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ABSTRACT

Glial scarring creates a significant obstacle for axonal regeneration in the central nervous system after injury and represents one
of the main hurdles for neural microelectrode development. In this study, we established a test system for evaluating potential
therapeutics and biomaterials prior to in vivo studies. The human cell line-based in vitro model replicates key glial scar charac-
teristics such as galectin-3 expression and extracellular matrix accumulation. Moreover, we demonstrated how the model can
be used to assess and validate new drug targets to reduce glial scar formation by modulating the transforming growth factor-g
receptor types I and II. Beyond drug testing, our approach integrates a broad biomaterials science perspective, combining inno-
vative chemical fabrication techniques with a complex in vitro co-stimulation system to investigate biological responses at the
cell-material interface. To exemplify this, we explored the effects of sputter-coated free-standing nitinol as an exemplary implant
material, along with gold and platinum electrode surfaces with varying characteristics, on glial scar-associated gene expression.
By leveraging bioinspired material strategies, this platform enables the validation of promising drug candidates and their modes
of action while optimizing neural implant materials to limit glial scar formation. Ultimately, this approach accelerates the devel-
opment of strategies for central nervous system regeneration.

1 | Introduction barrier is primarily composed of reactive microglial cells and

astrocytes [2, 3], with the reactive astrocytes forming a dense
Glial scarring poses a significant obstacle to neuronal regen- shield by develop tight junctions among each other, which is
eration following central nervous system (CNS) injuries, cre- one of multiple characteristics for glial scars [4]. Furthermore,

ating a physical barrier to axonal regrowth [1]. This physical these astrocytes actively produce an extensive extracellular
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matrix (ECM) rich in proteoglycans, tenascin glycoproteins,
and fibronectin, forming a dense sheet. Notably, the com-
position of ECM proteins can vary across different zones of
the scar [5, 6]. While glial scars provide essential protective
functions such as sealing lesion sites, preserving uninjured
tissue, and restoring homeostasis [7], they also create a mi-
croenvironment that can contribute to neurotoxicity, resulting
in axon demyelination and the death of surrounding neurons
[8, 9]. Reactive astrocytes, particularly, have been identified
as neurotoxic as they release saturated lipids that exacerbate
neurotoxic effects [9].

In a simplified description, homeostatic astrocytes can tran-
sit to a reactive state through classical activation induced by
factors such as lipopolysaccharide (LPS) or, alternatively, be
triggered by cytokines such as transforming growth factor-f
(TGF@). Commonly used terms include classically activated
astrocytes (Al), which are described as proinflammatory
and cytotoxic. In contrast, alternatively activated astrocytes
(A2) are known for their anti-inflammatory properties and
exhibit neuroprotective effects [10, 11]. Moreover, A2 astro-
cytes play a role in tissue remodeling, wound healing, and scar
formation [12].

Neural implants represent one cause of glial scars in the CNS
[13, 14]. Implantable microelectrodes may potentially be inte-
grated into neural prostheses to restore lost nerve function [15].
Currently, the most common materials used for neural implants
are a combination of polymers as substrates and metal or metal
composite as electrodes [e.g., gold (Au), platinum (Pt) or indium
tin oxide (ITO)| [15-18]. One material among those that have
been investigated in this contextisnitinol (NiTi, Nickel titanium).
NiTi is utilized in orthodontics, self-expanding stents, atrial oc-
clusion devices, and ophthalmology [19], but it also has shown
promising results as a biomaterial for neural implants such as
nerve cuff electrodes [20] and expandable microwire electrode
arrays [21]. Nevertheless, NiTi is mostly used due to its ability to
show shape memory effects or superelasticity owing to the dif-
fusionless phase transformation between the high-temperature
austenite phase and the low-temperature martensite phase [22].
Here, shape can be recovered either by introducing heat or re-
moving the load, which leads to self-expanding implants [23].
Thus, they can be deployed via a catheter to complex areas in
the vascular system in a minimally invasive manner. Since NiTi
has self-supporting and flexible mechanical properties, it can
be used as a substrate without any polymers, minimizing tissue
damage. It can be modified, for example, by sputter coating in
order to accommodate electrodes [24, 25].

There are already in vitro models of glial scar formation for im-
plant materials such as metals [26, 27| and polymers [28-31].
Especially stainless steel has been studied in the context of neu-
ral implants and previously in vitro glial scar models created by
Polikov et al. [32, 33] Nevertheless, stainless steel has limitations
such as corrosion in ionic biological environments that might
cause toxicity [18, 34] and, due to its fragile nature, the material
might fracture under micromotions that could cause implant
failure. As a result, it is no longer considered a first-line mate-
rial for neuroimplants [18, 35]. In contrast, the superelasticity
of NiTi, which allows deformation up to 8% without permanent
damage [36], overcomes these mechanical limitations. NiTi

shows excellent biocompatibility, corrosion resistance, magnetic
resonance imaging (MRI) compatibility, and kink resistance
[16, 37-39].

Use of advanced biomaterials such as NiTi for neural implants
can be highly beneficial for overcoming glial scar formation. In
addition to material modifications, different interventions on
cellular responses have been investigated for their ability to re-
duce glial scarring. Most notably in this context is the inhibition
of pathways leading to glial scar formation [40]. TGF, in partic-
ular, is linked to fibrosis [41, 42] and has been the focus of many
studies aimed at inhibiting the TGFf pathway to prevent scar
formation [43-45].

