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ARTICLE INFO ABSTRACT
Artic{e history: Vertically aligned carbon nanofibers (VACNFs) are promising material candidates for neural biosensors
Received 25 October 2021 due to their ability to detect neurotransmitters in physiological concentrations. However, the expected
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high rigidity of CNFs could induce mechanical mismatch with the brain tissue, eliciting formation of a
glial scar around the electrode and thus loss of functionality. We have evaluated mechanical biocom-
patibility of VACNFs by growing nickel-catalyzed carbon nanofibers of different lengths and inter-fiber

Keywords: distances. Long nanofibers with large inter-fiber distance prevented maturation of focal adhesions, thus
Mechanical biocompatibility constraining cells from obtaining a highly spread morphology that is observed when astrocytes are be-
Astrocyte ing contacted with stiff materials commonly used in neural implants. A silicon nanopillar array with
Carbon nanofiber 500 nm inter-pillar distance was used to reveal that this inhibition of focal adhesion maturation occurs

Focal adhesion

) . due to the surface nanoscale geometry, more precisely the inter-fiber distance. Live cell atomic force mi-
Atomic force microscopy

croscopy was used to confirm astrocytes being significantly softer on the long Ni-CNFs compared to other
surfaces, including a soft gelatin hydrogel. We also observed hippocampal neurons to mature and form
synaptic contacts when being cultured on both long and short carbon nanofibers, without having to use
any adhesive proteins or a glial monoculture, indicating high cytocompatibility of the material also with
neuronal population. In contrast, neurons cultured on a planar tetrahedral amorphous carbon sample
showed immature neurites and indications of early-stage apoptosis. Our results demonstrate that me-
chanical biocompatibility of biomaterials is greatly affected by their nanoscale surface geometry, which
provides means for controlling how the materials and their mechanical properties are perceived by the
cells.

Statement of significance

Our research article shows, how nanoscale surface geometry determines mechanical biocompatibility of
apparently stiff materials. Specifically, astrocytes were prevented from obtaining highly spread morphol-
ogy when their adhesion site maturation was inhibited, showing similar morphology on nominally stiff
vertically aligned carbon fiber (VACNF) substrates as when being cultured on ultrasoft surfaces. Further-
more, hippocampal neurons matured well and formed synapses on these carbon nanofibers, indicating
high biocompatibility of the materials. Interestingly, the same VACNF materials that were used in this
study have earlier also been proven to be capable for electrophysiological recordings and sensing neu-
rotransmitters at physiological concentrations with ultra-high sensitivity and selectivity, thus providing
a platform for future neural probes or smart culturing surfaces with superior sensing performance and
biocompatibility.
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1. Introduction

Most neural electrodes are made from highly rigid materials,
even when intended for in vivo measurements. This elicits a me-
chanical mismatch with the nervous tissue and activates both mi-
croglia and astrocytes [1], contributing to formation of a detrimen-
tal glial scar around the electrode and eventually insulating it from
target neurons, thus rendering the electrode dysfunctional [2].

While the specific mechanism of glial scarring around an im-
plant remains largely unknown, the ability of cells to probe surface
mechanics is thought to have a pivotal role in it [1]. The principle
for mechanosensing is based on cell-generated contractile forces
into actin cytoskeleton and transmitting them to the substratum
through cell adhesion sites [3,4], after which the surface rigidity
is gauged by stress-activating adhesome proteins [5]. Because vin-
culin is one of the main constituents of the force-transducing layer
of cell adhesome [5], presence of the mechanosensory machinery
can be evaluated based on vinculin immunostaining. Vinculin is
also present in mature focal adhesions (FA), whose development
requires actomyosin-mediated forces and if they are not present,
the adhesion site disassembles [5].

Cell adhesion sites contain integrins that are clustered to-
gether. Integrin clustering requires individual integrins to be closer
than ~70 nm apart [6], whereas the width of individual adhesive
patch must also be sufficiently large to fit at least two integrins
[7] whose subunit heads have a diameter of ~8-12 nm [8]. Consid-
ering these limitations and knowing nascent adhesions being con-
sisted of ~50 integrins [9], minimum size for adhesion patches can
be calculated to be ~400x20 nm (length x width) or ~100 nm di-
ameter circle when RGD is used as the integrin binding ligand. If
the size of adhesion patches does not meet these minimum re-
quirements, only short-lived adhesion sites are formed [7] that is
indicated by inhibition of maturation into FAs [10]. This would fur-
ther prevent the formation of stress fibers.

If the size of individual adhesion patches is sufficiently large,
cell adhesion can mature over distances larger than that required
for integrin clustering. Thus, the cell adhesome "bridges” over non-
adhesive regime, which has been observed to occur when the
inter-patch distance is small enough [11]. According to the data ob-
tained by Malmstrém et al. [11], adhesion sites were incapable to
bridge over the distance of ~100 nm when the adhesive patch di-
ameter was 100 nm (lengths measured by us according to their
figures). This indicates that small adhesion sites, including nascent
adhesions, follow the 70-nm rule of integrin clustering. In con-
trast, significant bridging behavior can be observed when cells
are cultured on larger adhesive patches, although there appears
to be a maximum distance over which bridging is not possible
anymore [11].

Cell adhesion can thus be controlled by surface geometry and
more importantly, the nanoscale geometry. Because cell adhesion
plays major role in the mechanosensory machinery of cells, pre-
venting cell adhesion can be used to deceive cells to perceive stiff
surfaces as if they were soft. Preventing the maturation of cell ad-
hesion also inhibits cytoskeletal tensile stress, restraining the cells
from obtaining highly spread morphology and also rendering them
soft that would not otherwise occur on non-patterned stiff sur-
faces.

Here in this study, we aimed to present design rules for control-
ling the mechanical biocompatibility of apparently stiff surfaces.
We also show that a wafer-scale non-lithographic manufacturing
process can be used to grow VACNFs that meet these design rules.
VACNFs were also examined for their neuronal biocompatibility in
order to identify whether they could be used in vivo or in vitro in
the future.
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2. Materials and methods
2.1. Preparation of culture substrates

2.1.1. Glass coverslip

Glass coverslips (12 mm diameter, Thermo Scientific) that were
used with astrocytes were sterilized by autoclaving at 134 °C
prior to being coated with laminin. Coverslips (VWR) used with
hippocampal neurons were first treated overnight in 70% nitric
acid (Sigma-Aldrich), then sterilized in autoclave, and lastly coated
overnight with 0.5 mg/mL poly-l-ornithine and washed thrice with
PBS prior to using with cells.

2.1.2. Hydrogel

Gelatin hydrogel was manufactured with a previously intro-
duced protocol [12] under sterile conditions. Type A porcine gelatin
(300 Bloom; G1890, Sigma-Aldrich) was dissolved into sterile-
filtered deionized water (DIW) to produce 8% (g/mL) solution,
which was pre-heated to 50°C before sterilization through 0.22-pm
filter. Microbial transglutaminase (mTg, ACTIVA WM, Ajinomoto)
was dissolved into sterile DIW at 37 °C to produce 8% (g/mL) solu-
tion, which was then filter-sterilized. Gelatin solution was mixed at
a 1:1 ratio with mTg solution, and this 4% (g/mL) gelatin-mTg mix-
ture was then administered in 1 mm thickness onto tissue-culture
treated polystyrene 60 mm dishes (TCP, Corning), or onto glass
coverslip for cell staining. The hydrogel was crosslinked overnight
in room temperature, after which it was sterilized for 20 minutes
under ultraviolet illumination. Prior to being coated with laminin,
the hydrogel was re-hydrated with phosphate buffered saline (PBS;
21-031-CV, Corning) for 5 minutes.

