences in absorption
intensity at different wavenumbers indicated the rearrange-
ment of bonds and functional groups. The annealing procedure
was performed in an argon atmosphere, and the spectra indi-
cated that the annealed samples showed negligible signs of
oxidation. In addition, we compared the IR spectra for each
sample before and after the accelerated aging process, as
illustrated in Fig. 1(c-f), to investigate the probability of par-
ylene C oxidation under conditions simulating a physiological
environment. A comparison of the as-deposited FTIR spectra
(Fig. 1(c)) with annealed samples (Fig. 1(d-f)) implies that there
is a deviation in the frequency range related to carbonyl bonds
in as-deposited samples and the ones heat-treated at 200 °C.
The observed deviations in the samples annealed at 200 °C
(Fig. 1(e)) is attributed to changes in the vibrational modes of
the molecules and rearrangements of the bonds. However, the
deviation in the as-deposited samples after aging suggests
potential oxidation, as no peak was observed in that spectral
region before aging.””*®* These observations implied that
annealing of parylene C at these temperatures significantly
increased the chemical stability of the parylene coating.

Fig. 2(a) presents the XRD patterns of the parylene C film for
as-deposited and heat-treated samples. Parylene C is a semi-
crystalline material consisting of both crystalline and amor-
phous phases in its structure. XRD patterns for all samples
exhibited a peak around 26 = 14°, which corresponds to the
(020) plane.>**® The volume fraction of each phase varies with
deposition conditions such as deposition rate, pressure, and
temperature gradient inside the deposition chamber. The
crystallinity also changes with post-deposition heat

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR Spectra of parylene C deposited on silicon substrate before and after heat treatments and accelerated aging process. (a) As-
deposited parylene C. (b) Comparison of FT-IR spectra for as-deposited samples and those subjected to heat treatment at various temperatures
for 1 h after deposition. Differences in absorbance intensities of different peaks indicate rearrangement of bonds and functional groups as a result
of heat treatment. (c—f) Comparison of FT-IR spectra before and after the accelerated aging process for (c) as-deposited parylene C, and samples
subjected to post-deposition heat treatments at (d) 150 °C, (e) 200 °C, and (f) 250 °C for 1 h. The arrows show variations of carbonyl bonds in each
sample.

treatments.”>*”*® Diffraction patterns of all samples were
analyzed using Bragg's and Scherrer's equations, and the
calculation results are presented in Table 2. Fig. 2(a) shows that

the height of the peak at 20 = 14° increased and the FWHM
decreased, when samples were heat treated at higher tempera-
tures. As illustrated in Fig. 2(b), sharper peaks were observed at

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 26660-26672 | 26663
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Table 1 The major FT-IR spectrum peaks of parylene C
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higher temperatures, indicating increased crystallinity and
growth in crystallite size. Moreover, the interlayer distance (d-
spacing) decreased with elevation of heat treatment tempera-
ture (Fig. 2(b)). This phenomenon implies that more ordered
polymer chains were formed at higher heat treatment temper-
atures. As illustrated in Fig. 2(b), the crystallinity and crystallite
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size did not exhibit a linear increase with increasing heat
treatment temperature above 200 °C, because of proximity to
the melting point of parylene C (290-300 °C).>*** Similarly,
Hukins et al. and Huff et al. also reported that the crystallinity of
parylene C decreases significantly, and parylene C diffraction
patterns show a completely amorphous structure when the
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(a) XRD patterns of parylene C films before and after heat treatment at different temperatures, showing higher crystallinity in samples heat

treated at higher temperatures. (b) Changes in crystallite size and d-spacing with heat treatment temperature, calculated according to Scherrer's
and Bragg's laws, respectively. (c) Ratio of chlorine-to-carbon atomic percentages obtained from EDS analysis of samples before and after the
accelerated aging process for the as-deposited samples and samples subjected to post-deposition heat treatment at 150 °C, 200 °C, and 250 °C
for 1 h. The results demonstrated chlorine abstraction, suggesting structural decay during the accelerated aging process for the as-deposited

sample.
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Table 2 XRD analysis of samples with identical deposition conditions, but varying heat treatment parameters