In this study, we developed an in vitro model of a glial scar based
on stable human cell lines and applied different strategies to re-
duce glial scar formation. The model consists of TGF@-activated
astrocytes and magnetron-sputtered NiTi free-standing thin
films as an example neural implant material. The NiTi free-
standing thin films were further modified by sputtering with
Au, using Pt as possible electrodes and silicon dioxide (SiO,) as
an insulation layer. Surface material properties such as surface
roughness and energy were investigated to determine their re-
spective effects on glial scarring. Furthermore, small-molecule
inhibition of TGFf receptor type I (TBRI) and type II (TBRII)
was evaluated as a prospective drug target for reducing glial scar
formation. This simplified system, combining TGFf-activated
astrocytes with magnetron-sputtered NiTi free-standing thin
films, serves as an easy-to-use initial evaluation platform that
can be adapted for broader biomaterial and treatment screen-
ing. By providing a reliable test system for potential therapeu-
tics, this study will help accelerate the optimization of neural
implant materials and inform future in vivo studies.

2 | Materials and Methods
2.1 | Cell Culture

The human fetal astrocyte cell line SVGA was a gift from
Christine Hanssen Rinaldo, University Hospital of North
Norway [46] with the permission of W.J. Altwood [47]. SVGA
cells provide a BK polyomavirus-free alternative to the paren-
tal SVG p12 cell line [46]. Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (#41965, Thermo Fisher
Scientific, Germany) supplemented with 10% fetal bovine serum
(FBS) (#P30-3306, PAN-Biotech GmbH, Germany), 1% peni-
cillin-streptomycin (10,000U/mL, #15140122, Thermo Fisher
Scientific), and 2mM additional L-glutamine (#56-85-9, Carl
Roth, Germany) and then incubated at 5% CO, at 37°C. Cells
were routinely checked for mycoplasma contamination by gPCR
(#11-1100, Venor GeM Classic; Minerva Biolabs, Germany).

2.2 | Thin-Film Fabrication

Structured free-standing NiTi films were fabricated by pattern-
ing using photolithography (Karl Suss MA6, Germany), wet
chemical etching of the sacrificial layer of copper, and magnetron
sputtering, described in detail by Bechtold et al. [48] All depo-
sitions were carried out in a cluster magnetron sputter device,
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Von Ardenne CS730S (Von Ardenne, Germany). NiTi films were
deposited with a thickness of 40pum from a 4-in. TiNi, , target
(Ingpuls GmbH, Germany) at 2x 1073 mbar pressure, 20 sccm
argon (Ar) flow, and 150 W at a deposition rate of 3 um/h.

Rapid thermal annealing (RTA) (CreaTec RTA-6 SYO09,
Germany) was used to heat treat free-standing NiTi structures.
The chamber was under a vacuum at 1.0x 107" mbar and the
heat treatments were performed at 700°C for 600s. This step is
essential for material to crystallization amorphous, sputtered
NiTi. The treated samples were checked to determine whether
they were fully crystallized and showed superelastic behavior,
as for commercial neuronal implants as shown in Figure S1.

After heat treatment, a 500nm SiO, layer was deposited onto
crystalline NiTi as an insulation layer by radio frequency (RF)
sputtering, parameters 3 X 10~3mbar pressure, 30 sccm Ar flow,
and 50W power at a deposition rate of 0.3um/h with a 4-in.
target (Evochem Advance Materials, Germany). Wafers were
cooled down for 4h in the chamber under vacuum. On top of
SiO,, commonly used electrode materials Au and Pt were de-
posited with 10nm chromium and tantalum adhesion layers, re-
spectively. Chromium sputtering parameters for the 8-in. target
(Evochem Advance Materials) were 4 X 10~3mbar pressure, 25
sccm Ar flow, and 200W power at a deposition rate of 3.3um/h,
Au parameters 6 X103 mbar pressure, 25 sccm Ar flow, and
100W power with at a deposition rate of 7.2pum/h for a 4-in.
target (Evochem Advance Materials). Tantalum sputtering pa-
rameters for an 8-in. target (Kurt J. Lesker Company, Germany)
were 4 X 1073 mbar pressure, 30 sccm Ar flow, and 200 W power
at a deposition rate of 2.2um/h, Pt parameters 8 X 103 mbar
pressure, 25 sccm Ar flow, and 100W at a deposition rate of
3.7um/h for a 4-in. target (Evochem Advance Materials). The
temperatures on these samples were measured from below the
wafer using temperature C-type stripes from Carl Roth (Carl
Roth GmbH). Au and Pt wafer temperatures were recorded as
182°C+5°C and 187°C £ 5°C, respectively.

2.3 | DrugTreatment

TRRI kinase inhibitor, SB431542, was obtained from Sigma-
Aldrich/Merck (#616461, Sigma-Aldrich/Merck, Germany) and
used at a concentration of 1uM. The TERII-selective degrader
1b (i.e., active (R)- and inactive (S)-enantiomer) was prepared as
we have described previously [49] and used at a concentration
of 2.5uM. The different compounds were dissolved in polyeth-
ylene glycol 400 (PEG400) (Caesar & Loretz GmbH, Germany).
The compounds showed no toxic effect on astrocytes (SVGA)
(Figure S2). SVGA astrocytes were seeded in 12-well plates at
a density of 7500 cells per well. After 24 h, astrocytes were pre-
incubated with the different drug compounds 30 min before the
NiTi/TGFp treatment.

2.4 | Quantitative Polymerase Chain Reaction
(gPCR)

SVGA astrocytes were seeded in 12-well plates (7500 cells/
well) and left to adhere for 24 h. Afterwards, 10ng/mL recom-
binant human TGF@1 (#11343160, ImmunoTools, Germany)

and NiTi were added. NiTi was submerged into the media, al-
lowing it to rest atop the cultured cells at the bottom of the well.
Medium was renewed on Days 3 and 6. After 7 days, cells were
harvested and homogenized using the TRI Reagent (#T9424,
Sigma-Aldrich/Merck) and total ribonucleic acid (RNA) was
isolated, following the manufacturer's protocol. Then, genomic
deoxyribonucleic acid (DNA) was digested using RNase-free
DNase (1 U/uL, #89836, Thermo Fisher Scientific) and cDNA
was synthesized with the RevertAid RT Kit (#K1691, Thermo
Fisher Scientific). TagMan primers and probes (Thermo
Fisher Scientific) and HOT FIREPol Probe Universal qPCR
Mix (#08-17-00001, Solis BioDyne, Estonia) were used to an-
alyze samples with the ABI PRISM 7500 sequence detection
system (Applied Biosystems). The following genes were ana-
lyzed: GAPDH (Hs99999905_m1), IL6 (Hs00985639_m1), FN1
(Hs00277509_m1), and BGN (Hs00959143_m1).

