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Abstract

This study investigated the toxicity of ten polymer materials intended for the development
of invasive neural interfaces improving the treatment of neurological diseases. Most of the
materials for neural implants can cause traumatization of the surrounding tissue, inflam-
mation, and foreign body reaction. In this study, in vitro and in vivo toxicity assessment
was performed for nylon 618 (NY), polycaprolactone (PCL), polyethylene glycol diacrylate
(PEGDA), polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), polylactide
(PLA), thermoplastic polyurethane (TPU), polypropylene (PP), polyethylene terephthalate
glycol (PET-G), and polyimide (PI). The biocompatibility of these ten materials was assessed
based on cell adhesion, growth and cytotoxicity on neural (PC-12) and fibroblast (NRK-49F)
cultures. Furthermore, brain tissue responses to the implanted phantom scaffolds were
analyzed in rats. According to these measurements, PI showed the highest compatibility
for both cell types. PEGDA exhibited cytotoxic effects, low cell adhesion and the strongest
foreign body reaction, including fibrosis and multinucleated cell formation. The other
polymers showed lower pathological responses which makes them potentially usable for
neural interfacing. We conclude that PEGDA appears to be unsuitable for long-term use
due to adverse tissue and cellular reactions, whereas PI, PLA, PDMS and TPU hold promise
as materials for safe and effective neural interface applications.

Biosensors 2025, 15, 599

https://doi.org/10.3390/bios15090599


https://doi.org/10.3390/bios15090599
https://doi.org/10.3390/bios15090599
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0002-9959-2880
https://orcid.org/0000-0003-4181-3764
https://orcid.org/0000-0003-2720-4575
https://orcid.org/0000-0001-7441-1062
https://orcid.org/0000-0003-0620-8016
https://orcid.org/0000-0003-2838-3704
https://doi.org/10.3390/bios15090599
https://www.mdpi.com/article/10.3390/bios15090599?type=check_update&version=1

Biosensors 2025, 15, 599

2 of 20

Keywords: toxicity; polymers; neural interfaces; neurons; foreign body reaction; chronic
implantation

1. Introduction

Invasive neural interface technologies have been actively developed as an approach to
the treatment of numerous diseases of the central and peripheral nervous system [1]. Their
potential for medical applications, such as restoring impaired sensory or motor functions,
as well as fundamental neurobiological research, has increasingly gained recognition [2].
Invasive neurotechnologies are applicable to the treatment of a number of neurological
pathologies, in particular, chronic pain, epilepsy, paralysis, depression, Parkinson’s disease,
and sensory disabilities, such as loss of hearing and vision [3].

To sample electrical brain activity, invasive neural interfaces require conductive ele-
ments in combination with the polymer substrates that form the mechanical framework of
the device and protect the electrically conductive components [4]. Because such polymers
interact directly with the neural tissue, the biocompatibility of the devices crucially depends
on the properties of these materials [5]. For a device to be effective in the long term, it must
have surface and structural biocompatibility and be biostable over a long period of time [6].

The biocompatibility of a material is a complex characteristic that depends on both its
toxicological safety for the host and the degree of mechanical compatibility between the
material and surrounding tissues. One of the main mechanical properties of the material in
the context of biocompatibility is stiffness, expressed in Young’s modulus. While Young's
modulus of brain tissue is close to 1.0 kPa [7], the most common electrodes are made of
metals and silicon, which have a Young’s modulus of around 100-200 GPa [8]. Polymeric
and hydrogel-based electrodes are promising due to their significantly lower rigidity.

In this study, we focus specifically on assessing the toxicological safety of materials.
We assessed the toxicity of different materials to nearby cells, morphological changes
when a large foreign body was introduced into the nervous tissue, and acute and chronic
reactions to that foreign body [9]. The foreign body reaction (FBR), which includes a
complexity of events, is the major limiting factor for the practical implementation of neural
interfaces. New materials are needed to solve the problem of biocompatibility and widen
the implementation of invasive interfaces in clinical practice [10]. A number of polymer-
based materials have been proposed as the insulating layer for neural interfaces. Some of
them are already being used in clinics, others are being tested in animal models, and still
others are just promising laboratory samples that need to be tested further.

The biocompatibility of polymers in neural interfaces is conventionally examined
with two groups of tests: in vitro experiments on cell cultures, and in vivo experiments
on animals [11]. In the cell-culture tests, the main goal is to assess material toxicity to the
living cells, primarily neural cells, and investigate the physical interaction of the cells with
the surface of the surface polymer structure. Animal experiments are used to identify more
complex mechanisms of interaction between the polymers and the organism at the local and
systemic levels. A comprehensive analysis of the FBR in vivo involves the determination of
immune responses, primarily the inflammatory response, the adhesion of various proteins
to the polymer surface, and the formation of a fibrous capsule or gliomesodermal scar
around the embedded structure [12].

The main limitation of the previous biocompatibility studies was that they tested no
more than 1-2 polymers simultaneously, so the comparison of many polymers could be
made only based on the results of different groups obtained from different experimental
models. In the present study, we overcame this limitation by testing 10 polymers simul-
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taneously under the same conditions in both in vitro and in vivo samples. We examined
several previously tested materials together with the previously unexplored materials with
Young’s modulus within hundreds of MPa, which could be implemented in 3D-printed
interfaces. Among the ways to manufacture neural interfaces, 3D printing is especially
efficient because with this method many different polymers can be handled with the same
technological process, including building implants composed of several different materials.
Accordingly, we used 3D printing to produce the experimental samples of scaffolds.