2.1.3. Carbon nanomaterials

Long Ni-CNF samples were fabricated using a previously re-
ported method [13]. Briefly, 20 nm of titanium was sputtered onto
p-type boron doped Si < 100 > wafer (R < 0.005 ohm-cm) (Siegert
Wafer, Germany), after which 7 nm of tetrahedral amorphous car-
bon (ta-C) was grown with filtered cathodic vacuum arc deposi-
tion. Processing for the ta-C sample ended here, while processing
was continued for the long Ni-CNF sample in the following man-
ner. A 20-nm thick nickel catalyst layer was grown with the ca-
thodic arc deposition without breaking the vacuum. The samples
were then moved to another chamber and annealed for 3-minutes
at 400 °C, and then plasma-enhanced chemical vapor deposition
(PECVD, Black Magic, AIXTRON) was used to grow the fibers in
750 °C for 30 minutes in the same chamber, using C;H, (30 SCCM)
as a precursor in combination with NH3 (125 SCCM) gas.

The samples with short Ni-CNFs had same type of silicon wafer,
while they received 80 nm of evaporated chromium adhesion layer
and 20 nm of evaporated nickel as the catalyst layer. The samples
were then brought to the PECVD chamber and fibers were grown
in 600 °C for 10 minutes without annealing, using C;H, (30 SCCM)
as a precursor in combination with NH3 (125 SCCM) gas.

All carbon nanomaterials were sterilized by autoclaving at
134 °C.

2.14. Silicon nanopillars

P-type boron doped Si < 100> wafer (R < 0.005 ohm-
cm) was selected. Polymethyl methacrylate (PMMA) 950 A re-
sist (KayakuAM, USA) was patterned with standard electron beam
lithography process to contain holes of 200 nm diameter that were
arranged into a hexagonal array on 250x250 wm area (Supplemen-
tary Fig. S1), having a gap of either 100 nm or 500 nm between
each circle. Aluminum was evaporated at 20 nm thickness onto
the PMMA pattern, after which lift-off was done in acetone. This
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produced a hard mask with 200 nm diameter circles of aluminum.
Silicon was dry etched with a cryogenic process at -110 °C using
SFe/O, chemistry in Plasmalab 100 (Oxford Instruments, UK) tool.

Silicon nanopillar samples were sterilized by autoclaving at
134 °C. Samples were moved to a 12 well plate and 3 mL of
PBS was added to the wells, after which samples were incubated
overnight at 37 °C under humidified and 5.0% CO, atmosphere.
Laminin coating was prepared on the samples prior to seeding
cells.

2.1.5. Laminin coating

Laminin coating was used with astrocyte cultures only. Mouse
laminin (354232, Corning) was dissolved according to the manu-
facturer’s guidance, after which it was diluted into Minimum Es-
sential Medium (M2279, Sigma-Aldrich) at a 10 g/mL concentra-
tion. This diluted solution was used as such on the glass coverslips,
Ni-CNF samples, and silicon nanopillars. Laminin was crosslinked
onto the gelatin hydrogel by mixing the laminin solution at a
1:1 ratio with sterile 4% mTg solution, as introduced previously
[12]. The substrates were incubated at 37 °C under humidified and
5.0% CO, atmosphere for 1 h. After incubation, the substrates were
washed twice with PBS and were then used immediately.

2.2. Cell culture

2.2.1. Primary cell culture preparation

NMRI mice were housed at a 12-hour light-dark cycle, with wa-
ter and food ad libitum. All animal experiments were approved
by the Finnish National Board of Animal Experiments (license
number: ESAVI/13959/2019) and performed according to the Eu-
ropean legislation on the protection of animals used for scientific
purposes. Astrocyte cultures were obtained from one dissection,
whereas neuronal cultures were prepared from two dissections.

Astrocyte cultures were prepared, in part, using the David
Sulzer laboratory ventral midbrain culture “glia preparation” pro-
tocol [14]. The cortices of 2-day-old mice were dissected, the
meninges and hippocampus were removed before cutting the cor-
tices into small pieces and treated with papain for glia solution
(Sulzer lab ventral midbrain culture protocol) for 10 minutes. The
pieces were washed with M10C-G medium, triturated with a sil-
iconized glass Pasteur pipette in M10C-G, centrifuged for 5 min
at 1000 RPM, plated into Greiner T25 cell culture flasks (Sigma-
Aldrich) and maintained in a humidified incubator (37 °C, 5%
CO,, saturated humidity, RH 80-100%). After 2 hours, the par-
tially adhered cells (non-glia) were detached from the flask me-
chanically. The cells were washed twice with cold minimum es-
sential medium (Sigma-Aldrich) and the floating cells were aspi-
rated. After washing, cold M10C-G was added, and flasks were
placed back into the incubator. After astrocytes reached approxi-
mately 70-80% confluency (3-5 days), FDU-solution (6.7 pg/mL 5-
fluorodeoxyuridine and 16.5 pwg/mL uridine) (Sigma-Aldrich) was
added for mitotic inhibition. After 7 days, cells were washed with
PBS and trypsinized. Cells were resuspended in M10C-G, cen-
trifuged for 5 min at 1000 RPM and resuspended into freez-
ing medium containing M10C-G, 20% Fetal Bovine Serum (Sigma-
Aldrich), and 10% dimethyl sulfoxide. Cells were placed into freez-
ing vials and were frozen gradually (1 °C/1 min) in a -80 °C freezer.
The vials were placed into a liquid nitrogen tank on the following
day.

2.2.2. Astrocyte culture

All cell culturing procedures were conducted under sterile con-
ditions. Complete culturing medium (M10C-G) was freshly pre-
pared. Cortical astrocytes (Passage 2) were thawed rapidly in 37 °C
water bath. The vial contents (1 mL) were transferred into 9 mL
of pre-heated complete medium and centrifugated at 51.8 RFC for
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5 minutes. Cells were then resuspended into complete growth
medium and seeded at 20 000 cells/cm? density onto each of
the culturing substrate types, all of which had a freshly prepared
laminin coating. Cultures were incubated in 37 °C temperature-
controlled incubator under humidified and 5.0% CO, atmosphere.
Cultures were washed once with PBS on the following day, after
which fresh pre-heated complete medium was added and the cul-
tures were placed back into incubator.

Double-staining for vinculin and actin on glass coverslip, Ni-
CNF samples, and gelatin hydrogel had similar culturing proto-
col than described above, except cells were subcultured once and
seeded at a density of 2 400 cells/cm?.

2.2.3. Neuron culture

Animal care and license were presented in Section 2.2.1. Hip-
pocampi were dissected from the brains of 4-day-old mice, cut into
pieces and treated with papain for neurons solution for 10 min-
utes. The neuron-containing pieces were washed with Neurobasal-
A medium (NB-A) (Sigma-Aldrich), triturated with a siliconized
glass Pasteur pipette in NB-A, centrifuged for 5 min at 1000 RPM,
after which cells were plated into a plastic 12-well Greiner Cell-
Star plate (Sigma-Aldrich) containing the following samples with-
out laminin coating: long Ni-CNF (1x108 cells/well), short Ni-CNF
(5x108 cells/well), and ta-C (1x108 cells/well). Poly-l-ornithine
coated glass coverslip worked as a cytocompatible control sample,
that was freshly prepared prior to seeding cells (5x106 cells/well).
Neurons were cultured in NB-A medium (Gibco) supplemented
with 2% B27 (Gibco), 40 ptM L-glutamine (Sigma-Aldrich), and 1%
penicillin, streptomycin and maintained in humidified incubator
(37 °C, 5% CO,, saturated humidity, RH 80-100%). On the follow-
ing day, FDU-solution was added to the cultures for mitotic inhibi-
tion of the glia. Half of the culture media supplemented with FDU-
solution was changed 4 days after seeding.