For the TagMan Array Human TGFB Pathway (#4414097,
Thermo Fisher Scientific) samples were prepared as described
above, processed according to the manufacturer's protocol, and
analyzed with the ABI PRISM 7300 sequence detection system
(Applied Biosystems).

The cycle threshold (Ct) values were determined through the
instrument software, and ACt values=Ct[gene of interest|—
Ct|[GAPDH] were calculated. Due to the logarithmic reaction
mode, a ACt value of 3.33 corresponds to gene expression that
is one order of magnitude lower than GAPDH. For cytokine-

induced mRNA regulation, AACt values were calculated as fol-
lows: AACt= 2—(ACt[stimulus]—ACt[control]).

2.5 | Fluorescent Staining/Immunocytochemistry

NiTi was glued to glass coverslips using Kwik-Sil silicone elas-
tomer (World Precision Instruments, Germany) and dried for
24h at room temperature. SVGA astrocytes were seeded on the
glass coverslips (30,000 cells/coverslip) and placed in 6-well
plates; then recombinant human TGFg1 (10ng/mL) was added
and the cells were subsequently incubated for 7days. Medium
was renewed on days 1 and 4. On day 7, cells were briefly rinsed
with phosphate-buffered saline (PBS) and fixed for 10min
in 4% paraformaldehyde (PFA, in PBS) at room temperature.
Immunocytochemistry was carried out after permeabilization
with 0.1% Triton X-100 (Sigma-Aldrich/Merck) in PBS for 5min
at room temperature and blocking for 60 min in bovine serum
albumin (BSA, 0.5%, Biomol, Germany) and glycine (0.5%, Carl
Roth) in PBS. The cultures were then incubated with primary
antibodies in PBS at 4°C overnight, anti-galectin-3 (goat, 1:100;
#AF1154, Bio-Techne GmbH, Germany) was used as the pri-
mary antibody. Then, cells were incubated with Alexa Fluor
555-labeled secondary antibodies against respective host species
(donkeyIgG, 1:1000, Thermo Fisher Scientific) at 37°C for 1 h,and
nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich/Merck). Slides were embedded
with Shandon Immu-Mount (#F1S9990402, Thermo Fisher
Scientific). For secondary antibody controls, primary antibod-
ies were omitted (Figure S3). Imaging was carried out using the
Keyence BZx800 Fluorescence Microscope (KEYENCE GmbH,
Germany). Fluorescence intensity was quantified using ImageJ
(RRID: SCR_003070) [50].
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For ECM fluorescence staining, cells were briefly rinsed with
PBS and fixed for 10min in 4% PFA (in PBS) at room tempera-
ture. The labeling was performed with biotinylated Wisteria
floribunda lectin (WFL) (1:100, #B-1355, RRID: AB_2336874,
Vector Laboratories, USA) at room temperature for 1h followed
by incubation with Cy3-conjugated Egg-white Avidin (1:200,
#003-160-083, Jackson Immuno Research, UK) at 37°C for 1h,
and nuclei were counterstained with DAPI (#D9542, Sigma-
Aldrich/Merck). Afterwards, samples were imaged using fluo-
rescence microscope as described previously.

2.6 | Scanning Electron Microscopy (SEM)

NiTi was glued to glass coverslips using Kwik-Sil silicone elas-
tomer (World Precision Instruments) and dried for 24 h at room
temperature. SVGA astrocytes were seeded (30,000 cells/well)
on the coverslips placed in 6-well plates. Next, recombinant
human TGFf1 (10ng/mL) was added and the cells incubated
for 7days. Medium was renewed on days 1 and 4. After 7days,
cells were washed with PBS and fixed for 30 min in 3% glutaral-
dehyde (in PBS). Samples were then rinsed with PBS and sub-
merged in a 2% osmium solution for 20min. Subsequently, all
water content was removed via serial dehydration using ethanol
(30%-100%), followed by critical point drying using a CPD 030
(Bal-Tec, Balzers, Liechtenstein). Finally, samples were sput-
ter coated with Au (SCD 050 sputter coater, Bal-tec, Balzers,
Liechtenstein) for 50s, and imaged using a JSM-IT200 JEOL,
Germany). Pristine NiTi and Au, Pt coated NiTi thin films
were imaged on specimens by using Zeiss Ultra 55 Plus (Zeiss,
Germany) with 3keV. Samples were fixed onto SEM holders by
using carbon tape.

2.7 | Atomic Force Microscopy (AFM)

AFM measurements were obtained on an SPM 1000 instrument
(AIST-NP, USA) in tapping mode. Samples were fixed on the
stage using carbon tape. Measurements were conducted at room
temperature.

2.8 | Contact Angle and Surface Energy

Contact angle measurements of deionized water (DI) and di-
methyl sulfoxide (DMSO, Thermo Scientific) were measured
twice using the sessile drop method with a volume of 5uL.
The goniometer testing apparatus was an in-house setup while
the measurements were analyzed with National Instruments
LabView (National Instruments Corp, USA). Measurements
were performed at room temperature. For surface energy calcu-
lations, Young's equation (1) and QWRK equation (2) were used
[51]. Table 1 and Equations (1) and (2) show the surface tension
values of the solvents that were used to calculate the surface en-
ergy of sputtered thin films.

Ys =Yg +rpcos0 @

m=y5+h—2( y?rfﬂ/y’s’y{) 2

TABLE 1 | Data used to calculate surface energy [52].