Sample Peak center (26°) Relative peak height FWHM (26° x 10?) d-Spacing (A) Crystallite size (A)
As-deposited 14 1 30 6.33 46.2
Annealed at 150 °C 14.04 9.8 13 6.31 106.4
Annealed at 200 °C 14.08 17.7 10 6.29 135.7
Annealed at 250 °C 14.12 27.1 9 6.27 149.7

temperature gets closer to 300 °C, and their observations were
confirmed by DSC analysis of parylene C.>**"

EDS analysis

Fig. 2(c) shows the changes in the normalized chlorine-to-
carbon atomic ratio. A chlorine abstraction was observed after
the accelerated aging process for as-deposited samples, indi-
cating degradation in the parylene C molecular structure. Par-
ylene C has one chlorine atom per repeating unit of its chemical
structure.*” Therefore, any decrease in the normalized chlorine-
to-carbon ratio can suggest parylene C degradation.** In
contrast, no chlorine abstractions were observed in annealed
samples, implying that post-deposition heat treatment can
effectively improve the chemical stability of parylene C.

Surface morphology analysis

Fig. 3 illustrates optical microscopy images of the deposited
parylene C on silicon substrates after the accelerated aging
process. Details of all samples, including the thickness and pre-
and post-deposition treatments, are presented in Table 3.
Fig. 3(a—-d) shows the effect of heat treatment temperature on
the chemical stability and the adhesion strength of parylene C
coatings. The greatest amount of delamination and the highest
number of microcracks appeared in the as-deposited samples.
Surface microscopy showed that the number of defects,
including microcracks and delamination, was effectively
reduced with heat treatment at 150 °C. However, these defects
reappeared in heat-treated samples at higher temperatures.
Fig. 3(c) demonstrates signs of micro-delamination and
microcrack initiation in samples subjected to heat treatment at
200 °C. These defects developed into a greater number of grown
microcracks and larger areas of delamination in heat-treated
samples at 250 °C (Fig. 3(d)).

Comparison of Fig. 3(e—g) with Fig. 3(a, d, and h) showed the
effects of heat treatments at different temperatures in the
presence and absence of the adhesion promoter layer. These
observations indicated that the adhesion promoter enhanced
the adhesion strength and stability of the as-deposited coatings.
Increasing the adhesion promoter concentration significantly
reduced the number of defects, however, in heat-treated
samples at 250 °C, its presence led to a rise in microcracks
and delaminated spots. These defects furtherly increased at
higher adhesion promoter concentrations in heat treated
samples at 250 °C (Fig. 3(g, i, k, 1)). Delamination and micro-
cracks were observed both near the edges and in the central
regions of the samples. These failure modes were especially
pronounced in non-heat-treated samples, suggesting less

© 2025 The Author(s). Published by the Royal Society of Chemistry

chemical stability and increased susceptibility to moisture
ingress through corroded regions, microdefects or imperfect
edge coverage. Lower magnification microscopy images are also
presented in Fig. S1.}

Mechanical properties of thin film

Fig. 4 presents the stereo microscopy images of the samples, in
accordance with the ASTM D3359 standard tape test results, for
samples subjected to various pre- and post-deposition treat-
ments. The details of each sample, including thickness and pre-
and post-deposition treatments, are presented in Table 4.