2.3. Atomic force microscopy

Mechanical property measurements were carried out by using
a Dimension Icon AFM (Bruker Inc) in Force Volume mode. Two
types of probes were used. Because sharp indenters are known to
produce local strains in hydrogels and result into excessively large
elastic modulus estimations [15], we selected a large probe to ob-
tain area-averaged elastic modulus values from each indented lo-
cation on the samples. A novel hemispherical 5-um radius probe
on MLCT lever (Bruker Inc, Pat. No. 10,802,045) was used to mea-
sure elastic modulus of the gelatin hydrogel and vertical CNF sam-
ples. In contrast, live cell measurements were conducted with a
17-pum tall conical PeakForce QNM Live Cell probe (PFQNM-LC-A-
CAL, Bruker Inc) that has 17.5° half-opening angle and 70 nm tip
radius, being small enough to identify elastic modulus differences
between specific cellular regions.

Before any measurements were conducted, the probes were cal-
ibrated. Spring constants of both probe types were pre-calibrated
by the manufacturer, being 0.065 N/m for the hemispherical probe
in hydrogel measurements and 0.333 N/m in vertical CNF mea-
surements, while the live-cell probes had spring constant between
0.09-0.103 N/m. Deflection sensitivity was calibrated for both probe
types in their respective measurement fluids according to the man-
ufacturer’s protocol: mean average value was calculated according
to 5 indentation curves obtained from an infinitely stiff surface
(glass coverslip or silicon wafer). This calculation was automati-
cally done by NanoScope software (Bruker Inc).

2.3.1. Characterization of hydrogel

In total, 12 replica hydrogel samples were manufactured from
3 different batches with the previously mentioned protocol, and
were then coated with laminin. Samples were washed twice with
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PBS, after which minimum essential medium (M2279, Sigma-
Aldrich) supplemented by 10% fetal bovine serum (Gibco) was
added to the dishes. Next, the dishes were incubated at 37 °C
under humidified and 5.0% CO, atmosphere for 2 hours to ob-
tain equilibrium state in the hydrogel. The hydrogel samples were
washed once with PBS prior to adding the measurement liquid,
that was PBS, to the samples. Samples were stored inside the incu-
bator until being measured. Samples were brought to atomic force
microscope (AFM) and indentation measurements were performed
at 37 °C temperature, measuring 2 randomly selected locations
from each hydrogel sample.

Each measurement location consisted of a 60 wm x 60 pm
area with 16 equally spaced indentation points, producing in to-
tal 32 data points from an individual sample. The most important
measurement parameters that may influence the shape of force
curve and thus apparent elastic modulus, were selected as follows:
Ramp Size (2 wm), Forward Velocity (4 pwmy/s), Reverse Velocity
(4 wm/s), and Threshold value (10 nN).

Force curves obtained from the hydrogel samples were analyzed
with Hertzian contact model [16,17]. When assuming the indent-
ing sphere having infinitely large elastic modulus compared to the
sample and the sample having infinite dimensions, along with sev-
eral other assumptions [18], applied force F can be related to in-
dentation by the following equation:

4 Esample 3
=309 *824/R
, where v is the Poisson ratio of sample, § is indentation depth,
and R is the sphere radius. Egyppe denotes the apparent elastic
modulus of the sample. Poisson ratio of 0.5 was selected for the
hydrogel, as it is commonly used for gelatin [19,20].

F (1)

2.3.2. Characterization of vertical CNFs

Long and short Ni-CNF samples were characterized with AFM in
air atmosphere. Both sample types were measured from three loca-
tions, each consisting of a 40 x 40 \wm area with 16 equally spaced
indentation points. Measurement parameters were similar in both
sample types and were selected as follows: Ramp Size (500 nm),
Forward Velocity (1 wm/s), Reverse Velocity (1 iwm/s), and Thresh-
old value of (10 nN).

Force curves were analyzed with the Hertzian contact model.
Poisson ratio of 0.25 was selected for both long and short CNFs
based on the literature data [21].

2.3.3. Cell mechanics of cortical astrocytes

Astrocytes were cultured for two days prior to measuring them
with AFM. Cell mechanical measurements were performed onto
individual cultures (N = 4-6) of each sample type. All cultures
were gently washed once with PBS. Cell-containing glass cover-
slip and both Ni-CNF sample types were then transferred onto TCP
dishes (Corning). Pre-heated complete medium was then added to
all dishes, which were placed into incubator until being brought
to the AFM. A heater stage was connected to temperature con-
troller system (Model 335, LakeShore) that was used to maintain
the culture at 37 °C temperature throughout the measurements.
Because the culture was exposed to ambient atmosphere without
5% CO, during the measurement, all the captured data was taken
in less than 2 hours to prevent excess alkalinity shift from inducing
changes to the cells.

AFM was used to characterize apparent elastic modulus of cor-
tical astrocytes (N = 20 each sample type) on glass coverslip, 4%
gelatin hydrogel, long Ni-CNFs, and short Ni-CNFs. As the tip radius
was only 70 nm, force curves were captured from individual loca-
tions from all cell regions. The most important measurement pa-
rameters were selected as follows: Ramp Size (2.50 pwm), Forward
Velocity (31.3 wm/s), Reverse Velocity (31.3 pwm/s), and Threshold
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value (600 pN). Force curves obtained from living cells were an-
alyzed with the Sneddon model for conical indenters [22,23], ac-
cording to which applied force F is related to indentation by:

_ 3 Ecell
(1 -v2)

, where v is the Poisson ratio of sample, § is indentation depth, o
is the half-opening angle of the conical AFM tip, and E . is the ap-
parent elastic modulus at the measurement location. Poisson ratio
of 0.5 was selected, which is a commonly chosen estimate value
for biological samples [24] and is very close to the actually mea-
sured value for NIH3T3 cells [25].

F x 8%tan(a)

(2)

2.3.4. Data processing

Nanoscope Analysis software (Bruker Inc) was used to imple-
ment Hertzian (samples) or Sneddon (living astrocytes) contact
mechanical model on the force curves. Contact points were auto-
matically determined by the Nanoscope Analysis software (Bruker
Inc), which uses a linearized fit model for the force curve analy-
sis. Force Fit boundaries were set between 15.0% and 60.0% to ob-
tain best fit to the data for astrocytes on all culturing substrate
types. Elastic modulus data maps were stored and then processed
in Gwyddion software (Gwyddion 2.56, Open-Source software) to
exclude extracellular regions and outliers. Data points with invalid
force curves were removed manually. All the valid data points were
transferred to Prism 9.0 software (GraphPad) and mean average of
each cell was used for statistical analysis.

Data analysis for the hydrogel samples contained Force Fit
boundaries between 40.0-80.0%, or alternatively the fit boundaries
were selected manually if autofitting was incorrect. For the ver-
tical CNF samples, fit boundaries were selected manually. Appar-
ent elastic modulus values from each indentation point were then
transferred to Prism software.