L ry re
DI water (mJ/m?) 72.8 21.8 51
DMSO (mJ/m2) 44 36 8

Abbreviations: DI, Deionized water; DMSO, Dimethyl sulfoxide.

2.9 | Statistical Analysis

All results are presented as mean values+standard deviation
(SD) and numbers of biological replicates are stated in the re-
spective figure legends. Statistical analysis was performed using
GraphPad Prism V9.4.1 (RRID: SCR_002798). Statistically
significant differences were evaluated by one-way analysis of
variance (ANOVA), followed by Tukey's post hoc test for com-
parisons between multiple groups. Statistical significance was
set at p-value of 0.05.

3 | Results

3.1 | Establishing and Characterizing an In Vitro
Glial Scar Model

To develop an in vitro glial scar model, human SVGA astrocytes
were subjected to alternative activation using TGFf3, and incuba-
tion with magnetron-sputtered NiTi free-standing thin films for
7days. This time frame was chosen because after 7days substan-
tial astrocytic reactivity was previously found in in vivo studies
and the acute foreign body response shifts to visible glial scarring
[53]. Glial scars are characterized by a substantial accumulation
of extracellular matrix (ECM) proteins, most notably astrocyte-
derived glycosaminoglycan (GAG)-rich chondroitin sulfate pro-
teoglycans (CSPGs) [6]. Consequently, human SVGA astrocytes
were stained for overall ECM proteins following incubation with
NiTi thin films, activation with TGFf, or a combination of the
two. WFL staining did not reveal any notable changes in ECM
protein production between untreated controls and astrocytes in-
cubated with NiTi thin films or TGFB-activated astrocytes alone.
In contrast, astrocytes treated with both NiTi thin films and
TGFg displayed an almost three fold increase in fluorescence in-
tensity per cell after WFL staining (p <0.0001) (Figure 1a,b). This
suggests that only the combination of TGF{-activated astrocytes
incubated with NiTi thin films induces glial scar-like behavior
in astrocytes. Additionally, as illustrated in Figure 1c, astro-
cytes begin to grow on the NiTi thin film in combination with
TGFp treatment, forming a glial scar-like tight sheet around it.
Moreover, TGFf-treated astrocytes in contact with NiTi surfaces
appear flatter, with noticeably larger cell bodies. In contrast,
untreated control cells exhibit a more filamentous morphology,
with smaller cell bodies covering less surface area (Figure 1c).

Glial scars create an inflammatory microenvironment in their
vicinity [8, 54]. To assess pro-inflammatory processes, astrocytes
were stained for galectin-3 after TGFB/NiTi thin-film treatment.
Galectin-3 is emerging as a biomarker for neuroinflammation
and astrocyte reactivity [55, 56]. The fluorescence intensity per
cell in astrocytes treated with TGFS/NiTi thin films increased
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FIGURE1 | In vitro glial scar formation. (a) Representative fluorescence staining images of Wisteria floribunda lectin (WFL, red) and nucleus

(DAPI, blue) in SVGA showed an accumulation of ECM proteins in NiTi thin films and transforming growth factor g (TGFf)-treated samples com-
pared to unstimulated controls, NiTi thin films, or TGFf alone. Dotted lines represent the borders of the NiTi films. (b) Corresponding quantification
of fluorescence intensity of cells both inside and outside the dotted lines normalized to cell number. (c) Representative scanning electron microscopic
images displaying the cell growth on the NiTi thin film compared to untreated controls. (d) Representative fluorescence staining images of galec-
tin-3 (Gal-3) (red) and nucleus (DAPI, blue) in SVGA showed an increase in galectin-3 expression in NiTi thin films and TGFf-stimulated samples
compared to unstimulated controls. Dotted lines represent the borders of the NiTi films. (e) Corresponding quantification of fluorescence intensity

normalized to cell number. (a, b, ¢, d, €) n=>3 no. of independent cell cultures; significance set at **p <0.01, and ****p <0.0001.

by more than double (p<0.01) compared to untreated con-
trols (Figure 1d.e). The elevated accumulation of ECM proteins,
changes in cell growth patterns, and the neuroinflammatory envi-
ronment collectively indicate that TGF/NiTi thin-film treatment
triggers the formation of glial scars in astrocytes.

3.2 | Pharmacological Inhibition of TGFf
Signaling Reduces ECM-Protein Expression in
Human SVGA Astrocytes

In the next steps, the established in vitro glial scar model was
employed to assess various strategies aimed at mitigating glial
scarring. In the first approach, two mechanistically distinct
small-molecule TGFf inhibitors were utilized. SB431542 tar-
gets the kinase domain of the type I TGFf receptors (TBRI)
(i.e., activating receptor-like kinases ALK-4, -5, and -7) [57].
For perturbation of type Il TGF@ receptors (TBRII), we used the
class of b-annealed dihydropyridines that do not affect the ki-
nase domains, but rather induce the proteasomal degradation
of type II receptor without affecting the type I receptor. Anti-
fibrotic activities have been demonstrated for these compounds