A comparison of Fig. 4(a) and (e) shows that increasing the
coating thickness reduces the adhesion of the deposited thin
film to the substrate, resulting in more delamination. This
behavior is attributed to higher residual stress in thicker coat-
ings, caused by differences in the thermal expansion coeffi-
cients and shrinkage rates of the coatings and substrates during
deposition and heat treatments.*" A comparison of Fig. 4(a) and
(i) highlights the substantial impact of the adhesion promoter
on enhancing the coatings adhesion to the substrates. Addi-
tionally, post-deposition heat treatments at 150 °C increased
the crystallinity of the coatings, which improved their adhesion
to the substrate, as shown in Fig. S3(a), compared to the as-
deposited samples (Fig. 4(a)). However, heat treatment at
higher temperatures reduced the adhesion strength of the
coatings to the substrates (Fig. S3(b) and (c)t). This observation
suggests that a higher fraction of the crystalline phase in the
parylene C structure, resulting from heat treatments above 150 ©
C, increases the brittleness of the coatings, leading to higher
residual stress and reduced adhesion strength.** The synergistic
effects of adhesion promoter and heat treatment were also
compared in samples presented in Fig. 4(b-d), indicating that
increasing the heat treatment temperature caused more
delamination in samples with 0.5% adhesion promoter. This
phenomenon was also observed in samples with 1% (Fig. 4(f-h))
and 1.5% (Fig. 4(j-1)) adhesion promoter. These comparisons
imply that the adhesion promoter negatively impacted the
adhesion strength of the coatings that were heat treated at 200
and 250 °C. The boiling point of 3-(trimethoxysilyl)propyl
methacrylate is approximately 190 °C. As a result, the adhesion
promoter is expected to decompose during the heat treatment
at 200 and 250 °C, which accounts for its adverse effect on the
adhesion strength of the coatings. While this study was con-
ducted using flat, unetched samples, this choice was inten-
tional to allow systematic evaluation of the effects of silane
concentration and heat treatment on the chemical and
mechanical stability of the coating, without the added

RSC Adv, 2025, 15, 26660-26672 | 26665
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Fig. 3 High resolution optical microscopy images of a library of parylene coated samples after the accelerated aging process. Yellow arrows
show the defects formed during the aging process. The fabrication details of each sample are summarized in Table 3 (Also see Fig. S11).

Table3 Summary of the parameters used for fabrication of the shown
in Fig. 3

Adhesion promoter  Heat treatment

Sample  Thickness (um)  concentration (%) temperature (°C)
a 3 0 —
b 3 0 150
¢ 3 0 200
d 3 0 250
e 1 0 —
f 1 0 250
g 1 1.5 —
h 3 1.5 —
i 3 1 250
j 3 1 —
k 3 1.5 250
1 3 0.5 250

26666 | RSC Adv, 2025, 15, 26660-26672

complexity of geometric features. Generally, parylene can be
deposited on devices with various geometries and sizes via
a CVD on-surface polymerization process, which enables highly
conformal coating of complex geometries, including high-
aspect-ratio features such as vias and trenches. As such, the
trends observed in this work are expected to be generalizable to
more complex device architectures. Furthermore, in practical
device fabrication workflows, parylene encapsulation is typically
performed after complete device assembly, ensuring that the
final polymer coating conforms to all exposed surfaces and
structural features, including interconnects and etched vias,
which are often sources of gross interfacial failure.

In conclusion, the observed failure behaviors can be under-
stood as the result of a combination of interfacial chemistry and
annealing induced structural changes. Heat treatment at 150 °C
increases crystallinity, which improves cohesion and reduces
microdefect formation. However, at higher temperatures, silane
thermal degradation (due to its ~190 °C boiling point)
compromises interfacial bonding, while increased crystallinity
introduces brittleness and internal stress inside the coating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evaluation of adhesion strength using ASTM D3359 standard tape test for samples after the accelerated aging process. Fabrication details
of each sample are summarized in Table 4. (a and e) Increasing the thickness of coatings led to lower adhesion strength and more delamination.
(@ and i) The adhesion promoter had a significant effect on the adhesion strength of the coating. (b—d) Increasing the heat treatment temperature
increased the delamination in samples prepared with 0.5% adhesion promoter (Also see Fig. S21).

Table 4 Fabrication details of the samples tested by the ASTM D3359
standard tape test shown in Fig. 4

Adhesion promoter ~ Heat treatment

Sample  Thickness (um)  concentration (%) temperature (°C)
a 1 0 —
b 3 0.5 150
c 3 0.5 200
d 3 0.5 250
e 3 0 —
f 3 1 150
g 3 1 200
h 3 1 250
i 1 0.5 —
j 3 1.5 150
k 3 1.5 200
| 3 1.5 250

layer. These changes promote delamination and microcracking.
This interaction between chemical, mechanical, and structural
factors provides insight into long-term encapsulation reliability
for implantable devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In vitro biocompatibility test