The aim of this work was to evaluate and compare cellular and tissue responses to
ten polymers within one experimental framework. We compared the effects of scaffolds
on the growth and proliferation of two cell types placed on their surface: neural cells and
fibroblasts. For the same samples, we examined the surface of the scaffolds using SEM. We
also assessed the possibility of cytotoxic compounds being released by the substrates into
the cell culture. In the in vivo experiments, we used brain implants made of these materials
to examine their biocompatibility and FBR after four post-implantation weeks.

2. Results
2.1. Surface Properties of the Scaffolds

The SEM revealed individual extended bulges and pores elongated in one direction
on the surface of the NY sample (Figure 1A). The strands protruding on the surface were
probably the surface of the material fused during thermal extrusion, and therefore, their
directions corresponded to the direction of the build-up of the upper layer formed during
the sample printing.

Separately, large pores of about 20-200 microns in size could be observed extend-
ing along the direction of the fibers. The formation of such pores was probably caused
by the ruptures in the molten polymer after thermal extrusion during the attachment to
the previous layer. At high magnification (Figure 1B), individual polymer fibers with
a diameter of about 50 nm could be observed, which consisted of larger aggregates ex-
tending along the build-up direction of the upper layer. There was also a number of
small particles 10-100 nm in size on the surface, which probably represented individual
polymer aggregates.

In contrast to most samples obtained by thermal extrusion, the morphology of PCL was
isotropic, so it was impossible to draw a conclusion about the direction of the upper-layer
structure. Atlow magnifications (Figure 1C), individual pits were seen on the surface of the
sample, and the surface itself was wavy. This morphology could be due to the shrinkage
of the polymer during cooling after the thermal extrusion. The presence of scratches on
the surface of the sample was not related to its production by three-dimensional printing;
rather, it was a defect formed during storage. At high magnification (Figure 1D), individual
pits and a wavy surface structure were seen. At the same time, there were no obvious
aggregates. Isotropic particles, with a size of less than 30 nm, were present on the surface,
which were probably individual polymer beads. In the areas where the surface layer was
destroyed (Figure 1D), the layered arrangement of individual flocculant polymer particles
was seen.

The surface of the PEGDA sample was a folded structure (Figure 1E) that formed
during the drying of the hydrogel sample. At high magnifications (Figure 1F), the folded
structure was also present. During the subsequent swelling, the polymer chains straight-
ened, which led to the smoothing of the hydrogel surface.

On the surface of the PDMS sample, at low magnification (Figure 1G), both separate
smooth areas with wavy morphology and faceted aggregates up to 5 um in size were
observed. The overall wavy morphology of the surface had no clear direction due to the
shrinkage of the sample during cooling after pouring into the mold. At high magnifications
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(Figure 1H), separate aggregates consisting of isotropic particles with a size of about
20-200 nm were present. It is worth noting that some of the aggregates were partially
hidden under the surface of the polymer, so it can be assumed that they were present
throughout the volume of the resulting sample.

Figure 1. The assessment of the surface structure of the scaffolds composed of (A,B) NY, (C,D) PCL,
(E,F) PEGDA, (G,H) PDMS, (L]) PET, (K,L) PLA, (M,N) TPU, (O,P) PP, (R,S) PET-G, and (T,U) PL
SEM images of the substrate surface are shown at high and low magnification. Scale bars—50 um
(A,CK,O,T),1um (B,D,P,U), 100 um (EIM,R), 2 um (H,J), 10 pm (F,G), and 500 nm (L,N,S).

In the SEM images of the PET sample, at low magnifications (Figure 1I), individual
beads were seen on the surface of the sample which were elongated in one direction. The
protruding strands on the surface were probably the boundary of the material fused during
thermal extrusion, and therefore, their directions corresponded to the direction of build-up
of the upper layer during printing of the sample. There was no pore formation on the
surface of the sample, which meant that the attachment of the polymer melted after thermal
extrusion occurred without the formation of defects. At high magnification (Figure 1]),
individual polymer fibers with a diameter of about 50-150 nm were observed, consisting
of larger areas elongated along the build-up direction of the upper layer. There were also
areas on the surface where the formation of flat isotropic regions with lateral dimensions
of 0.5-2 pm were observed. These regions could have been caused either by mechanical
spalling due to suboptimal thermal conditions (local overheating) during the 3D printing
or by oxidation of the hot polymer surface.
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The PLA images clearly showed that the extruded polymer was not effectively attached
to the previous layer during three-dimensional printing, resulting in significant cavities. At
low magnifications (Figure 1K), considerable destruction of the sample surface was seen
near the boundaries of the fusion areas. Individual polymer fibers were clearly visible at
the edges, while the surface away from the edges was predominantly smooth. At high
magnifications away from the fusion boundary (Figure 1L), the polymer fibers could no
longer be distinguished, and individual small particles of about 20-200 nm in size were
observed, which were presumably separate polymer aggregates.

The TPU sample, like other thermo-extrusion polymers, had directionally bound con-
vex regions that represented the boundary of the material fused during thermal extrusion
and whose directions therefore corresponded to the build-up direction of the upper layer
when the sample was printed (Figure 1M). There was no pore formation on the surface of
the sample, which means that the attachment of the polymer melted after thermal extrusion
had taken place without the formation of defects. At high magnifications (Figure 1N),
cracks and a small number of aggregates were seen on the surface of the sample. The latter
consisted of isotropic particles with a size of 50-200 nm.