in various models in vitro and in vivo [58-60]. Structure-ac-
tivity relationship (SAR) studies furnished high-quality phar-
macological tool compounds for these TERII degraders with
active R-enantiomers and inactive S-enantiomers as optimal
controls [49, 61]. Here, we employed the SAR-optimized 1b
as single enantiomers and first profiled their anti-fibrotic ef-
ficacy in the glial scar model by qPCR [49]. Transcriptional
changes can often be proceed detectable changes at the pro-
tein level and therefore provide valuable insights into cellu-
lar responses. Astrocytes were pre incubated for 30 min with
SB431542 (1uM) and the 1b enantiomers (2.5uM). The con-
centrations of SB431542 [62] and the 1b enantiomers [49] were
chosen based on previous literature to ensure that pathways
were effectively modulated while maintaining cellular health
and avoiding off-target effects. After another 7days of TGF@/
NiTi thin-film treatment, gene expression of the specific glial
scar-associated ECM proteins biglycan, representative for
the group of CSPG, and fibronectin was analyzed [63, 64]. In
comparison to untreated controls, messenger ribonucleic acid
(mRNA) levels of both biglycan and fibronectin were signifi-
cantly elevated after TGF@/NiTi thin-film treatment (AACt
Bgn=3.5+1, AACt Fib=5.5+0.5) (Figure 2). Astrocytes
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FIGURE 2 | Influence of transforming growth factor  (TGFf) receptor perturbation on glial scar-associated gene expression. (a) Illustration
of the experimental sequence. (b, c) Quantitative polymerase chain reaction analysis indicates increased gene expression levels of biglycan and fi-
bronectin after NiTi thin films and TGFf stimulation compared to untreated controls. TRI inhibitor (SB431542) and TERII inhibitor (R)-1b each
independently reduced gene induction of biglycan and fibronectin. (S)-1b is the inactive enantiomer as a negative control. (b, ¢) n=> 3 no. of indepen-

dent cell cultures; significance set at**p <0.01, ***p <0.001, ****p <0.0001.

additionally incubated with SB431542 exhibited a substantial
reduction in gene expression for both biglycan (p <0.01) and
fibronectin (p <0.0001) compared to astrocytes treated only
with TGFB/NiTi thin films. Similarly, astrocytes treated with
(R)-1b, the active enantiomer, demonstrated a significant re-
duction in biglycan gene expression (p <0.01). Although the
reduction in fibronectin gene expression was less pronounced
than with SB431542, it remained significant compared to as-
trocytes treated only with TGFB/NiTi thin films (p <0.05). In
contrast, (S)-1b, the inactive derivative, showed no significant
effect on biglycan and fibronectin mRNA levels. Hence, mod-
ulating the TGF@ receptors was proven to be effective in di-
minishing ECM protein production in glial scarring, thereby
limiting its barrier properties.

3.3 | Elevated Proinflammatory Interleukin 6 as a
Key Indicator in the In Vitro Glial Scar Model

To further investigate the involvement of TGFf3 pathways in glial
scar formation, a multiarray qPCR assay was performed. The

results revealed that multiple genes related to the TGFf pathway
were upregulated following treatment with TGFB/NiTi thin film
(Figure S4). Particularly noteworthy was the identification of in-
terleukin 6 (IL6) as the most prominently expressed gene, with
the relative mRNA level being 10 fold higher than that of the un-
treated control (Figure 3a,b). To validate the increased gene ex-
pression, a standard qPCR setup was employed. The results plotted
in Figure 3b confirm the finding of tenfold increased mRNA levels
of IL6 induced by TGF@/NiTi thin-film incubation compared to
untreated controls.

Subsequently, the impact of the two TGFf receptor inhibitors
on IL6 expression were examined. The addition of SB431542
(1 uM) resulted in a significant decrease in IL6 mRNA levels, ap-
proaching those of untreated controls and markedly lower than
TGFB/NiTi thin-film treatment alone (p <0.001). Similarly, the
addition of (R)-1b (2.5uM) significantly reduced IL6 gene ex-
pression (p <0.05), although it remained fivefold higher than in
untreated controls. The inactive (S)-1b exhibited no significant
effect on IL6 mRNA levels compared to TGFB/NiTi thin-film
treatment alone.
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FIGURE 3 | The involvement of IL6 in glial scar formation. (a) Quantitative polymerase chain reaction array of transforming growth factor g

(TGFB) pathway-related genes shows significant upregulation of interleukin 6 (IL6) gene expression (AACt) after NiTi thin film and TGFf treat-

ment. (b) Standard qPCR analysis confirms increased levels of IL6 gene expression compared to untreated controls. TGFf receptor inhibitors reduce

the IL6 gene upregulation. (S)-1b is the inactive enantiomer as a negative control. (a, b) n=>1 no. of independent cell cultures, significance set at

*p<0.05, and ***p <0.001.

These findings underscore the substantial upregulation of proin-
flammatory biomarker IL6 in the in vitro glial scar model that
we established. Furthermore, it highlights the beneficial effects
of both type I and II TGFf receptor inhibitors not only on ECM
protein accumulation but also on the production of proinflam-
matory cytokines.

3.4 | Material Modifications Impact Surface
Roughness and Surface Energy

Apart from the assessment and validation of new drug targets
to reduce glial scar formation, the model can also be applied
to investigate further variables affecting glial scarring. One
significant factor in developing neural implant is the material
properties of the implant and especially its surface, since as
the implant will be in direct contact to the surrounding tis-
sue [17, 65]. Surface characteristics such as topography, sur-
face roughness, surface groove size and orientation, surface
porosity, and distribution can have a strong influence on the
adhesion, migration, proliferation, and differentiation of cells
after injury [66].

In this study, NiTi thin films were used as a substrate and their
surface properties were modulated using different coatings.
Au and Pt, common materials used as neuronal electrodes
[18, 67, 68], were deposited on the NiTi backbone substrate by
sputter coating to create electrodes, with SiO, deposited as an
insulator in between the NiTi and electrode materials [24].
Afterwards, surface roughness and energy of free-standing
NiTi, NiTi-SiO,, NiTi-SiO,-Au, and NiTi-SiO,-Pt were investi-
gated by using scanning electron microscopy (SEM), atomic
force microscopy (AFM), and static contact angle; consequently,
the surface energy was calculated. The cell studies were omitted

for NiTi-SiO, samples since SiO, was only added as an insula-
tion layer. The material properties of NiTi-SiO, are presented in
Figure S5.