Implantable medical devices, particularly bioelectronics
tailored for diverse clinical functions, are in direct contact with
biological tissues. Consequently, it is essential to thoroughly
evaluate their physicochemical properties and biocompatibility
prior to pre-clinical testing. Among the initial biological evalu-
ations, in vitro cytotoxicity assays serve as a primary indicator of
the biocompatibility of devices. Specifically, the MTT assay is
widely employed to determine cell viability following direct
exposure to fabricated devices, offering a reliable and quanti-
tative assessment of cytotoxicity.* In this study, the MTT assay
was utilized to evaluate the cytotoxicity and encapsulation effi-
cacy of parylene in both organic and inorganic-based bio-
electronic devices. While the biocompatibility of parylene is well
established in the literature, the goal of these experiments was
not to reconfirm its inherent safety, but to evaluate whether our
optimized coating process, including silane treatment and heat
exposure, retains biocompatibility when applied to functional
brain implantable devices. These devices may contain materials
such as metals or semiconductors that pose cytotoxic risks
without effective encapsulation.®*” Fig. 5 represents the results
of the cytotoxicity tests conducted on three different experi-
mental groups as representatives of various types of neural
devices, including group A: uncoated and parylene-coated

RSC Adv, 2025, 15, 26660-26672 | 26667
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Fig. 5 Cytotoxicity of coated and uncoated silicon, copper trace—embedded silicon, and copper trace—embedded polyimide after incubation
with NIH-3T3 cells for (a) 24 hours, (b) 72 hours, and (c) 120 hours. Results demonstrated the encapsulation efficacy of parylene for both flexible
and rigid substrates. Data are shown as mean =+ standard deviation, with experiments conducted in triplicate. Statistical significance was
determined using one-way ANOVA followed by Tukey's post-hoc test for multiple comparisons; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.

silicon substrates, group B: uncoated and parylene-coated
copper trace-embedded silicon substrates, and group C:
uncoated and parylene-coated copper trace-embedded poly-
imide substrates. Silicon-based samples served as representa-
tive models for rigid implantable bioelectronics, while
polyimide-based samples represented flexible bioelectronics.
NIH-3T3 fibroblast cells were used as the biological model for
investigating cell viability. The cytotoxicity results across all
groups and time points (24, 72, and 120 h) consistently
demonstrated enhanced cell viability for parylene-coated
substrates compared to their uncoated counterparts, confirm-
ing the cytocompatibility and effective encapsulation perfor-
mance of the parylene coating. For group A, no significant
difference in cell viability was observed between the parylene
coated and non-coated subgroups after 24 hours of incubation.
However, after 72 and 120 hours, extracts from parylene coated
substrates demonstrated significantly higher cell viability
compared to the non-coated substrates, implying a cumulative
protective effect over time, potentially by preventing the accu-
mulation of degradation products. The impact of parylene
coating was more pronounced in groups B and C, where

26668 | RSC Adv, 2025, 15, 26660-26672

parylene-coated samples showed markedly improved cell
viability compared to their non-coated counterparts (P < 0.01).
Copper is known to leach ions that are detrimental to cell
viability. The dramatic contrast between coated and uncoated
samples in these groups highlights the effectiveness of parylene
as a biocompatible diffusion barrier, mitigating copper ion
release and preserving cellular health. Specifically, NIH-3T3
cells exposed to parylene-coated samples in group B main-
tained viability levels above 90% at 24, 72, and 120 hours,
whereas non-coated samples exhibited high cytotoxicity, indi-
cating the release of toxic ions or degradation products from the
copper-containing surfaces (P < 0.0001). Similarly, the parylene-
coated samples in group C, demonstrated significantly
enhanced cell viability compared to their non-coated equiva-
lents (P < 0.001). These results confirmed that parylene C
coating effectively serves as a biocompatible encapsulation
layer, mitigating the toxic effects associated with both organic
and inorganic substrates. These findings are aligned with the
previous studies and our in vivo biocompatibility studies.**
The PI-based samples included in this study were not evaluated
for adhesion strength and were not subjected to pre-deposition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treatments, as A-174 silane treatment is not effective on poly-
imide due to its limited efficacy on non-hydroxylated polymeric
surfaces. Parylene is expected to have sufficient adhesion to
organic substrates such as polyimide owing to favorable surface
interactions between polymers."**® However, its long-term
stability on flexible substrates such as polyimide needs
further investigations. We evaluated the biocompatibility and
encapsulation performance of parylene on flexible polyimide-
based devices containing copper circuit to assess the broader
applicability of the optimized parylene coating for flexible
implantable bioelectronics as well.****