The morphology for PP was similar to that for PLC. It was isotropic, and it was not
possible to draw a conclusion about the build-up direction of the upper layer. At low
magnifications (Figure 10), pits, separate smooth areas, and isotropic convex areas of
approx. 1-5 microns in size were seen on the surface of the sample. At high magnifications
(Figure 1P), small particles with a size of about 10-100 nm were observed in addition to the
convex areas.

The SEM images of the PET-G sample showed a similar pattern to PET. Individual
flat, elongated bulges could be seen on the surface of the sample, which extend in one
direction (Figure 1R). The elongated areas protruding on the surface were probably the
surface of the material that was melted during thermal extrusion, and therefore, their
directions corresponded to the build-up direction of the top layer when the sample was
printed. Large pores were observed separately. They flew into the cracks that were about
200 microns in size and extended along the direction of the fibers. The formation of such
cracks was probably caused by the ruptures in the molten polymer after the thermal
extrusion during the attachment to the previous layer. At high magnifications (Figure 1S),
individual polymer fibers with a diameter of about 50 nm were observed, consisting of
larger areas elongated along the build-up direction of the upper layer. There was also a
small number of small particles of about 10-200 nm in size on the surface, which were
probably individual polymer aggregates.

The PI sample showed predominantly smooth areas and separate isotropic convex
regions of about 1-5 microns in size (Figure 1T). The scratches observed on the surface
probably formed during storage of the sample and were not related to the process of its
production. At high magnifications (Figure 1U), small particles of about 10-100 nm in size
were observed in addition to the convex regions.

2.2. The Growth of Neuronal PC-12 Cells on the Scaffolds

Analysis of the growth of the neuronal PC-12 culture on substrates of different ma-
terials revealed very different degrees of adhesion and growth of cultures for different
materials. Representative confocal images of PC-12 cells stained with calcein and propid-
ium are shown in Figure 2A, and the quantitative image analysis is shown in Figure 2B.
The neuron-like cells of the PC-12 culture in the control were positive when stained with
calcein and had a compact cell body shape characteristic of this culture. A few dead cells
stained with propidium iodide were observed. Single live cells and a similar number
of propidium-positive dead cells were present on NY, TPU, PET, PLA, PCL, PDMS, and



Biosensors 2025, 15, 599

6 of 20

PEGDA. A total of 5-10 live cells were present in the field of view on TPU. On PET, a
small number of live cells stained with calcein were visualized, and single dead cells were
present in part of the field of view. On the substrates of PP and PET-G, a certain number
of live, attached PC-12 cells were observed, but their number was less than half of the
control (Figure 2), and there were also a few dead cells. The neurons grew in the largest

numbers on polyimide, and their number and morphology completely matched those of
the control samples.

A Control PCL PEGDA
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Figure 2. Assessment of adhesion and morphology of PC-12 cells growing in the control well of
the tablet or on scaffolds made of polymers NY, PCL, PEGDA, PDMS, PET, PLA, TPU, PP, PET-G,
and PL (A). Confocal images of cells stained with calcein (green; reveals living cells) and propidium
iodide (red; detects dead cells). Scale bar 100 um. (B). Counting the number of living cells on various
substrates according to confocal microscopy data. **** p < 0.0001, ** p < 0.01, * p < 0.05. The groups
were compared using the Kruskal-Wallis criterion with multiple Dunn comparisons. The data is
presented as an average value + the standard error of the mean.

2.3. The Growth of Fibroblast NRK-49F Cells on the Scaffolds

The analysis of growth of NRK-49F fibroblasts on substrates made of different mate-
rials showed a different pattern (Figure 3) compared to the growth of PC-12 cells. When
grown in a standard dish, NRK-49F culture cells had a normal morphology characteristic of
the NRK-49F cell line and formed a monolayer. Single propidium-positive dead cells were
present. On the NY substrate, the cells practically did not grow, with only very few living
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cells present in the field of view. There were also fields of view in which numerous dead
cells could be seen. A relatively large number of living cells were found for TPU, PET, and
PLA. Although the density of the monolayer was not as high as the values for the control,
the cells looked well attached and had a characteristic spreading morphology. On all three
polymers, single dead cells were present in some fields of view, and their number was
comparable to the control. On PP and PDMS substrates, a small number of live, adherent
cells were found, some of which had a shriveled, rounded shape, indicating that the cells
did not adhere and spread effectively on this polymer. The number of propidium-positive
cells was also low. A large number of live cells with a characteristic flattened morphology
were observed for the PET-G. For PCL, a very low number of live, adherent cells were
observed, all with a shriveled morphology, and dead cells were frequently observed. The
pattern observed for PI was the closest to the control. Here, the highest number of live cells
among all substrates and single dead cells were observed in some fields of view (Figure 3B).
On the PEGDA polymer, there were virtually no cells, and only dead cells were detected.

Control PCL PEGDA

PDMS PLA TPU

B 150+

o 0g°
°
X 100 3
o o%e e

") 0,° .
N
o °®
g . .
>
5 50+ c

E. o oo

ﬁﬁ@"

T
Control NY PCL PEGDAPDMS PET PLA TPU PP PET-G

Figure 3. Assessment of adhesion and morphology of NRK-49F cells growing in the control well of
the tablet or on scaffolds made of polymers NY, PCL, PEGDA, PDMS, PET, PLA, TPU, PP, PET-G,
and PL (A). Confocal images of cells stained with calcein (green; reveals living cells) and propidium
iodide (red; detects dead cells). Scale bar 100 um. (B). Counting the number of living cells on various
substrates according to confocal microscopy data. **** p < 0.0001, *** p < 0.001. The groups were
compared using the Kruskal-Wallis criterion with multiple Dunn comparisons. The data is presented
as an average value + the standard error of the mean.
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2.4. Comparison of the Toxicity of Substrate Materials

