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Abstract

While roughening the surface of neural implants has been shown to significantly improve their
performance, the mechanism for this improvement is not understood, preventing systematic
optimization of surfaces. Specifically, prior work has shown that the cellular response to a surface can
be significantly enhanced by coating the implant surface with inorganic nanoparticles and
neuroadhesion protein L1, and this improvement occurs even when the surface chemistry is identical
between the nanoparticle-coated and uncoated electrodes, suggesting the critical importance of surface
topography. Here, we use transmission electron microscopy to characterize the topography of bare and
nanoparticle-coated implants across 7 orders of magnitude in size, from the device scale to the atomic
scale. The results reveal multi-scale roughness, which cannot be adequately described using
conventional roughness parameters. Indeed, the topography is nearly identical between the two samples
at the smallest scales and also at the largest scales, but vastly different in the intermediate scales,
especially in the range of 5-100 nm. Using a multi-scale topography analysis, we show that the coating
causes a 76% increase in the available surface area for contact, and an order-of-magnitude increase in
local surface curvature at characteristic sizes corresponding to specific biological structures. These are
correlated with a 75% increase in bound proteins on the surface, and a 134% increase in neurite
outgrowth. The present investigation presents a framework for analyzing the scale-dependent
topography of medical device-relevant surfaces, and suggests the most critical size scales that determine
the biological response to implanted materials.
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Introduction
Improving the biocompatibility of neural electrodes using surface treatments

Neural implants are medical devices used to measure electrical signals arising from neural transmissions
in the brain and/or to apply electrical impulses to modulate neural activities. Neural implants have been
widely applied to monitoring brain activity,' restoring lost neurological functions** and investigating
neuronal responses to external stimulus *. However, a primary concern is the inflammatory tissue
response, which can cause local injury, change the physiochemical environment, or affect the function
of neurons leading to the malfunction of implants.™® Therefore, minimizing the detrimental effect of
this inflammatory tissue response is crucial to improve the functionality and longevity of neural
implants and to prevent harm to patients.

While one strategy to improve biocompatibility of the implant material is adding anti-inflammatory
properties to the implant surface, such as functionalizing the surface with proteins”®, peptides’, or
antioxidants,'” another complementary strategy is to modify the surface topography. It has been shown
that roughening the implant surface enhances bioactivity in both functionalized and nonfunctionalized
surfaces.''™"* Gomez et al. found that fabricated microchannels with a characteristic size of 1-2 um have
a significant effect on axogenesis.'* Other investigations into cell behavior on silicon surfaces showed
strong benefits from ordered needle-like and blade-like nanostructures'”, as well as from random
roughness imposed by etching.'® In addition to conventional surface patterning, nanoparticle coatings
have also been demonstrated as an effective way to roughen surfaces. Chapman et al. found that
nanoporous gold substrates reduce the coverage of astrocytes while keeping high neuronal coverage.'’
Woeppel et al. modified implant surfaces with silica nanoparticles, which increased the average
roughness from below 20 nm to above 60 nm, and found that this resulted in a 2-fold increase in
immobilized protein and 100% increase in neurite outgrowth.'' A significant benefit is achieved by the
nanoparticle coating in all cases, whether the surfaces are functionalized with immobilized proteins, or
used in their bare condition.

There have been many investigations aimed at linking topographic parameters with bioactivity of
implant surfaces, and these investigations typically characterize topography using conventional
roughness parameters and/or the characteristic size of topographic features. For example, a parameter
that is widely applied in neural interface technology research'"'®!'®!? is the average roughness R,,
which is defined as the mean absolute deviation of the surface profile from its average height. In
addition, the characteristic sizes of topographic features, like width or depth of surface patterns'> and
nanoparticle size,'” are also commonly used. Though these metrics have the advantage of simplifying
surface characterization, they are single-scale metrics and therefore do not account for the fact that real-
world topography exists over many different length scales. Indeed, the aforementioned investigations
each show disparate effects on surface performance due to surface roughening at different scales,



ranging from several micro—meters down to several nanometers, yet they study the different scales
separately without considering how variations at one length scale tend to induce variations at other
scales as well. Therefore, there is a critical need to characterize surfaces across all length scales and
disentangle the various effects on surface performance.