In vivo biocompatibility assessments

To further evaluate the biocompatibility of parylene C coating,
coated devices were implanted on the right hemisphere of the
mouse brain (n = 3), while the left hemisphere remained intact
and considered as the control (Fig. 6(a)). In this study, a cortical
surface implantation approach with minimal craniotomy was

Control tissue

View Article Online
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utilized to evaluate the biocompatibility and encapsulation
efficacy of the coated devices. This method was selected as a less
invasive alternative to intracortical implantation, enabling in
vivo assessment of tissue response while reducing confounding
factors such as insertion-related trauma, tissue disruption, and
mechanical strain. By minimizing these variables, the surface
implantation model allowed for a more direct evaluation of the
biological response to the parylene coating itself. However,
more detailed studies should be considered for each BMI based
on its shape, size, implantation procedure, and anatomical
location in the brain, to allow for a more precise evaluation of
its biocompatibility. The implantation procedure was well
tolerated by the animals, and no complications such as infec-
tion or head/neck muscle injury were observed during or after
implantation. Additionally, no behavioral abnormalities indic-
ative of internal brain damage was detected during the 7 days
period before euthanizing. As shown in Fig. 6(b and c), H&E
staining was employed to assess tissue morphology, structural

Craniotomy zone
r=3mm

Brain-implanted device
(2x2mm?)

X
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Fig. 6 Histological analysis of H&E-stained brain slices, comparing an area of the brain in the left hemisphere and far from implantation site as
control (b), with an area adjacent to the implanted device (c). Quantitative analysis of cell nuclei counts at the implantation site versus the control
tissue (d). Box plots represent the mean + standard deviation, with whiskers representing the minimum and maximum values, and lines indicating
the median. No statistically significant difference was observed between the two groups (p > 0.05), suggesting minimal inflammatory response

following implantation.
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integrity, and any signs of inflammation or cytotoxicity.
Comparisons between control hemisphere (Fig. 6(b)) with tissue
regions adjacent to the implanted device (Fig. 6(c)) indicated
that the tissue architecture was relatively preserved, with well-
defined cortical layers and normal cellular morphology
around the implantation site. Additionally, a mild localized
foreign body response with minimal inflammatory infiltration
was observed, consistent with the cytotoxicity test results and
further highlighting the biocompatibility of parylene C. More-
over, statistical comparison of nuclei counts between the
implanted region and control tissue (Fig. 6(d)) revealed no
significant difference (p > 0.05), indicating the absence of
a severe immune response or increased cellular infiltration
around the implantation site. These findings underscore the
effectiveness of parylene C coating as an encapsulation layer for
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implantable bioelectronic devices, supporting its potential for
safe and stable long-term neural interface applications.***”