2.4. Immunofluorescence

2.4.1. Cortical astrocyte culture

Cultures were washed thrice with PBS between each of the
following steps, unless otherwise noted. Astrocytes were grown
on culturing substrates at 2 400 cells/cm? density for 66 hours,
being then fixed with 4% paraformaldehyde (PFA) in PBS for 20
minutes at room temperature (RT). After permeabilization with
0.5% Triton X-100 in PBS solution for 10 minutes, cells were
blocked with 10% normal goat serum (G9023, Sigma-Aldrich) in
0.1% bovine serum albumin in PBS solution (BSA-PBS) for 1 h.
The cultures were washed once with 0.5% Triton X-100 solu-
tion, and then incubated in mouse monoclonal anti-vinculin an-
tibody (V9131, Sigma-Aldrich) at 1:200 dilution in BSA-PBS at RT
for 1 h. Samples were washed three times with 0.5% Triton X-
100 solution. Secondary goat anti-mouse antibody conjugated to
Alexa-488 (A-11001, Thermo Fisher) at 1:400 dilution and Phal-
loidin conjugated to CF568 (00044, Biotium) at 1:30 dilution in
BSA-PBS were added to the samples for 1 h at RT. The staining
protocol for short Ni-CNF sample was similar, except samples were
incubated for 1h 15 min with the primary vinculin antibody and
were washed twice with PBS and once with 0.5% Triton X-100 so-
lution prior to adding Alexa-488 conjugated secondary antibody
that was used at 1:200 dilution. Samples were coverslipped with
DAPI-containing mounting medium (H-1200, Vector Laboratories).

Astrocytes were cultured on the silicon nanopillar samples for
48 hours prior to fixing with 4% PFA in PBS solution for 20 minutes
at room temperature. Cells were permeabilized with 0.5% Triton X-
100 in PBS solution for 10 minutes, after which they were washed
once with PBS and then twice with 0.1% Triton X-100 in PBS solu-
tion. After this, the staining protocol was identical with the short
Ni-CNF sample.
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Fig. 1. Top-view of the long Ni-CNF sample (A) and 75° angle side-view scanning electron micrographs of the long (B) and short (C) Ni-CNF samples. Scale bar in figure (A)
is 2 wm, (B) 1 wm, and (C) 250 nm. Fiber length analysis (D) shows most fibers having length between 8.15-8.60 wm in the long-fiber sample, and 0.40-0.55 pm in the
short-fiber sample. (N = 50) Fiber length was significantly different on these two samples (***p < 0.0001). Mean averages are denoted as +. Fiber diameter analysis (E)
shows most of the fibers having diameter between 70-110 nm in the long-fiber sample, and 60-100 nm in the short-fiber sample. (N = 75). The difference in fiber diameter

between long and short Ni-CNFs was not statistically significant.

Images from fluorescently stained samples were captured
through Nikon Plan Apo (10x) or Plan Fluor EPI (20x, 50X) air ob-
jectives using Nikon DS-Fi3 camera that was connected to an up-
right microscope (Nikon Eclipse-E). An antireflective black-silicon
wafer was used below the microscope slides. Images were pro-
cessed by using the following image-processing tools in NIS-
Elements AR Analysis software (Nikon) to enhance details, which
would otherwise be difficult to distinguish due to background
color: "General Convolution”, "Adjust Details and Noise via Fourier
Transform”, "Component contrast”, and background subtraction.
Original images are available at our data repository file.

2.4.2. Focal adhesion analysis

The size of FAs was analyzed from 10 astrocytes on all sam-
ple types (Supplementary Fig. S9), each image captured from their
own field. Post-processing and quantitative analysis was based
on the protocol introduced in Horzum et al. [26] but modified
slightly. Processing protocol in the present study was done with
Image] using the following functions, accordingly: Subtract Back-
ground (rolling ball radius 100 pixels, Sliding paraboloid) — CLAHE
(25 block size, 256 histogram bins, 6 maximum slope) — Adjust
Brightness & Contrast (Auto) — Math Exp — Threshold — Analyze
particles from 0.15 pm? to infinity, with circularity 0.00-0.99. This
protocol automatically selected FAs and calculated their area, after
which the values were analyzed with Prism 9.0 (GraphPad, USA).

2.4.3. Hippocampal neuron culture

After culturing for 10 days in vitro, neurons were fixed with
4% PFA for 20 minutes at RT, permeabilized with 0.2% Triton X-
100 for 15 min at RT and blocked with 0.2% Triton X-100 and 5%
normal horse serum (NHS) for 1h at RT, both in PBS. The cells
were stained with 200 ng/ml DAPI in PBS for 10 min at RT, anti-
NeuN (MAB377, Sigma-Aldrich), anti-MAP2 (ab5392, Abcam) and
anti-Synaptophysin (101002, Synaptic Systems) primary antibodies
and anti-mouse AF647 (A32787, ThermoFisher), anti-chicken AF568
(ab175477, Abcam) and anti-rabbit AF488 (A21206, ThermoFisher)
secondary antibodies. Stainings were done all sequentially 15t pri-
mary then 1%t secondary, for 1h at RT with 3 x PBS washed in be-
tween antibody incubations. All antibodies were diluted 1:500 in
0.2% Triton X-100 and 5% NHS in PBS.
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Samples were placed on glass microscope slides and cover-
slipped with Fluoromount-G (SouthernBiotech) mounting medium.
Samples were imaged with a Zeiss LSM 880 confocal microscope
through a 10x air objective using single plane 3x3 tile imaging and
with a 63x (NA 1.3) oil objective for a Z-stack of singular neurons.
Images were acquired using the same channel settings for all sam-
ples. Tile images were stitched using Image]/FIJI (National Insti-
tutes of Health) stitching plugin, Z-stacks were maximum intensity
projected and all images were pseudocolored with no additional
image manipulations using Image]. For the four low-magnification
images (Supplementary Fig. S13-516), background colors were pro-
cessed away with Image].

2.5. Statistical methods

The number of cells to be measured was evaluated based on
the Mead’s resource equation [27], where the degree of freedom
for error term (DF) should be between 10 and 20 to provide ade-
quate information without using excess resources [28]. Given that
we had four different sample types, measuring 20 cells from each
of them yields DF to be 16.

Anderson-Darling test was first performed to evaluate normal-
ity of the data sets. Statistical significance was tested for Ni-CNF
length and diameter data (Fig. 1) and elastic modulus data (Sup-
plementary Fig. S3) with nonparametric two-tailed Mann-Whitney
test. Focal adhesion size data (Supplementary Fig. S9) was analyzed
with nested One-way ANOVA, whereas astrocyte mechanical mea-
surement data (Fig. 2) was analyzed with a nonparametric Kruskal-
Wallis test. The data are plotted as box and whisker plots when
applicable. Line within the box indicates median value and box
boundaries contain 50% (25-75%) of all data points, while whiskers
denote the minimum and maximum values within each group. In
the text, all values were reported as the mean average + standard
deviation.

3. Results
3.1. Characterization of samples

Physical properties of samples used in this study are summa-
rized in Table 1, including aspect ratio (length/diameter) for the
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Fig. 2. (A) AFM height sensor data and elastic modulus maps obtained from cortical astrocytes on glass coverslip (A1,2), gelatin hydrogel (A3,4), and long (A5,6) or short
(A7.8) Ni-CNFs. Dashed red line denotes cell edges and thus the area for data selection. Scale bar is 10 wm, while the color scale is either height or elastic modulus depending
on image type. (B) Apparent elastic modulus of astrocytes on four culturing substrates, cells being significantly softer when cultured on the long Ni-CNF sample (N = 20
cells from each sample type). ***p < 0.0001, *p = 0.0155. Mean average is denoted as + for the cells, being 39.87 kPa on glass coverslip, 29.32 kPa on hydrogel, 13.22 kPa
on long Ni-CNF, and 56.76 kPa on short Ni-CNF samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 1

Physical properties of the different sample types. Glass coverslip, gelatin hydrogel, and ta-C are planar samples.