The effect of surface topography on the contact of soft and biological materials

Prior investigations into the topography of natural surfaces, including coastlines,”® mountains®', fracture
surfaces,? floor tile surfaces,” and atomic surfaces,” indicate that the geometry of most real-world
surfaces is hierarchical and even fractal-like across some length scales. Recent work on hard-carbon
coatings® ' has demonstrated that surface topography often varies significantly with size scale, such
that surfaces which are nearly identical over some length scales can vary widely over other scales.
Furthermore, scale-dependent differences in topography have been shown to play a significant role in
surface properties, especially for soft materials®**%.

The multiscale nature of topography can be characterized using spectral methods such as the power
spectral density (PSD),”*° which disentangles the contributions to roughness from different lateral
length scales. The PSD of the surface topography can then serve as an input to various mechanics
models that describe roughness-dependent surface properties. For example, Persson and co—workers
have created a set of analytical continuum models *'~** that predict friction and adhesion of soft materials
on rough surfaces, with applications from car tires and shoes to human skin and medical devices. In the
context of implants, the PSD was shown to link the power—law behavior of the impedance spectra with
the fractal characteristics of the conducting polymer—coated electrode surface morphology. Meanwhile,
the biological response is also expected to be sensitive to the multiscale nature of surface topography
and therefore cannot be adequately described or optimized without a comprehensive investigation of
multiscale topography characterization.

Purpose statement

The purpose of this research is to characterize the multiscale topography of uncoated and nanoparticle-
coated neural electrodes using electron microscopy. The goal is to elucidate potential causal factors for
the improved bioactivity of these coatings; especially highlighting differences in topography at different
length scales.

Experimental

Quantifying multi-scale roughness of nanoparticle-coated and uncoated neural probes down to the
atomic scale

This investigation examined the surface topography of implants, in their uncoated condition and after
coating with silica nanoparticles, in the context of prior research conducted by Woeppel et al. Specific
procedures of material preparation, surface modification, and bioactivity examination are included in
ref 33, and thus, only a brief description is provided here. The neural implants were purchased from
NeuroNexus (A1x16-3 mm-100-703, Ann Arbor, MI) with the morphology shown in an optical
micrograph in Figure 1a. Though the device was made of silicon, the two sides were different due to
different manufacturing processes. The geometric difference of the two sides in the positions close to
the implant tip is shown in the scanning electron microscopy (SEM) image in Figure 1b. The top mirror-
like surface was coated with silicon dioxide. The bottom surface was boron-doped silicon and had a
convex shape. Before experimental treatment, the neural implants were cleaned by acetone and
isopropanol followed by oxygen plasmas for 5 min.

For the uncoated implant, the surface was immersed in mercaptopropyl trimethoxysilane (MTS) at 2.5
v/v% in ethanol for 1 h and then washed with ethanol followed by water. For the nanoparticle-coated
implant, the initial uncoated surface was immersed in aminopropyl triethoxysilane (APTES) at 2.5 v/v%
in ethanol for 1 h and then washed with ethanol followed by water. Then, the APTES modified surface
was immersed in y-maleimidobutyryl-oxysuccinimide ester (GMBS) solution (2 mg/mL in phosphate-
buffered saline) for 30 min and washed with water. Afterwards, this APTES-GMBS-modified surface
was immersed in a suspension of thiolated silica nanoparticles, using the synthesis method described in



ref 34. In brief, silica nanoparticles were thiolated as follows. A solution of 36 mL water, 5 mL of
ethanol, and 6.18 mL of triethanolamine was heated to 60°C with stirring. Next, 3 mL of tetracthyl
orthosilicate was added and the reaction lasted for 5 min. A 1 mL bolus of MTS was added and allowed
to react for 1 h, with a second bolus (250 uL) of MTS added and left for another hour. Finally, particles
were collected via centrifuge and washed with water and ethanol. At this point, because both
nanoparticle-coated and uncoated implants had the same -SH groups on the surfaces, the mechanisms
of protein binding on these two surfaces are expected to be identical. The effect of these treatments on
surface chemistry has been characterized in our prior work. Specifically, the effect of the surface
modification on water contact angle was investigated in refs 11,33, while we measured effects on zeta
potential in ref 34. Additionally, the mechanisms of protein binding was investigated in ref. 35. These
effects were not remeasured in the present investigation, because of the focus specifically on
topographic effects. The morphology of the nanoparticle-coated surface is shown using SEM in Figure
Ic.