To determine whether the lack of cell growth was due to the adhesive properties
of the polymer or to the potential toxicity of the material, we performed a viability test
on the cells grown on the medium conditioned with selected polymers. As in the case
of cell growth on the substrates, PC-12 and NRK-49F cells were incubated for 48 h in a
climate-controlled environment. The analysis revealed that most extracts did not affect the
viability of the cultured cells (Figure 4). The only polymer that significantly reduced cell
viability was PEGDA.
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Figure 4. Study of the viability of PC-12 (A) and NRK-49F (B) cells after incubation with extracts
of NY, PCL, PEGDA, PDMS, PET, PLA, TPU, PP, PET-G, and PI polymers for 48 h. **** p < 0.0001.
The comparison of the groups was carried out using single-factor analysis of variance with multiple
Tukey comparisons. The data is presented as an average value £ the standard error of the mean.

2.5. Morphological Changes in the Brain During Implant Placement

A separate evaluation was conducted for the effects of surgical intervention needed
for the implant placement. The surgery itself caused tissue degeneration and interfered
with the FBR. These effects were primarily caused by the displacement and tearing of
neuronal tissue components, rupture of blood vessels, and axons [13,14]. Thus, in all
groups, including sham-operated animals, degenerated neurons with pyknotic appearance
were found alongside the injection channel in the cortex, hippocampus, thalamus, and
hypothalamus four weeks post-surgery (Figure 5A,E). Degenerated neurons were abundant
near the areas of mechanical damage, but their number rapidly decreased outside of these
areas. Pollowing the damage to neuronal tissue, microglia became activated along the
damage border. Comparable glial activation was observed in all samples (Figure 5B,F).
Notably, the activated glia was not aligned uniformly around the implant, but was gathered
into small, rare focuses in the peri-implant area. At the same time, sparse collagen fibers
indicated formation of fibrous scar (Figure 5C,G). Collagen fibers did not form a consistent
layer along the perimeter of the implant, indicating the mildness of FBR. Finally, as a
sign of hemorrhage resolution, many hemosiderophages (macrophages that phagocytized
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erythrocytes earlier during intraoperative bleeding) were present along the wound channel
and hippocampus subfields (Figure 5D,H).

Figure 5. Morphological changes in brain tissue during the implantation of the phantom polymer
samples four weeks post-surgery. (A,EILM,Q,U,Y,AC,AG,AK,AO)—Nissl’s staining showing degen-
eration of neurons at the site of cortex displacement (yellow arrows highlighting degenerated neurons,
red arrows highlighting normal neurons, and magnification 200x). (B,F,J,N,R,V,Z,AD,AH,AL,AP)—
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Overview of brain tissue morphology near the implant, hematoxylin and eosin staining, and magni-
fication 400 <. (C,G,K,0,S,W,AA AE,AILAM,AQ)—Early formation of fibrotic scar, collagen fibers
are stained in blue (Masson’s trichrome staining, blue arrows highlighting collagen layer, and
magnification 400x). (D,H,L,P,T, X,AB,AF,AJ,AN,AR)—Perls’ staining, dying hemosiderin in blue,
indicating the traces of hemorrhage occurred at the acute phase along the whole implantation channel
(black triangles highlight areas containing hemosiderin, and magnification: (L)—40x, (T,AN)—20x,
(other)—30x). Asterisk corresponds to the cavity developed by the implant.

Notably, the quantitative analysis of the histological changes did not reveal any dra-
matic excess of negative manifestations compared to the sham-operated animals. However,
the most pronounced pathological process was cell death, which was observed in the
implantation of almost all polymer materials, as well as mild infiltration. Fibrosis was only
observed in the case of PEGDA (0.75 + 0.5 vs. 0 4+ 0). Most of the detected alterations
were also observed in the sham-operated group, apart from ventricles dilatation. PDMS
and PET (0.25 £0.5vs. 1 = 0and 0 = 0 vs. 1 = 0, respectively) caused significantly lower
manifestation of neuronal death compared to sham (Figure 6).

*k
1.5+ I Cell death
’ | " [ infiltration rate
[l Fibrosis
. [ ventricles enlargement
|

1.0
0
o
I}
i}
n

0.5+

0.0- Sham NY PCL PEGDA PDMS PET PLA TPU PP PET-G Pl

Figure 6. Summary of histological scores obtained 4 weeks after implantation. ** p < 0.01, * p < 0.05
two-way ANOVA with Dunnett’s multiple comparisons test.

In addition, some polymers caused a slight decrease in pathological signs compared
to sham-operated animals. PLA (0.8 £ 0.45) and TPU (0.75 £ 0.5) tend to exhibit milder
damage to neural cells compared to sham group (1 & 0). PCL (0 £ 0), PDMS (0 £ 0), PET
(0 £ 0), TPU (0 &+ 0), PP (0 £ 0), PET-G (0 4 0), and PI (0 4 0) demonstrated no infiltration
after 4 post-implantation weeks compared to sham group (0.25 £ 0.5). Meanwhile, PEGDA
and PLA showed an increase in infiltrate (0.5 4+ 0.58 vs. 0.25 + 0.5 and 0.4 + 0.55 vs.
0.25 % 0.5, respectively).