Length Diameter Aspect Ratio  Elastic modulus Spring constant
Glass coverslip - - - 63.7 £ 0.3 GPa Ref- [30]
Gelatin hydrogel - - - 11.39 £ 2.03 kPa -
Ni-CNF, long 8.44 + 0.62 pm 91 + 30 nm 92.7 9.29 + 9.41 MPa 0.156 pN/wm
Ni-CNF, short 048 £ 0.09 pm 81 + 26 nm 5.93 31.34 + 30.0 MPa 1800 pN/um
ta-C - - - 310-790 GPa Ref. [31.32] -
Si nanopillar, 3.81 + 0.04 ym 188.5+ 29 nm  20.2 130 GPa Ref [33] 437 nN/um
100 nm gap
Si nanopillar, 350 £ 0.06 pm  188.6 +32nm 186 130 GPa Ref. [33] 565 nN/um
500 nm gap

vertically aligned nanofibers. Spring constants (K) were calculated
according to the Euler-Bernoulli beam theory approximation [29],
where K = 37Ed*/(64L3). Elastic modulus (E) in the equation was
measured for the Ni-CNF samples with AFM, whereas literature
value was chosen for the silicon nanopillars.

3.1.1. Characterization of vertically aligned CNFs

The overall morphology of Ni-CNF samples was characterized
by scanning electron microscopy (SEM) (Fig. 1). Typical length of
the fiber was between 8.2-8.6 um for long Ni-CNFs (Fig. 1.D), the
average fiber having a length of 8.44 + 0.62 pwm. These fibers were
significantly longer (****p < 0.0001) than on the short Ni-CNF sam-
ple, where average fiber length was 0.48 + 0.09 pm. Most of the
fibers on both sample types had a diameter between 60-110 nm
(Fig. 1.E), the average fiber diameter being 91 + 30 nm for long
Ni-CNF samples and 81 + 26 nm for short Ni-CNF samples. There
was no significant difference (p = 0.0617) in the fiber diameter
between these two samples. These fiber length and diameter av-
erages yield an aspect ratio of 92.7 for the long Ni-CNF sample,
which is very high. In contrast, the aspect ratio for short Ni-CNFs
was only 5.93.

The distance between neighboring Ni-CNFs was measured
based on scanning electron micrographs (Supplementary Fig. S17-
S$19). The average distance to a nearest neighboring fiber was
494.4 + 208.0 nm for the long Ni-CNF sample and 147.1 &+ 36.3 nm
for the short Ni-CNF sample. When measured from three neighbor-
ing fibers, the average inter-fiber distance was 700.6 + 189.8 nm
for the long Ni-CNF sample and 178.8 & 33.4 nm for the short Ni-
CNF sample. In both measurement protocols, there was a signifi-
cant difference in the inter-fiber distances (****p < 0.0001).

Elastic modulus of the Ni-CNF samples was analyzed by
AFM. Elastic modulus for the long Ni-CNF sample was 9.29 +
9.41 MPa, being significantly softer than the short Ni-CNF sample
(****p < 0.0001) (Supplementary Fig. S3).

3.1.2. Characterization of gelatin hydrogel

We observed that mixing 4% (g/mL) gelatin solution with 8%
mTg solution yielded cracks in the hydrogel (data not shown). To
obtain a homogeneous surface, we prepared gelatin-mTg mixture
from 8% gelatin solution that yielded final gelatin concentration
of 4% (g/mL). Indentation experiments were performed with an
AFM onto 12 individual samples of this 4% gelatin hydrogel. Elas-
tic modulus of the hydrogel was measured to be 11.39 + 2.03 kPa
(Supplementary Fig. S4). This is closely resembling that of the
elastic modulus obtained for 8% gelatin hydrogel elsewhere [12].
While the gelatin concentration of our hydrogel was only half of
that in Ref. [12], the observed increase in elastic modulus of our
hydrogels was expected because of larger gelatin Bloom number
(300 vs. 175).

3.1.3. Characterization of silicon nanopillars

After dry etching, silicon nanopillar samples were characterized
with SEM to verify that the sample can accurately control adhesion
site location. In principle, cell adhesion can form in any location
with collapsed pillars because it would remove the gap between
adjacent pillars. Our 100 nm gap pillar sample was describing a
situation, where adhesion site maturation was not inhibited and
recapitulated a similar situation as the short Ni-CNF sample. Be-
cause of this, having few collapsed pillars in the 100 nm gap sam-
ple does not prevent using the sample. In contrast, collapsed pillars
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Fig. 3. Cortical astrocytes were immunostained for vinculin (green), actin (red), and DAPI (blue). Cells were seeded at 2 400 cells/cm?. Mature FAs (white arrows) and
actin stress fibers (red arrows) were observed in large quantities on glass coverslip (a), hydrogel (b), and short Ni-CNF samples (d). Astrocytes on long Ni-CNFs (c) showed
only individual FAs in random orientation, and either lacked stress fibers completely or showed them only at the cell periphery. Large and small cells were imaged from
different fields. Non-linear processing was used to enhance details over background in the figures. Scale bar is 20 wm. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

in the 500 nm gap sample would render the sample unusable. Ac-
cordingly, we used a 100 nm gap sample that had few collapsed
pillars and a pristine 500 nm gap sample (Supplementary Fig. S2).

Because the pillar sidewall images were captured at a 25° an-
gle, length of the pillars was calculated according to the following
equation:

LMeasured
sin(25°) (3)
, where Lgey is the actual length of pillars and Lyessureq 1S the
measured length according to SEM images. Length Lg.,; of the
pillars on 100 nm gap sample was 3.81 + 0.04 pwm, whereas
3.50 £ 0.06 pm on the sample with 500 nm gap between indi-
vidual pillars (N = 20).

LReal =

3.2. Characterization of cortical astrocytes

3.2.1. Atomic force microscopy

Culturing time of two days was chosen to ensure maturation of
cell adhesion sites and allowing reorganization of the cytoskeleton
according to the cell-material interactions. When astrocytes were
characterized by AFM, the culturing medium underwent a gradual
alkalinity shift (data not shown) because the measurements were
conducted in ambient air without 5% CO,. An increase in alkalinity
is known to increase dissociation rate of actin [34], while it is also
known to regulate actomyosin activity [35] and is thus expected
to affect cytoskeletal tensile stresses [36]. According to the tenseg-
rity theory [37], a decrease in cytoskeletal tensile stress can be ob-
served as a decrease in apparent elastic modulus [38]. Because we
did not observe any correlation between the time under measure-
ment conditions and apparent elastic modulus of astrocytes (Sup-
plementary Fig. S5-S8), we can conclude our data gathering time
window (2 hours) to be sufficiently small to prevent any harm
from occurring to the cells.

Cortical astrocytes were observed to be significantly softer
when cultured on long Ni-CNFs compared to being on glass cover-
slip (****p < 0.0001) or hydrogel (*p = 0.0155) (Fig. 2.B). Contrast-

241

ing this, when astrocytes were cultured on short Ni-CNFs where
FA maturation was not blocked (Fig. 3.D), there was no signifi-
cant difference in cell stiffness when compared to glass coverslip
(p > 0.9999) or hydrogel sample (p = 0.0796) (Fig. 2.B). We also
did not observe significant difference between cells cultured on hy-
drogel sample or glass coverslip (p = 0.7347), although the cells
were slightly softer on hydrogel. Similar conclusion can be made
when comparing all the force curves that were captured from one
cell on each sample type (Supplementary Fig. S10).