Figure 4a illustrates the deposited layers on free-standing NiTi.
SEM analyses revealed that the surface morphology was dif-
ferent for the various coatings. SEM images were taken of free-
standing NiTi (Figure 4b) and Au (Figure 4c) and Pt (Figure 4d)
electrode materials deposited on NiTi-SiO,. These images depict
a clear texture change on the surface. The microstructure of the
thin films is examined as four zones based on the substrate tem-
perature (Ts) and the melting point (Tm) of the sputtered ma-
terial: Zone I (Ts/Tm <0.1), Zone T (0.1<Ts/Tm <0.3), Zone
II (Ts/Tm >0.3), and Zone III structure at higher temperatures
[69]. During sputtering of Au and Pt electrodes, the temperatures
of the substrates were measured as 182°C +5°C and 187°C £ 5°C
and the melting points of Au and Pt were 1064°C and 1769°C,
respectively [69, 70]. This results in Ts/Tm of 0.17 and 0.11, re-
spectively. Both are in Zone T when considering the Ar pressure
used during sputtering, which may be linked to the similarities
in surface roughness range. Salvadori et al. showed that Pt has
smaller grain sizes than Au under the same deposition parame-
ters on silicon substrates [71].

Nevertheless, SEM alone cannot fully capture the surface to-
pography; therefore, AFM was used for further analysis to de-
termine surface roughness. The root-mean-square (RMS) values
and AFM images are shown in Figure 4e. The free-standing NiTi
exhibits a more uniform surface; yet, AFM analysis reveals it has
the roughest surface with an RMS value of 7.5nm. However, the
roughness values of the other samples are close in comparison to
NiTi. Only clear petal-like (circular) structures of Au and Pt are
seen in both SEM and AFM. Pt shows the smoothest surface with
RMS values of 5.8 nm compared to the Au surface with 6.5nm.
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FIGURE4 | Surface roughness. (a) Illustration of the surface modifications. Representative scanning electron microscopic images of (b) NiTi, (c)
NiTi-Si0,-Au, and (d) NiTi-SiO,-Pt. (¢) Atomic force microscopic results for crystalline NiTi, Au layer sputtered on NiTi-SiO, and Pt layer sputtered
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Static contact angle measurements were performed to deter-
mine the hydrophobicity of the surface and calculate the sur-
face energy. A material surface is hydrophobic if water contact
angles are higher than 90°; if angles are lower than 90°, the
surface is hydrophilic [72]. Figure 5 shows that free-standing
NiTi has a water contact angle of 95° +2°, denoting it as hydro-
phobic, compared to the more hydrophilic surfaces after coat-
ing electrodes with NiTi-SiO,-Pt (84°+4°) and NiTi-SiO,-Au
(65°£3°). The surface energies of the stacks are determined
by using Equations (1) and (2) with SCA of both DI water and
DMSO measured. The surface energies of NiTi, NiTi-SiO,-Pt,
NiTi-SiO,-Au are 33, 38, and 42mJ/m?, respectively.

3.5 | NiTi Thin-Film Modifications Influence ECM
Protein Expression in Human SVGA Astrocytes in
Combination With TGFf Signaling Activation

In the final analysis, we explored the impact of Pt and Au
sputter coating on free-standing NiTi thin films on glial scar
formation. In the established in vitro glial scar model, astro-
cytes were activated with TGF@ and then incubated for 7 days
in combination with either NiTi thin films, Au-coated NiTi
thin films, or Pt-coated NiTi thin films. Subsequently, the
mRNA levels of ECM proteins biglycan and fibronectin were
evaluated by using qPCR (Figure 6). Compared to untreated
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controls, NiTi-SiO,-Au exhibited a significant increase in both
biglycan (p <0.01) and fibronectin (p <0.01) gene expression.
Free-standing NiTi resulted in lower, but still significantly
increased mRNA levels of biglycan (p <0.05) and fibronectin
(p<0.05). In contrast, NiTi-SiO,-Pt led to a significant, but
smaller upregulation of fibronectin gene expression (p <0.05),
while showing no significant elevation in biglycan mRNA
levels. This indicates that Pt-coated NiTi thin films tend to
induce less reactivity in astrocytes by reduced ECM protein
production and modulating glial scar formation compared to
other NiTi thin-film modifications.

4 | Discussion

In-depth investigations of glial scar formation and subsequent
therapeutic approaches are subject to ongoing research. The
present study describes a human cell line-based in vitro glial
scar model and demonstrates its feasibility for investigating
the effects of drug treatment or biomaterial modifications by
combining innovative chemical fabrication techniques with a
complex in vitro co-stimulation system to investigate biological
responses at the cell-material interface. In recent years, various
research groups, as discussed in the following paragraph, have
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FIGURES5 | Surface energy. Representative images of static contact angle (SCA) measurements of dimethyl sulfoxide (DMSO) (left) and deionized
(DI) water (right) on (a) crystalline NiTi, (b) Pt layer sputtered on NiTi-SiO, and (c) Au layer sputtered on NiTi-SiO,. (a, b, c) =2 no. of independent
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bined with transforming growth factor 8 (TGF() stimulation compared to untreated controls. (a, b) n =3 no. of independent cell cultures; significance

set at *p <0.05, **p <0.01.
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successfully developed in vitro models that mimic the features
of glial scars. These comprehensive in vitro models offer a dis-
tinct advantage by providing a high degree of experimental
control [73], which not only minimizes the need for ethically
questionable in vivo glial scar models in rodents [74, 75] but also
positions them as invaluable, initial testing platforms for assess-
ing the efficacy of new materials or drugs [26].