Plan View

Oblique View:
Nanoparticle-Coated

Figure 1. Surface topography was characterized for neural implants (a), in both their uncoated (b) and
nanoparticle-coated (¢) conditions.

Measurement of bioactivity for uncoated and nanoparticle-coated electrodes

The details of in vitro and in vivo characterization of the surface modification are also described in ref
33. Briefly, both the uncoated and nanoparticle-coated surfaces experienced protein immobilization
using L1 protein isolated from rat brain tissues using the method in ref 36. Before protein
immobilization, the surfaces must be activated. All implants underwent a cross—linking process by using
GMBS (2 mg/mL) to activate the surface. After this treatment, L1 protein (50 ug/ml) was immobilized
onto these activated surfaces for 1 h at 37 °C. The bioactivity of L1 protein-immobilized implants, in
their uncoated and nanoparticle-coated states, was evaluated in various ways. We focus here on the in
vitro measurements of the behavior of primary rat cortical neurons. The amount of L1 protein bound to
the substrate after incubation time of 0, 3, 7 and 28 days was measured by digesting the bound protein
off with hydrochloric acid and quantifying the protein concentration in the digestion solution. Also,
neurite outgrowth on these aged surfaces was observed using immunostaining and fluorescence imaging,
and the total length of neurite per area was recorded after 36 h of culture.

SEM and TEM characterization of surface topography

The bottom- and top- surface topography was characterized for uncoated and nanoparticle-coated
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implants using a transmission electron microscope (TEM, 2100F, JEOL, Tokyo, Japan). In particular,
the implants in Figure 2a were mounted on a custom sample holder, such that their side-views could be
imaged via TEM. The transmission electron microscope was operated at an accelerating voltage of 200
kV, and the beam current was maintained below 50 pA/cm? to minimize beam damage to the silica. We
took 36 side-view TEM images in total across the tip at magnifications of 50x, 1000x, 20kx and 400k x.
We also cross-sectioned a nanoparticle-coated implant using a focused ion beam, as shown in Figure
2b, and examined it via SEM (Sigma 500VP, Zeiss, Oberkochen, Germany). The scanning electron
microscope was operated at an accelerating voltage of 10 kV, with a working distance of 1 mm. Nine
SEM images were taken using the in-lens secondary electron detector across the cross-sectioned surface
at magnifications of 10kx, 20kx, 50kx, 75kx, 100kx, 200kx, 300kx, 500kx, and 750kx. The use of
SEM for topography characterization has also been established in prior work.”

The basic methodology for TEM and SEM digital image analysis followed refs 23,25. The digital profile
was extracted from the surface contour through manual point-by-point tracing illustrated in Figure 2c.
To keep the profile in a functional form, the rare points that have identical or reentrant x-position were
excluded. In subsequent analysis of the measured profiles, the data points in each profile were
redistributed with equal interspacing by linear interpolation. Also, all profiles were tilt-corrected by
subtracting a linear fit, and height values of all points were adjusted to have a mean height of zero. The
technique of examination of side-view profiles from TEM is well-established®’ and results in robust
characterization of topography that matches measurements taken from traditional TEM cross sections.?
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Figure 2. Uncoated and nanoparticle-coated implants were mounted on a custom specimen holder for
TEM examination of topography (a). The coated implants were also cross-sectioned by focused ion
beam and examined using SEM (b). In all cases, the outermost contour was traced in post-processing
to extract the surface profile (¢).