Numerical analysis

The primary functional mechanism of wirelessly implanted
bioelectronic devices is the inductive coupling between the
transmit and receive coils. Coating these devices can impact
their performance by altering the reception of electromagnetic
(EM) fields, as it introduces new boundary conditions for the
propagated fields. To investigate the effects of parylene coating
on the performance of wirelessly operated devices, full-wave EM
simulations were conducted using HFSS Electronics Desktop. A
previously reported wireless capacitive pressure sensor®
without encapsulation was modeled (Fig. 7(b), top) and
compared to a sensor coated with 2 pm of parylene (Fig. 7(b),
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Fig. 7 (a) Cross-sectional SEM imaging showing 2 um thick parylene coating on a silicon substrate. (b) Simulated uncoated (top) and parylene-
encapsulated (bottom) pressure sensors used as model devices to evaluate effect of parylene coating on their wireless sensing performance. (c)
Increased S11 parameter was observed after coating of the device, indicating stronger coupling between the pickup probe and the pressure
sensor in the coated configuration. (d) H-field plots on the plane of uncoated (top) and parylene-encapsulated (bottom) pressure sensors further
confirming the enhanced wireless performance after coating, because of stronger magnetic field reception at the device. Also, refer to Fig. S3+
for details about effects of the thickness of parylene on wireless signal transfer efficiency.
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bottom), simulating a fully implantable bioelectronic device.
Fig. 7(c) presents the calculated reflection coefficient (S11) for
both uncoated and coated pressure sensors. The parylene-
coated sensor demonstrated a higher return loss (—S11) of
7.52 dB at 1.42 GHz, compared to 6.85 dB at 1.41 GHz for the
uncoated sensor, indicating stronger coupling between the
pickup probe and the pressure sensor in the coated configura-
tion. The H-field distribution on the plane of the uncoated
(Fig. 7(d), top) and coated (Fig. 7(d), bottom) pressure sensors
further confirmed the presence of a stronger magnetic field
when parylene coating was applied. Fig. S4-a and bt show S11
data for sensors coated with 1 um and 3 pm of parylene,
compared to the uncoated sensor, indicating that higher return
loss consistently occurred with parylene coating. A slight reso-
nance frequency shift to higher frequencies was observed with
the 1 um parylene coating relative to the uncoated sensor,
attributed to changes in boundary conditions introduced by the
thinner parylene layer. In contrast, increasing the parylene
thickness to 3 pm caused a shift to lower resonance frequencies
due to an increased loading effect from the thicker coating.** As
shown in Fig. S4(c) and (d)t, the H-field intensity consistently
appeared stronger in the presence of parylene, regardless of the
thickness. The is mainly because of generation of a secondary
magnetic field by the dielectric layer (i.e., parylene) at the
surface of the device, which, in turn, can enhance the coupling
between the sensor and the pickup probe.** The goal of this
wireless device simulation was not to compare antenna stack
designs (e.g., PI-metal-PI versus PI-metal), but to evaluate
whether parylene encapsulation would negatively impact elec-
tromagnetic coupling performance. The simulated structure
was selected to only study the influence of the parylene coating,
without introducing additional complexity from multilayer
stack configurations. Simulation results demonstrated that the
parylene coating with this thickness preserved, and even
slightly improved, wireless signal transfer, confirming that it
does not degrade the electromagnetic response of the system.
These observations indicated potential electrical performance
benefits for wireless BMISs.

Conclusions

This work aimed to tune characteristics of parylene as a clini-
cally-relevant promising candidate for effective encapsulation
of implantable brain-machine interfaces (e.g., neural devices).
We developed pre- and post-coating treatments that affect the
chemical, physical, mechanical properties (i.e., adhesion
strength), and lifetime of the parylene coating. Our results
demonstrated that controlled post-deposition heat treatment at
150 °C enhanced the chemical stability and mechanical
strength of parylene C coatings by increasing its crystallinity.
However, higher levels of crystallinity caused by heat treatments
at temperatures above 150 °C, embrittled the coating, resulting
in formation of defects and fast delamination due to the
residual interfacial stresses caused by heat treatment. Addi-
tionally, increasing the coating thickness, decreased the adhe-
sion and raised the risk of delamination and microcrack
initiation/growth due to higher residual stress in the coating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulted from the differences in their shrinkage ratios and
thermal expansion coefficients. The adhesion promoter signif-
icantly enhanced the coating adhesion in as-deposited samples
and the ones heat-treated at 150 °C. However, the presence of
adhesion promoter affected the adhesion strength after heat
treatment at higher temperatures (>150 °C) negatively. This was
because of possible degradation of this promoter layer, when
samples were heated at higher temperatures. Cytotoxicity and
histology studies showed improved cell viability and brain
compatibility after encapsulation of the devices with parylene C.
Numerical simulations demonstrated that parylene coating
does not change the wireless signal transfer and functionality of
the devices.
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