The findings were peculiar for the PEGDA group. Only this group showed giant
multinucleated cells and macrophages present in the peri-implantation site; the fibrotic
capsule covered the entire perimeter of the implant and had a thickness up to 30 um. In
one sample, a small portion of material migrated into the brain tissue near the implantation
site, without active inflammation around this area (Figure 7). Altogether, these findings
indicate that PEGDA implants caused more prominent tissue reactions compared to the
other polymers and, therefore, had the worst prognosis for long-term trials.
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Figure 7. Representative images of the alterations found in the brains implanted with PEGDA.
(A,B)—Formation of fibrotic scar. Collagen is stained in blue; the asterisk marks the implantation site.
(C)—Inflammatory (granulomatous) reaction to implant, red arrow points to giant multinucleated
cell. (D)—Migration of implant particles (basophilic particles of different sizes, outlined) up to a
certain distance from the implantation site without causing a pronounced inflammatory reaction.
(A,B)—Mallory’s trichrome staining. (C,D)—Hematoxylin and eosin staining. The asterisk marks the
implantation site. Scale bar—500 um (A), 50 um (B-D).

3. Discussion

Neural interfaces hold promise as an approach to the treatment of a range of neu-
rological diseases [15]. The key requirement for such medical neural implants is that
they enable stable performance over long periods of time [16]. Biocompatibility of the
implant is critical for this. Biocompatibility can be improved by developing implants that
closely match the mechanical properties of neural tissue, especially stiffness, expressed in
Young’s modulus [17,18].

Polymers are appropriate for use in brain implants because they could provide long-
term stability, low material stiffness (i.e., high material flexibility), and can be both a good
electrical conductor or an insulator of the implant [19,20]. The electrode coating has the
greatest impact on biocompatibility due to direct contact with the neural tissue. In this
study, we analyzed the biocompatibility of 10 polymers used for electrode coating. The ex-
periments were performed in both cell cultures (including cultures of neural origin) and the
brains of implanted rats. This work adds to the ongoing research on the polymers that are
potentially suitable for neural implants because of their shape, flexibility, and elasticity [21].
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In the case of NY, PCL, PDMS, and PEGDA, we observed poor growth and adhesion
for both fibroblasts and neurons. It appears that the surfaces of these polymers have
topographical and/or chemical properties which hinder cell adhesion and/or proliferation.
For example, the polymer surface could be too smooth or have an irregular structure.
Perhaps these polymers have low hydrophilicity and wettability, and hydrophobic surfaces
are often unfavorable for cell adhesion [22]. The lack of cell growth limits the integration of
the implant into the brain tissue, which reduces its effectiveness.

Among the structural factors, a polymer or products of its degradation could be
toxic to cells [23]. Thus, we performed a cytotoxic test in the conditioned medium with
polymers extracts. These experiments have shown that only PEGDA exhibited significant
toxicity (Figure 4).

However, a polymer that does not support the growth of several cell types, especially
fibroblasts, minimizes the likelihood of scar tissue formation and the development of an
inflammatory response around the implant. The absence of a fibrotic or glial scar near the
electrodes of the neural interface improves signal quality and reduces interference, which
increases the accuracy of recordings and the efficacy of neurostimulation.

The polymers PET, PLA, and TPU exhibited properties that favored fibroblast growth
and had a negative effect on the growth and/or adhesion of neurons. These compounds
showed no signs of toxicity, which indicated that the exact structural and/or chemical
characteristics of the substrate surface are not preferred for neuronal growth.

Several studies have shown the influence of chemical groups on the substrate surface
on cell growth. In particular, certain chemical groups (e.g., the arginine-glycine-aspartate
sequence) stimulate the growth of neurons [24]. There are other functional groups that
ensure effective adhesion of cells to the surface, including fibroblasts [25]. Such a polymer
could be suboptimal in connection with the formation of fibrosis at the implantation sites.
Additionally, there is also a risk of neuroinflammation when such polymers are in close
proximity to the nerve tissue, as fibroblasts can activate an immune response. The ability to
direct the growth of nerve cells in certain directions due to the rejection effect can be used
to gain certain advantages. However, such properties are better utilized in those polymers
that do not support the growth of both neurons and fibroblasts.

The PP, P1, and PET-G scaffolds demonstrated that both neurons and fibroblasts grew.
The effectiveness of this growth was variable, ranging from moderate for PP and PET-G to
the best for PI. On the PI surface, the neurons adhered and grew almost as well as on the
standard culture plastic, and the fibroblasts less well. Earlier, PI was also suggested as one
of the most preferred materials for neural interfaces [26,27].

It is likely that the surface of these polymers had a surface that was optimal for the
different cell types. For instance, the stiffness of the polymer could also have an influence,
since cells from different organs could sense this substrate characteristic [28,29]. Neurons
often prefer softer materials, while fibroblasts could also grow on stiff materials [30].
Moreover, it is well known that neurons grow better on scaffolds that have microchannel
or anisotropic patterns in their structure, responding by aligning and elongating in the
direction of these grooves [31,32].

A good compatibility of the surface of the implant with the different cells can facilitate
its integration into the neuronal tissue [33]. This can improve the effectiveness of the
recording and stimulation [34]. However, the growth of fibroblasts can lead to the formation
of scar tissue around the implant, which can limit its functionality and increase the risk of
rejection [35]. In this sense, PI is more interesting as it is more favorable to neurons than
fibroblasts. However, fibroblasts play an important role in the healing after damage, and
their presence around the implant can contribute to faster and more effective tissue repair
in the absence of fibrosis and scar formation [36]. The growth of neurons on the implant
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surface can be viewed rather positively, as it can contribute to neuroplasticity, sprouting of
neurites and axons along the surface of the implant, and thus to better functional integration
and signal conduction.