3.2.2. Immunofluorescence of cortical astrocytes

Focal adhesions can be detected by the combination of a strong
vinculin fluorescence signal, elongated shape of the structure, and
being located at the end of actin stress fibers [39]. Astrocytes
showed mature FAs in large quantities on glass coverslip, hy-
drogel, and short Ni-CNF samples (Fig. 3). In contrast, astrocytes
on the long Ni-CNF sample showed mostly dotlike nascent adhe-
sions or focal complexes and only few individual FAs. In addition,
cells on the long Ni-CNF sample lacked long and strongly labeled
adhesion sites in the central region of the cells that were ob-
served on other sample types, which would presumably be fibrillar
adhesions [39].

Stress fibers are thick actin-containing bundles that can be dis-
tinguished from actin filaments by their size but also more impor-
tantly, their anchorage to FAs [40]. Stress fibers are evidently seen
in all the large cells in Fig. 3, with the exception of cells on the
long Ni-CNF sample. Actin filament bundles may also be organized
into curved transverse arc structures [40], which is evident in the
smaller cell on short Ni-CNF sample (Fig. 3.D). Absence of stress
fibers in astrocytes cultured on long Ni-CNFs can be explained by
the small size of FAs (Supplementary Fig. S9) and their almost ran-
dom orientation in relation to each other (Fig. 3.C), as the forma-
tion of stress fibers requires mature FAs [41]. Preventing the mat-
uration of adhesion sites by vertical nanostructures has also been
reported elsewhere for various non-neural cell types [42,43], al-
though differences between cell types were observed.
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Fig. 4. Primary astrocytes (20 000 cells/cm?) cultured on 200 nm diameter silicon pillars with inter-pillar gap of 100 nm (row A) or 500 nm (row B). Patterned area is
present within the inner gray square. Adhesion sites of the cells mature similarly on 100 nm gap sample compared to the neighboring flat surface, whereas adhesion is
incapable of maturing when the inter-pillar gap is 500 nm. Non-linear processing was used to enhance details over background in the figures. Scale bar is 20 wm.

When comparing cellular morphology, we observed cells being
highly spread on glass coverslip, hydrogel, and short Ni-CNF sub-
strates (Fig. 3 and Supplementary Fig. S11). Maintenance of this
well-spread morphology requires tensile stress that is induced by
stress fibers, most notably peripheral stress fibers [44]. On the
long Ni-CNF substrate however, actin filament organization into
stress fibers was inhibited (Fig. 3.C) and only a minority of cells
were able take a large and well-spread morphology (Supplemen-
tary Fig. S12). Response of astrocytes to the long Ni-CNF substrate
appeared highly similar to being cultured on ultrasoft gels, stress
fibers being unable to form and astrocytes remaining rounded [45].
Because our fiber growth process has stochastic nature, it was not
surprising that the long Ni-CNF sample also contained a few loca-
tions where the fibers were positioned closer to one another and
thus the cell could spread.

3.2.3. Adhesion bridging

In order to decouple the effect of inter-fiber distance and Ni-
CNF length on adhesion maturation, we cultured cortical astro-
cytes on silicon nanopillars with their inter-pillar gap being either
100 nm or 500 nm (Fig. 4). We observed adhesion sites to ma-
ture on the 100 nm gap pattern similarly compared to cells on the
planar surface that was present outside the patterned area. In con-
trast, adhesion site maturation was completely prevented on the
sample with 500 nm inter-pillar gap. Accordingly, astrocytes were
highly spread on the 100 nm gap pattern but remained small and
had a spherical morphology on the 500 nm gap pattern.

3.3. Viability of hippocampal neurons on VACNFs

In order to determine whether vertically aligned carbon
nanofibers could be used in vivo or as a smart culturing sub-
strate, we evaluated their cytompatibility with hippocampal neu-
rons. A poly-L-ornithine coated glass coverslip functioned as a pos-
itive control sample, whereas a ta-C coated silicon wafer worked
as a reference planar sample to determine whether carbonaceous
surface itself would increase neural cytocompatibility (Fig. 5 and
Supplementary Fig. S13-S16).

Both long and short Ni-CNF samples showed viable neurons af-
ter ten days in vitro. Similarly to the control glass coverslip, neu-
rons cultured on the Ni-CNF samples grew long and arborized den-
drites with mature synapse-forming neurons, as is shown by the
NeuN, MAP2 and synaptophysin markers (Fig. 5 and Supplemen-
tary Fig. S13-S15). In contrast, the planar ta-C samples contained
smaller number of neurons with condensed nuclei (Supplementary
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Fig. S16), which together with the observation of retracted neurites
indicates poor survival of neurons. This highlights that carbona-
ceous surface itself does not significantly increase neuronal cyto-
compatibility but instead, it requires a specific nanoscale surface
geometry that is present in the vertically aligned CNFs.

4. Discussion

Vertically aligned, long and sparsely distributed Ni-CNFs were
shown to inhibit maturation of FAs and thus the organization of
actin cytoskeleton. This was clearly observed from the immunoflu-
orescence images, and our cell mechanics measurements provided
further supporting evidence by showing astrocytes being signifi-
cantly softer on the long Ni-CNF samples compared to other sub-
strate types. It has earlier been postulated that rigid substrates can
be nanopatterned to inhibit geometrical maturation of adhesion
sites and thus make the substrates mimic the responses caused by
soft matrices [46], which is consistent with the results from our
study.

4.1. Cell adhesion maturation

The distance between individual nanofibers in the long Ni-CNF
sample was larger than 70 nm that would be required for inte-
grin clustering, and the distance can range up to 1.7 wm (Supple-
mentary Fig. S17). Because of that, we expected this nanostructure
to prevent longitudinal clustering of integrins between individual
CNFs. In addition, the fiber diameter is close to the minimum patch
size for nascent adhesions (Fig. 1.E). These facts together could
explain why adhesion sites remained small and mostly spherical,
which is typical for nascent adhesions [9] and focal complexes [47].
Few adhesion sites were however able to mature up to the typical
size of FAs (Supplementary Fig. S9), which may develop on loca-
tions where individual fibers are clustered together in random lo-
cations due to stochasticity of the manufacturing process (Supple-
mentary Fig. S20).

Cell adhesion sites have been observed to mature over non-
adhesive regimes when the inter-patch distance is sufficiently
small [11]. Although adhesion bridging occurs more prominently
with larger adhesive patches, there is a maximum distance over
which bridging is not possible anymore. We observed this also in
some cells cultured on long Ni-CNFs, where individual vinculin-
stained spherical adhesion sites were observed close to one an-
other (Fig. 3.C and Supplementary Fig. S22). In contrast, majority
of the short Ni-CNF sample surface contained fiber “clusters” with
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Fig. 5. Hippocampal neurons cultured on different surfaces. Cells were immunostained to detect neurons (NeuN, yellow), dendrites (MAP2, magenta) and presynapses
(Synaptophysin, green), and were counterstained with DAPI (blue) to visualize the nucleus. Scale bar is 20 pm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

inter-fiber distances ranging between 120-170 nm (Supplementary
Fig. S17), and thus it was not surprising to observe adhesion site
bridging over these small inter-fiber spaces.