Oxygen glucose deprivation (OGD) [76, 77] or mechanical
stretching [78] of astrocytes has been demonstrated to induce
changes reminiscent of glial scar formation. While these ap-
proaches serve well in modeling glial scarring after events such
as stroke or traumatic brain injury, they lack a representation
of an implanted foreign body, which might be a crucial aspect.
Polikov et al. addressed this issue by introducing a model of
glial scarring that involves inserting a stainless steel microwire
as a foreign body into a mixed primary glial culture. Within a
short span of 10days, they observed the formation of a glial scar
around the stainless steel microwire [33]. This in vitro model
was subsequently refined to explore the biocompatibility of var-
ious coatings deposited on the stainless steel microwire [79]. In
another innovative approach, glial scarring was induced in a 3D
culture system by inserting a glass probe into primary mixed
glial cells cultivated in a collagen gel [31]. However, stainless
steel or glass materials are rarely employed for actual neural im-
plants. In contrast, NiTi is emerging as a promising material for
brain-machine interface applications and, as such, the neural re-
sponse to this material is currently under extensive investigation
[24, 80]. Therefore, the in vitro glial scar model presented in this
study builds upon previously established platforms but advances
them to the next level by incorporating NiTi and human cells,
thereby enhancing the relevance and applicability of the model.

The formation of glial scars not only arises as a cellular response
to materials but also stems from a complex interplay among var-
ious brain cells. Activated microglial cells are known to initiate
reactivity in astrocytes by releasing specific factors [81]. These
factors, capable of inducing reactive astrocytes in vitro [12] are
integral in the complex process of scar formation. TGFf stands
out as a key modulator in this context, as it alternately activates
astrocytes, promoting their (in a simplified description) transi-
tion into the A2 state [13, 82]. While TGF3-mediated glial scar-
ring is not the only relevant pathway for glial scar formation,
previous studies have highlighted its importance. Indeed, Song
et al. demonstrated that macrophages induce glial scar forma-
tion through TGF secretion [83]. Similarly, Bellver-Landete
et al. found a correlation between TGFf3 expression and microg-
lial scar formation following spinal cord injury [2]. In line with
these findings, we used the “alternative” TGFf pathway to cre-
ate a controlled and reproducible baseline for astrocyte reactiv-
ity, resulting in an observable shift into their scar-forming state.
Notably, astrocytes exhibited a heightened production of glial
scar-associated ECM proteins, but only in conjunction with NiTi
placement. This emphasizes the significance of incorporating
cellular activation in glial scar testing for materials intended for
neural implants. Nevertheless, in future studies further cellular
crosstalk and involved pathways should be included.

Beyond the induced deposition of glial scar-forming ECM pro-
teins after TGF@ and NiTi treatment, galectin-3 production
was also increased. Galectin-3, recognized as an emerging

biomarker in neural diseases, has been shown to play roles in
inflammation and microglial activation [84]. Moreover, elevated
levels of galectin-3 have also been associated with corneal scar-
ring [85] and renal fibrosis [86]. These findings highlight that
the established in vitro glial scar model successfully replicates
key features of glial scar formation, including inflammatory fac-
tors and increased accumulation of ECM proteins.

The platform introduced in this study was further employed to
explore different strategies aimed at mitigating glial scar for-
mation. Inhibition of TGFf has proven effective in diminishing
fibrosis and scar formation in the CNS [63, 87]. Additionally,
Hellal et al. demonstrated that paclitaxel reduces scarring after
spinal cord injury and expedites axonal regeneration by inhibit-
ing the TGF( receptor pathway [45]. Building on these findings,
pharmacological perturbation of the TGFf receptor was found
to significantly reduce expression of genes associated with glial
scar formation. Notably, pathway activation relies on TGFf
binding to TBRIIL, which phosphorylates TBRI [88]. Although
the TBRII/I complex initiates signal transduction through ca-
nonical (= SMAD) and noncanonical (e.g., MAPK, PI3K/AKkt,
or Par6/BPKC) pathways, each receptor has specific functions
[89-91]. While effective TBRII inhibitors are expected to inhibit
all TGFB downstream events, TBRI kinase inhibitors largely
block canonical signaling fates. In the context of glial scar
formation, we surprisingly found that TERI kinase inhibitor
SB431542 exhibited a more pronounced effect than the targeted
degradation of TBRII by (R)-1b. This is a key finding and it is
worth noting that SB431542 is known to interact with a broader
range of cellular mechanisms, not solely inhibiting the TBRI re-
ceptor [92, 93], which might lead to novel pharmacological ap-
proaches to managing glial scar formation in the future.

Furthermore, a broader exploration of different TGFf pathway-
associated genes revealed a substantial upregulation of
proinflammatory IL6 following TGF@/NiTi treatment. This
contradicts previous studies reporting that TGF@ inhibits cy-
tokine production in astrocytes [94] and supports a neuropro-
tective astrocytic state [95]. The discrepancy could be attributed
to the combination in the glial scar model of TGF activation
with NiTi thin films as a foreign body presented in our study,
highlighting the need to include cellular crosstalk factors into
solely material-cell reaction studies. Furthermore, these results
underscore the limitations of the dichotomized classification
of reactive astrocytes into proinflammatory/neurotoxic (A1)
versus tissue healing/neuroprotective (A2). Astrocytes, being
highly dynamic cells, can initiate glial scar formation while still
contributing to neuroinflammatory processes.

In addition to pharmacological strategies to ease foreign body
reactions and subsequent glial scar formation, an in-depth val-
idation of neural implant materials is imperative. Previously,
Chluba et al. proved that NiTi can be used as a substrate for
microelectrodes. They studied biocompatibility and cell adhe-
sion on a microfabricated thin-film insulating oxide layer sand-
wiched between substrate NiTi and a Pt electrode on human
endothelial cells (HUVEC) [24]. However, they did not further
investigate surface property effects of these materials on the
cells, despite the fact that the surface properties of a neuronal
implant material are crucial in influencing glial scar formation.
Lifeng et al. analyzed the surface properties of NiTi in more
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detail to see the effect on genes associated with cell adhesion
and inflammation. They found that a titanium nitride (TiN)
coating on NiTi increases surface hydrophilicity and total sur-
face energy. This resulted in upregulation of genes related to
cell adhesion and inflammation. Nevertheless, they also used
HUVEC for their experiments [37].