Following the tests in culture, the compatibility of the investigated polymers with
neural tissue was further tested by implantating them in the rat brain. After 4 post-
implantation weeks, no severe FBR to NY, PCL, PDMS, PET, PET-G, PLA, PI, PP, and TPU
was observed. On the contrary, PEGDA exhibited strikingly worse results with typical
signs of inflammatory granuloma formation and the presence of foreign body cells, fibrotic
capsule formation, and material migration. These reactions could not only compromise
implant functionality but also cause damage to the brain.

It is worth noting that we did not observe a pronounced increase in fibrosis, even
for the samples that could promote fibroblast growth. Moreover, PET, PDMS, and TPU
with an unattractive surface interface (Figure 1) for both cell types even showed a slight
decrease in negative effects in the brain compared to sham-operated animals. Given that
these materials had low toxicity, the absence of cell growth on their surface could be an
additional advantage for the use of these materials in neural interfaces.

Additionally, when designing an experiment to test the biocompatibility of neuroim-
plants, it is important to consider possible confounders. For instance, several anesthetics
(for example, volatile anesthetics like isoflurane and sevoflurane) used in rodent experimen-
tal models have a neuroprotective effect confirmed by numerous studies [37,38]. Although
chloral hydrate can exert a neuroprotective effect when animals are preconditioned with
it [39,40], as an anesthetic agent, it does not affect this [38,41]. In an effort to exclude
confounding factors as much as possible, we chose chloral hydrate as the anesthetic agent
in this study. However, depending on the intended purpose, other options could be
considered in future studies.

We also highlight the importance of long-term biocompatibility testing, especially
for the materials that are prone to degradation. From the point of view of experimental
in vivo modeling of the FBR, the effects at implantation periods longer than 7-14 days are
often considered as chronic [42—44]. At implantation periods of 2—4 weeks or more, signs
of tissue remodeling already appear, and the initial stages of fibrous/glial scar formation
are present [9,45]. However, as was also shown in this study, in the case of PEGDA,
degradation of the material can lead to migration of its particles. And if the observation
period is not long enough, signs of FBR may not yet appear, particularly the ones caused
by an uncontrolled migration of polymers.

This study showed that PI appeared to be the most promising material for further
analysis and implementation in implants for neural interfaces, as it is the most biocom-
patible and neurotrophic. PLA, PDMS, and TPU could be practical, as well, as they do
not appear to stimulate neuroregeneration and are mostly inert to brain tissue. PEGDA
appears to be the material with multiple negative effects, so it does not appear of any use
for further development.

4. Materials and Methods
4.1. The Preparation of Polymer Scaffolds

The following materials were used in the study: NY, PCL, PEGDA, PDMS, PET, PLA,
TPU, PP, PET-G, and PI. From these polymers, two types of samples were prepared: disks
with a diameter of 15 mm and 1 mm thickness for the in vitro experiments and cylinders
with a diameter of 0.9 mm and 3 mm length for the in vivo experiments.

NY (Ultimaker, Utrecht, The Netherlands), PET (Innofil3D, Emmen, The Netherlands),
PET-G (ABS Maker, Khimki, Russia), PLA (Innofil3D, Emmen, The Netherlands), PCL
(ESUN, Shenzhen, China), PP (Ultimaker, Utrecht, The Netherlands), and TPU (Eryone,
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Shenzhen, China) scaffolds for in vitro experiments were produced using 3D printing
(Ultimaker 2+, Ultimaker, Utrecht, The Netherlands) from the filament with the following
parameters. The filament was pre-dried for 24 h at 50 °C (TPU, PP, NY, PLA, PET, and
PET-G) or 30 °C (PCL). The nozzle temperature was 200 °C (PCL), 210 °C (TPU, PLA, PET,
and PET-G), 230 °C (PP), or 260 °C (NY). The print bed temperature was 50 °C (PCL), 60 °C
(TPU, PLA, PET, PET-G, and NY), or 80 °C (PP). 3D printing was performed in the open
box with the fan on (PCL, PLA) or in the enclosed box with the fan off (TPU, PP, NY, PET,
and PET-G). The printing speed was 50 mm/s (TPU, PLA, PET, and PET-G) or 60 mm/s
(PP—first two layers with 5 mm/s speed, NY, PCL). During the printing, the thickness of
each layer of all polymers was 0.1 mm, and the wall thickness was 0.1-0.3 mm.

The PDMS samples were prepared by casting SMARTSIL ST-501 (BMP Technology,
Moscow, Russia) (the ratio of A:B components was 1:1). The PI samples were prepared by
casting 13% polyimide varnish (ESTROKOM, Moscow, Russia) into a mold to obtain a disk
thickness of 6-7 mm. After drying at 60 °C for 24 h, disks with a diameter of 16 mm were
cut with a CO; laser (processing speed of 10.5 mm/s and power of 12%). The disks were
placed between two glasses and fired at 260 °C for 1 h at a heating rate of 100 °C/h. The
PEGDA samples were prepared by casting a solution of 20% PEGDA Mn = 700 (Sigma
Aldrich, St. Louis, MO, USA) in ultra-pure water (produced by UPD-I-10T device, Ulupure,
Chengdu, China) with an addition of 1% API-TPO photoinitiator (CPS, Franklin, KY, USA)
into the mold. The solution was poured into a silicone mold and polymerized under a UV
lamp for 2 min. The samples were washed successively with isopropyl alcohol and distilled
water to remove residual photoinitiator.