We hypothesize adhesion bridging to occur through talin pro-
tein that can be stretched by cytoskeletal tensile stress up to the
lateral length of 350 nm [48], into which vinculin can then bind to
and stabilize the adhesion site [48,49]. Although bridging has been
observed to increase the length of adhesion sites, their width re-
mains restricted by the adhesive pattern (Figure S4 in Ref. [11]).
We also observed this on the long Ni-CNF sample, where the
few longer adhesion sites remained very narrow (Supplementary
Fig. S22). This provides further support for talin being the fun-
damental bridging element, as the tensile force that is stretching
talin occurs along the axis of stressed actin filament [50]. Adhe-
sion bridging was prevented on the long Ni-CNF sample when the
distance between individual adhesion sites exceeded 350 nm (Sup-
plementary Fig. S22), which was replicating the behavior on sili-
con nanopillars with accurately controlled 500 nm inter-pillar dis-
tance where adhesion bridging was completely prevented. Lastly,
it is important to note that the adhesive ligand [11] and cell type
[11,51] both may affect the critical dimensions for adhesion matu-
ration.

An earlier study by Li et al. [52] showed the maximum cellu-
lar traction force being approximately 12.5 nN for non-cancerous
cells that were cultured on GalnP nanopillars with following di-
mensions: diameter of 104 nm, length of 2.6 wm, and inter-pillar
distance of 760 nm (measured by us based on their figures). As-
suming that traction force scales linearly as a function of adhe-
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sion point area [53] also on the nanoscale, cells on our 188 nm di-
ameter silicon nanopillars would show theoretical maximum trac-
tion force of approximately 41 nN, a force that is capable of caus-
ing lateral bending of 72 nm to the silicon nanopillars. Our silicon
nanopillars can thus be thought to be excessively stiff for the cells.

When the lateral bending of silicon nanopillars by cellular trac-
tion forces is also considered, the theoretical minimum for inter-
pillar distance would be 356 nm on our 500 nm gap silicon
nanopillar sample, thus being above the talin stretching limitation.
By considering this fact while noting the exceedingly high spring
constant (565 nN/iwm) of silicon nanopillars, we conclude that
inter-pillar distance is more important than spring constant in dic-
tating the adhesion site maturation on vertically aligned nanopil-
lars or nanofibers.

By preventing the adhesion site maturation, also the organiza-
tion of actin cytoskeleton is inhibited. This was clearly observed in
the silicon nanopillar experiment, where astrocytes on the 100 nm
inter-pillar distance sample showed significant amount of stress
fibers, without distinction to the neighboring flat surface area.
By contrast, astrocytes on the 500 nm inter-pillar distance sam-
ple lacked stress fibers and most of the actin was concentrated
onto cell periphery, replicating the results obtained earlier by
Li et al. [52] with epithelial cells on their 760 nm inter-pillar dis-
tance samples. Thus, the organization of actin cytoskeleton on ver-
tically aligned nanostructures appears to be a general cellular phe-
nomena not limited to astrocytes only. Unfortunately, the other
researchers did not target cell adhesion molecules in their im-
munofluorescence experiments [52].
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When seeding is done from a homogeneous cell suspension,
one may assume an even distribution of cells on the sample sur-
face. Thus, some of the cells will land onto patterned area with the
silicon nanopillars, whereas other cells land onto the neighboring
non-patterned area (Fig. 4). Because of this, we can evaluate differ-
ences in FA formation from the same cell population on patterned
area and flat area. Although cells would be capable of migrating
from patterned area to flat area (or vice versa), immunofluores-
cence staining remains to show differences in cells that are present
on these two areas at the time point of fixation. Hence, our exper-
imental set-up does not study cellular migration but instead, it is
used to study differences in FA maturation on different surface ge-
ometries.

We must note here that the silicon nanopillar samples also con-
tained a 10-pm wide "moat” structure between patterned area and
flat area, with depth of the moat being similar to the nanopil-
lar height. This moat was designed to inhibit cell migration. As is
shown by the results, the moat worked as intended and restricted
cells onto the edges of moat, with the exception of two cells on
100-nm gap pattern sample (Fig. 4.A). Because the nuclear region
of these two cells was either directly on top of the moat or touch-
ing the edge of moat, we expect that these two cells landed onto
the moat and thus were initially extended on both sides of the
moat. On the 500-nm gap sample (Fig. 4.B), we did not observe
any cells extending into the moat from neither the patterned area
or neighboring flat area.

4.2. Cell mechanics and actin cytoskeleton

Our cell mechanical experiment results are also well lined with
literature data [54,55], showing apparent elastic modulus or stiff-
ness of cells to correlate with an increase in F-actin or its organi-
zation into stress fibers (Fig. 2.B and Fig. 3). Cytoskeletal organi-
zation is accommodated with an increase in cytoskeletal tension,
which can be observed by stiffening of the cells [56,57]. There
was no significant difference in the Eg.qq40, between cortical astro-
cytes cultured on glass coverslip, hydrogel or short Ni-CNFs, high-
lighting similarities in the organization of stress fibers and cellu-
lar spreading on these three substrates (Fig. 3.A,B,D). In contrast,
astrocytes cultured on the long Ni-CNF substrate were shown to
contain stress fibers mostly on the cell periphery only (Fig. 3.C).

Although the apparent elastic moduli (Esneqqon) Were larger
than usually reported (2-20 kPa) in the literature for living as-
trocytes [58,59] and other cell types [60], our data fits into sim-
ilar range than obtained in other studies for astrocytes [61-63].
We must highlight that the indentation velocity in our measure-
ments was high (31.3 wmy/s), which is known [64-66] to increase
the measured apparent elastic modulus value. In such situation,
cytosolic fluid does not have time to move in relation to the cy-
toskeleton [66] and the cells can be though to behave almost as a
mechanically fully incompressible material [64]. Nevertheless, our
interest lies more on the relative differences between astrocytes
cultured on the four distinct substrates instead of obtaining abso-
lute elastic modulus values from cells on each substrate type.

Morphological differences between astrocytes on the long Ni-
CNFs and other sample types are reminiscent of earlier studies
[1,45], where astrocytes were shown to remain in spherical mor-
phology when cultured on compliant (100-200 Pa) polyacrylamide
surfaces, while stiffer (9-10 kPa) substrates induced significant
spreading that is characteristic for reactive astrocytes. Note that
these modulus values for polyacrylamide substrates were reported
as shear modulus, which translate into elastic modulus values of
approximately 300-600 Pa and 26.6-29.6 kPa when Poisson ratio
of 0.48 is selected [67]. Transition of astrocytes towards a more
spread morphology initiates on gels slightly below elastic modulus
of 3 kPa and saturates above 6 kPa [45,67]. As the elastic modulus
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of our gelatin hydrogel (11.39 + 2.03 kPa) was above this satura-
tion level, it is not surprising that both the cellular morphologies
and apparent elastic moduli were highly similar on hydrogel sam-
ples and glass coverslips or short Ni-CNFs.

Changes in cell area and actin organization are usually accom-
panied by increased cellular tensile forces [56,68,69] that must
be opposed according to Newton’s third law of motion. In highly
spread cells, the majority of compressive stresses are transmitted
to the substratum to bear [70] through FAs. Restricting the size
of adhesion sites thus limits cytoskeletal tensile stresses [53] and
via that also cell spreading. Accordingly, cortical astrocytes lacked
organization of the actin cytoskeleton and remained mostly in
rounded morphology when cultured on the long Ni-CNF substrate.
Cells also appeared significantly softer when cultured on the long
Ni-CNFs, providing further evidence for decreased cytoskeletal pre-
stress.