To increase our understanding of the effects induced by NiTi sur-
face properties on human astrocytes, surface roughness and sur-
face energy were investigated to determine the relationship with
protein expressions of glial scar-associated genes (i.e., biglycan
and fibronectin). Nevertheless, the relationship between these
two parameters is complex. Previous studies showed that sur-
face roughness and surface hydrophobicity, which can be used
to determine surface energy, could influence cellular responses
to implants. Moreover, it has been recognized that many addi-
tional surface parameters, such as surface chemistry and sur-
face charge, play a role in foreign body responses [96-99].

In the present study, free-standing NiTi was found to have the
roughest surface but showed the lowest surface energy, which
indicates a rather hydrophobic surface. Pt coating displayed the
smoothest surface with an intermediate surface energy, while
Au coating led to a moderate surface roughness with the high-
est surface energy and is therefore mostly hydrophilic. However,
the surface roughness values found were still relatively close to
each other, indicating that surface roughness might not have a
profound effect on cellular responses. This correlates to a pre-
vious study by Markoff et el. [100] in which they investigated
bulk forged Ti-6Al-4V, selective laser melted (SLM) Ti-6Al1-4V,
and NiTi alloys with and without diamond-like-carbon (DLC)
coating for their inflammatory responses and biocompatibil-
ity by using human osteoblasts, fibroblasts, and macrophages.
Also, the reported inflammatory reactions are unaffected by
surface roughness on these cell types. Moreover Svensson et al.
[101] showed that modulating the roughness of nanostructured
Au surfaces did not affect inflammatory responses. However,
they reported that increased surface nano-roughness, which en-
hances hydrophilicity, could reduce bacterial adhesion. In line
with these studies on Au surfaces, Pennisi et al. [102] showed
for Pt surfaces that changing the roughness on the surface did
not result in a significant influence on fibronectin gene expres-
sions in fibroblasts. Therefore, as these studies have shown, sur-
face roughness might not be the key influence on the cellular
responses to NiTi, Pt, and Au surfaces. In line with the findings
from the present study, where surface roughness results were
found to be close to each other, surface energy and hydropho-
bicity might be more strongly involved in generating cellular
reposes.

Increasing the surface hydrophilicity and total surface energy
upregulates genes related to cell adhesion and inflammation
[37]. The Au ssurface, characterized by high surface energy,
induced notable upregulation of fibronectin and biglycan gene
expression. However, although NiTi had the lowest surface en-
ergy, Pt showed lower glial scar-associated gene expression. The
reason for this could be related to the surface chemistry influ-
encing inflammatory gene expression [13, 103, 104]. It is known
that NiTi has a native titanium dioxide (TiO,) layer on its sur-
face [105]. Feng et al. [106] previously investigated the effects

of surface hydroxyl groups on rabbit osteoblasts by altering the
oxide layer of titanium surfaces. They reported that higher lev-
els of oxidation increase roughness, surface energy, and pres-
ence of hydroxyl groups. These surface properties all fostered
greater adhesion of cells and could influence the cell response
to free-standing NiTi. This result could explain why Pt induces
less protein expression correlated to glial scarring compared to
NiTi. In addition, another study by Ereifej et al. [107] demon-
strated the beneficial effects on cellular responses by examining
glial scar responses and biocompatibility of Pt alloy wires com-
pared to iridium (IV) oxide (IrO,). Their results indicated that
the platinum alloy wires induced less reactivity in astrocytes.
However, they did not investigate surface roughness or energy.
Further studies on surface structure and chemistry are required
to fully understand the behavior of sputtered thin films on as-
trocyte reactivity.

While the established glial scar model used in this study pro-
vides valuable insights, some limitations must be acknowledged.
One key limitation to ensure the platform's simplicity and high
reproducibility is the exclusion of other relevant cell types, es-
pecially microglia and neurons, which play critical roles in glial
scar formation and in the overall neural tissue response, consti-
tuting a key limitation. Additionally, the model employs a 2D
culture system, which, although useful for controlled analysis
of cellular behavior, does not fully capture the 3D complexity
of in vivo neural environments. Another constraint is the mod-
el's focus on TGFB-mediated pathways, which, while important,
does not encompass the broader spectrum of signaling mecha-
nisms involved in glial scar formation. Nevertheless, by focusing
on TGF@-mediated glial scarring enables for studying a specific
pathway rather than endeavor to comprehensively simulate all
scarring mechanisms.

Furthermore, although surface parameters such as roughness
and surface energy were comprehensively investigated, the ab-
sence of a detailed analysis of surface chemistry represents an
additional limitation. Lastly, the model does not replicate the
dynamic mechanical forces present within the brain, such as
those induced by pulsatile blood flow or physical strain, which
may influence the cellular response. These limitations highlight
the need to further refine the model to enhance its physiological
relevance, while underscoring the strengths of our approach in
establishing an easy-to-use and reliable platform for initial bio-
material or drug testing in vitro.

5 | Conclusion

In summary, the in vitro glial scar model established in the
present study combines complex cellular co-stimulation with
material interaction to successfully replicate key features of
glial scar formation, including galectin-3 upregulation and ECM
protein accumulation. Further experiments with TGFf recep-
tor modulators demonstrate promising strategies for reducing
glial scarring and offer insights into potential therapeutic in-
terventions for enhancing neuronal regeneration post-CNS in-
jury. Moreover, the study focused on the effects of the interplay
between surface energy and surface roughness, highlighting
that Pt-sputtered thin film coatings can be highly beneficial in

Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2025

11 of 15



reducing astrocyte activation. Therefore, this study highlights
the importance of in-depth investigations into biomaterial sur-
face properties to advance the development of non-scarring neu-
ral implants. Furthermore, it demonstrates how our simplified
test platform can complement more complex systems by provid-
ing a reproducible and scalable approach to studying biological
responses at the cell-material interface.
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