NY, PET, PET-G, PLA, PCL, PP, and TPU cylindrical non-functional implants for
in vivo experiments were produced by thermal extrusion of the polymer. PEGDA, PDMS
and PI samples were cast into a mold. The filament of the extrusion 3D printer was melted
on a hotplate at 220 °C and given a cubic shape. Then it was cooled at room temperature
until completely solidified. The sample was placed in a vice and extracted with a sharpened
18G medical needle. The resulting cylinder of the target material was shortened to obtain a
sample length of 3 mm.

The PDMS sample was prepared by casting SMARTSIL ST-501 (1:1) into a Petri dish.
To accelerate crosslinking, PDMS was heated on a hotplate at 80 °C for 2 h. The samples
were extracted with a 16G needle. Then they were further processed with an 18G needle
to a diameter of 0.9 mm. The PI sample was prepared by casting 13% polyimide varnish
into a Petri dish to be dried in an oven at 60 °C for 12 h. The samples were extracted
with a 16G needle and fired in an oven at 260 °C for 1 h before final processing with an
18G needle. The PEGDA samples were prepared by casting a solution of 20% PEGDA
Mn = 700 in ultra-pure water with an addition of 1% API-TPO photoinitiator into the mold.
The solution was polymerized under a UV lamp for 2 min. The samples were washed
successively with isopropyl alcohol and distilled water to remove residual photoinitiator.
Samples were extracted with a 16G needle. The PEGDA samples lose water in the air and
decrease to the target diameter of 0.9 mm.

4.2. Surface Characterization Using SEM

For the scanning electron microscopy (SEM) study, a layer of chromium was deposited
on the samples with a sputter coater (QT-150T ES, Quorum Technologies, Laughton, East
Sussex, UK). SEM images were obtained using an Amber GMH (Tescan, Brno, Czech
Republic) microscope operated at an accelerating voltage of 2 kV using a secondary elec-
tron detector. These experiments were performed using the equipment of the JRC PMR
IGIC RAS.
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4.3. Cell Cultures and Biocompatibility Assessment

To examine the biocompatibility of the polymer disks, we performed experiments on
NRK-49F and PC-12. The cells were cultured in DMEM /F12 supplemented with glutamine
(PanEco, Moscow, Russia) and 5 or 10% fetal bovine serum (FBS) (HiMedia, Maharashtra,
India) in a CO; incubator (Eppendorf, Hamburg, Germany) at 37 °C and 5% CO,. Prior
to the experiment, we performed sterilization of the polymer disks using a UV lamp with
185 nm and 254 nm emission. Both sides of the scaffolds were exposed to UV. Then, the
polymers were placed in the wells of 6-well plates and were covered with a suspension
of appropriate cells. After 48 h of cultivation, the staining with calcein-AM (Invitrogen,
Carlsbad, CA, USA) was performed to label the living cells on the substrate. Propidium
iodide staining (Lumiprobe, Moscow, Russia) was used to detect the dead cells. After
staining, the polymers with the covering cells were transferred to glass-bottomed dishes
and examined using an LSM900 confocal microscope (Carl Zeiss, Baden-Wiirttemberg,
Germany). Calcein-AM was visualized using blue laser excitation (488 nm), and fluores-
cence emission was analyzed at 505-530 nm. Propidium iodide accumulation was analyzed
using 543 nm excitation, and emission was detected in the range of 560-590 nm. For each
polymer, 30 fields of view were used in three independent series of experiments. Then,
quantitative analysis of confocal images was performed using software implemented in
Python version 3.9.

4.4. In Vitro Toxicity Assessment of Scaffolds

To determine the potential toxic effects of soluble substrate components, conditioned
media were prepared by incubating the substrate for 48 h in the same growth medium
and under the same conditions as for the cell growth assay on the substrate. For toxicity
assays, PC-12 or NRK-49F cells were cultured in a 96-well plate. Then, the standard
growth medium was replaced with the substrate-conditioned medium composed of the
appropriate polymer and cells. The medium was incubated for 48 h. Then, a standard
MTT test was performed. MTT solution (1 mg/mL) was added to the cells for 1 h, then
discharged, and the cells were lysed with dimethyl sulfoxide (DMSO) (PanEco, Moscow,
Russia). Absorbance was measured at 540 nm using a Zenyth 3100 plate multimode detector
(Anthos Labtec, Wals, Austria). Wells containing cells incubated with HyO for 48 h were
used as negative controls.

4.5. Animal Experiments

The in vivo experiments were performed on male (n = 44) young outbred Wistar
rats (3—4-month-old, 300400 g). The animal protocol was examined and approved by
the animal ethics committee of A.N. Belozersky Institute of Physico-Chemical Biology
Lomonosov Moscow State University, Protocol Ne 010-5/05/2024. All procedures were
conducted in accordance with the “Animal Research: Reporting of In Vivo Experiments”
(ARRIVE) guidelines. The animals had unlimited access to food and water and were kept in
cages in a temperature-controlled environment (20 & 1 °C) under a 12/12 h light/dark cycle.

Animals were anesthetized using chloral hydrate (300 mg per kg of body weight). After
the animal reached a sufficient depth of anesthesia and did not exhibit reflexes, an incision
was carefully made over the skull midline. The remaining epidermis and connective
tissues were removed with hydrogen peroxide. A craniotomy was performed through
careful drilling using a dental drill. The insertion of phantom implants into the brain
was performed using an 18G needle with a tip cut at a 90-degree angle. The implant was
inserted stereotactically following the coordinates AP-3.6, ML-2.5, and DV-8.3. To ensure
precise implantation, a custom fixture was designed for the stereotaxic frame, enabling
the needle to reach the desired depth in the brain. During the process of withdrawal, the
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needle was carefully extracted in a controlled manner, leaving the cylindrical implant in a
certain location in the brain. This was achieved by securing the implant at the back of the
needle with a cylindrical rod (0.9 mm in diameter), which remained stationary while the
needle was removed.