To further demonstrate the effect of long Ni-CNFs on corti-
cal astrocytes, we compared the cytoskeletal organization in non-
spread cells. These non-spread astrocytes developed centripetally
oriented stress fibers on glass (Fig. 3.A;) and short Ni-CNFs
(Fig. 3.D,), while there was no clear orientational preference of
actin cytoskeleton on long Ni-CNFs (Fig. 3.C,). This behavior was
highly similar to cells being cultured on an ultrasoft substrate. We
expect this behavior to occurr due to limiting FA maturation, as
the cells on the 500 nm gap silicon nanopillars showed similar re-
sponse than on long Ni-CNFs. Because the formation of a dense
glial scar requires spreading of astrocytes, we hypothesize elec-
trodes with vertically aligned nanostructures to also inhibit glial
scarring when the nanoscale geometry is designed to prevent ad-
hesion site maturation. However, this requires further investiga-
tion.

4.3. Biocompatibility of Ni-CNFs

For the material to prevent glial scarring or to function as a
culturing substrate, matching the surface mechanics alone is not
sufficient because the material also has to be biocompatible. Thus,
we evaluated cytocompatibility of the selected electrode materi-
als by culturing hippocampal neurons on them. Neurons were ob-
served to be viable on the Ni-CNF samples after 10 days in vitro
and formed synapses, which indicates high biocompatibility of the
sample materials. This observation was based on the immunocy-
tochemical markers (NeuN, MAP2, Synaptophysin) and morpholog-
ical characteristics of the neurons [71]. Although MAP2 has been
generally considered to be a neuronal dendritic marker, it was
recently found that MAP2 can also be detected in glial progeni-
tors when embryonic mouse cortical cultures are used [72]. How-
ever, as our cultures were extracted from more developed post-
natal mouse brains and we also detected NeuN in the same cells,
it is more reliable to conclude that these cells were indeed neu-
rons [73], although a further assessment of specific glutamatergic
neuron markers, such as VGLUT2 [74], would have been optimal.
The functionality of synapses in terms of electrophysiological ac-
tivity remains unclear as the density and time of culture affects
maturation of neurons [75] and thus should be further assessed
by appropriate methods, such as patch clamping [76,77]. Overall,
it was a significant finding that neurons remained viable without
using surface coating protocols or providing trophic support by a
nearby glia monolayer culture, as is typically [71,78] required. In
contrast to the vertically aligned CNF samples, neurons cultured
on planar ta-C sample were comparable to low-density cultures or
cultures devoid of growth factors, i.e. they had immature neurites
and less cells altogether [79]. This could arise from the minimal
surface roughness (1.18 & 0.02 nm, Supplementary Fig. S23) on the
ta-C sample, which has been observed elsewhere for untreated sil-
icon surfaces [80] to affect neuronal viability negatively.
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Lastly, we must consider the effect of nickel because it is known
to have toxic effect through disrupting homeostasis for physiolog-
ical ions (Mg?*, Ca?*) [81] and inducing oxidative stress for cells
[82]. Although nickel is known to dissolve into physiological-like
saline solutions at pH 7.4 [83], we must emphasize that nickel con-
tent in our samples is very small due to the catalyst layer thickness
being only 20 nm. This yields a total nickel content of approxi-
mately 18 g for our sample pieces, of which less than 1% may dis-
solve during the first 24 hours according to data obtained with ar-
tificial interstitial fluid [83]. Furthermore, the total dissolved nickel
content is likely to be significantly smaller, as the dissolution pro-
file is expected to be similar to bulk nickel because the nanopar-
ticles are conserved at the nanofiber tips and protected from the
sides by carbon sheets, and the exposed areas are at least partly
passivated by oxide layer already after fabrication [84]. In addi-
tion to the aforementioned factors, astrocytes secrete antioxidants
to protect neurons from oxidative stress and thus the antioxidant
level in astrocytes is expected to be higher than in neurons [85,86].
As neurons are more sensitive to oxidative stress than astrocytes
[87] and neurons were observed in the present study to cope well
on both long and short Ni-CNFs, we conclude that the effect of
Ni-CNFs on adhesion site maturation and morphology of cortical
astrocytes cannot be due to dissolving nickel. This is strongly sup-
ported by the fact that we observed similar limitations to adhesion
site maturation on silicon nanopillars that are chemically very in-
ert and different compared to the Ni-CNFs.

5. Conclusion

Vertically aligned CNFs are materials capable of highly sen-
sitive electrochemical detection of neurotransmitters, while their
mechanical biocompatibility with neural cells has remained un-
clear. While the geometrical softening of beam-like structures has
already been studied elsewhere for other cell types, we addressed
the combination of geometrical softening and effect of nanoscale
topography on cell adhesion with neural cells for the first time.
Our data suggests that there is a well-defined maximum distance,
over which adhesion sites are incapable of maturing over. This
in turn limits the organization of actin cytoskeleton and thus af-
fects cell spreading and migration, while potentially also affects
mechanosensory pathways of the cells.

Because diffusion of neurotransmitters towards the implant sur-
face is greatly inhibited by a dense and thick glial scar [88,89], in-
hibiting its formation would improve the longevity of electrochem-
ical sensors in vivo. By preventing the astrocytes from obtaining
mature adhesion sites, the ability of cells to spread is constrained
and they remain soft and rounded. This would suggest that a thick
and dense glial scar could not be formed in the implant’s near
vicinity, however it would have to be verified in vivo.

We grew long, vertically aligned Ni-CNFs with their diameters
small enough and inter-fiber distance sufficiently large to prevent
formation of mature FAs, which effectively inhibited cortical as-
trocytes from obtaining a highly spread morphology that is re-
quired for a dense glial scar. We observed hindered organization
of the actin cytoskeleton, which was reminiscent to other studies
where astrocytes are cultured on ultrasoft surfaces [45]. In con-
trast, closely packed short Ni-CNFs with similar fiber diameters did
not inhibit FA organization, and cells appeared similar to those cul-
tured on glass coverslips. We also used atomic force microscopy
to show astrocytes being significantly softer when cultured on the
long and sparsely distributed Ni-CNFs, compared to samples where
adhesion maturation was not inhibited, including a soft gelatin
hydrogel. This further confirmed disorganization of the actin cy-
toskeleton, which was apparent from immunofluorescence images.

Because the long Ni-CNFs had much smaller spring constant
compared to short Ni-CNFs, the effect of inter-fiber distance on FA
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maturation had to be decoupled from fiber length. We manufac-
tured high-stiffness silicon nanopillars with similar inter-fiber dis-
tances as was observed for the long and short Ni-CNFs. Maturation
of FAs was completely prevented when the distance between ad-
jacent silicon pillars was 500 nm, resembling the results obtained
with long Ni-CNF samples. In contrast, 100 nm inter-pillar distance
did not prevent FA maturation and cells appeared similar to those
cultured on planar surface or short Ni-CNF sample.

Bearing in mind these cell mechanical aspects while noting
the fact that vertically aligned CNFs have been succesfully used
in electrophysiological measurements [90] as well as in detection
of dopamine [91] and glutamate [92] in physiological concentra-
tions, electrodes made from these CNFs could potentially be used
for long-term neural interfacing and neurotransmitter concentra-
tion measurement applications. More importantly, the same elec-
trode could be used to both stimulate nearby neurons and then
measure their neurotransmitter releasing events, which could pos-
sibly be used in adaptive DBS stimulation implants [93] that are
used for treating neurological diseases such as Parkinson’s [94].
Alternatively, vertical CNF electrodes could potentially be used in
vitro as a smart culturing substrate for neurons that would be ca-
pable of sensing neurotransmitters, in addition to producing and
recording electrical signals because the fibers are electrically con-
ductive.
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