Four weeks after the surgery, the animals were deeply anesthetized with xylazine
(5 mg/kg IP) and Zoletil 100 (Virbac, Carros, France) (40 mg/kg IP). After the anesthesia
administration, sequential transcardiac perfusion with 100 mL of saline and 100 mL of
4% neutral buffered formaldehyde (NBF) (Biovitrum, Moscow, Russia) was performed. The
completion of transcardiac perfusion was assured by the assessment of muscle rigidity and
inner organs paleness. Then, the brain was carefully taken out of the skull and immersed
in NBF for 24-48 h.

4.6. Histological Evaluation

2 mm-thick brain sections containing the implantation site were trimmed in the coronal
plane, washed for 20 min in tap water, and processed to paraffin wax in an automatic tissue
processor Leica ASP6025S (Leica Biosystems, Nussloch, Germany) according to standard
protocol [46]. Afterwards, samples were embedded into paraffin wax with higher melting
point Histomix (Biovirtrum, Moscow, Russia) using Leica HistoCore Arcadia embedding
station (Leica Biosystems, Nussloch, Germany). Most of the implants were removed
either at the trimming stage or during microtomy due to the highly pronounced difference
in stiffness between the implant material and brain tissue. However, it was feasible to
obtain thin sections of most brain samples containing implants composed of PEGDA
and polyimide.

Samples were sectioned on a Thermo Fisher HM 340E rotary microtome (ThermoFisher
Scientific, Waltham, MA, USA) in non-freezing conditions. Samples were initially trimmed
until the implantation zone was visible in the sections. Next, thin sections were prepared
with a thickness of 2-3 pm for hematoxylin and eosin staining and 5-6 pm for the other
stains. Before staining, sections were vertically dried for at least 1 h at +37 °C.

In order to assess the general condition of the implantation site, the sections were
stained with hematoxylin and eosin according to the conventional protocol. For visual-
ization of neurons and glia, the sections were stained with cresyl violet solution. For the
assessment of fibrotic scar formation and visualization of hemosiderin, Mallory’s trichrome
stain kit (Biovitrum, Moscow, Russia) and Perls” Prussian blue staining kit (Biovitrum,
Moscow, Russia) were used according to the manufacturer’s instructions. The brain tissue
reaction to implants composed of different materials was evaluated semi-quantitatively
according to the criteria presented in Table 1. Visual examples of scores are provided in the
Supplementary Materials (Table S1).

For histological evaluation, 44 samples from 11 groups were analyzed: (1) sham
operated (n = 4); (2) Ny (n = 6); (3) PCL (n = 3); (4) PDMS (n = 4); (5) PEGDA (n = 4);
(6) PET (n = 3); (7) PET-G (n = 4); (8) PLA (n = 5); (9) Polyimide (n = 3); (10) PP (n = 4);
(11) TPU (n = 4). Samples were excluded from the analysis if severe ventriculomegaly was
observed. Severe ventriculomegaly cases were sporadic (2 cases in total) and observed
in different groups (PLA and PP, 1 case per group), while the other animals in the same
groups did not exhibit it. The development of ventriculomegaly likely occurred due to an
incidental displacement during surgical implantation. Due to the alterations caused by
severe ventriculomegaly, these samples were excluded from the analysis.
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Table 1. Histological score.
Feature Score Description
Cell death 0 None, or only in the area of injection in the cortex
1 Degraded neurons in the peri-implant area
’ Massive degeneration of neurons at the peri-implant area
with edema of neuropil
3 Extensive degeneration of neurons and neuropil
deterioration with active immune response
Infiltration rate 0 None
1 Mild: presence of activated glial cells and
rare macrophages
2 Moderate: Focal dense immune infiltrate containing glial
cells, macrophages, and lymphocytes
3 Severe: Granuloma formation with multinucleated
giant cells

Fibrosis 0 None

1 Sparse collagen fibers are non-uniformly spread around
the implant
2 Uniform layer of collagen fibers all around the implant
3 Extensive fibrotic scar
Ventri
entricles 0 None
enlargement

1 Unilateral ventricle enlargement
2 Bilateral ventricle enlargement

4.7. Statistics

The statistical data analysis and data visualization were performed using the Graph-
Pad Prism 9 software (GraphPad Software Inc., Boston, MA, USA). The sample data were
tested for normality using the Shapiro-Wilk test. For cell culture experiments, ANOVA
with Tukey’s multiple comparisons test was used in the cases of parametric variables, and
Kruskal-Wallis test with Dunn’s multiple comparisons was used in the cases of nonpara-
metric variables. For histological data, statistical significance was evaluated using two-way
ANOVA with Dunnett’s multiple comparisons test. p < 0.05 was admitted statistically
significant. The values within the group were expressed as mean + SEM.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios15090599 /51, Table S1: Histological score.
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Abbreviations

The following abbreviations are used in this manuscript:

DMSO  Dimethyl sulfoxide

FBR Foreign body reaction

FBS Fetal bovine serum

NBF Neutral buffered formaldehyde
NY Nylon 618

PCL Polycaprolactone

PDMS Polydimethylsiloxane
PEGDA Polyethylene glycol diacrylate

PET Polyethylene terephthalate
PET-G Polyethylene terephthalate glycol
PI Polyimide
PLA Polylactide
PP Polypropylene
SEM Scanning electron microscopy
TPU Thermoplastic polyurethane
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