Results & Discussion
TEM and SEM observation

The surface topography of the top and bottom surfaces was characterized for the uncoated and
nanoparticle-coated implant electrodes. Representative TEM images are shown in Figure 3. For each of
the 4 surfaces, 10 different locations were sampled at progressively higher magnifications (only 6



profiles were sampled at the lowest magnification because the total sampling size covered the full 3 mm
length of the implant’s tip). At the lowest magnification (Figure 3, left column), the uncoated and
nanoparticle-coated materials appear mostly flat, reflecting the designed geometry of the component.
At higher magnification (Figure 3, center-left column), the difference between the nanoparticle-coated
implant and the uncoated implant is clearer, with the nanoparticle-coated implant showing two scales
of roughness: a smaller scale where the individual nanoparticles are visible, and a larger scale where
random roughness has evolved spontaneously from the coating process. At even higher magnification
(Figure 3, center-right column), individual nanoparticles can be seen clearly, whereas the uncoated
implant is mostly flat with some random roughness that likely emerged from the fabrication process.
Finally, at the highest magnification (Figure 3, right column), the very-small-scale topography is
qualitatively similar on both implants, as the nanoscale roughness of individual silica nanoparticles is
similar to that of the uncoated implant.

200 nm
I

JOOum SIS

Figure 3. The TEM enables the imaging of the surface contour at progressively higher magnifications.
Representative images are shown here for the nanoparticle-coated implant (a) and the uncoated implant
(b), with each panel showing both the top-surface and bottom-surface topography.

To ensure that the side-view surface topography measured using TEM was representative of the
topography across the whole implant, a cross section of the implant’s top surface was imaged using
SEM, as shown in Figure 4a. Nine images were taken at various magnifications, as described in
Experimental Section. Here, three representative images are shown in Figure 4b-d. At low and moderate
magnifications, the topography is clear and very similar to what is observed in TEM at corresponding
magnifications. At high magnification, due to resolution limit of SEM, only the geometry of a single
nanoparticle can be resolved, while the small-scale topography cannot be detected. The qualitative
results between TEM and SEM are consistent, though the resolution of SEM is limited compared to
TEM. Further analysis will validate the consistency quantitatively.



Figure 4: Nanoparticle-coated implant was sectioned (a) and imaged using SEM, with progressively
higher magnifications (b-d).

Real-space analysis of topography, and calculation of scalar roughness parameters

From each of the 36 individual measurements of each surface, we computed scalar roughness
parameters, including the root-mean-square (RMS) height Ay, the RMS slope hpps, and the RMS
curvature hy,s (using the equations in ref 25):

L , 1 L, dh " L d%h
hems” = 7 o R()2dx, hims” =7 [ (GD2dx, hims” =7 [; (§3)%dx (1)

X

These parameters are often reported for topography measurements and are often used in various theories
for roughness-dependent properties. However, these parameters are also known to be scale-dependent
(as discussed in ref 25); therefore we report them as a function of scan size L in Figure 5a and of
resolution ! in Figure 5b, ¢, which is equal to the mean separation of traced points in each profile. The
error bars reflect relative log-error which is defined as standard error divided by logarithmic mean.*®
Detailed plots of individual data points for all surfaces can be found in the Supporting Information
(Figures S1-S3), and demonstrate that topography measurements from SEM and TEM are in the
agreement.
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Figure 5. RMS height (a), RMS slope (b), and RMS curvature (c) are computed from the real space
profiles at the four different magnifications. Data measured at each magnification are expressed as
logarithmic mean plus and minus log-error. Power-law fitting is only applied to uncoated surfaces, and
the power-law exponent as well as coefficient of determination are annotated.

The uncoated implant material shows a clear power-law dependence of RMS parameters on size scale,
as is common for engineered materials. It has been shown in self-affine materials that the Hurst
exponent can be extracted from a scale-dependent RMS height by fitting to h.pns < L7,>**° while the
RMS slope and RMS curvature are expected to scale as hjpmg < 1771 and hjj,q o< 172,
respectively.’**! Here, when all three parameters are fitted and the exponents analyzed, the resulting
values for H are 0.85+0.11 and 0.83+0.10 for the top and bottom surfaces, respectively. By contrast,
the nanoparticle-coated electrode shows behavior that is not self-affine (i.e., not defined by a simple
power-law function), but shows the largest increase in RMS slope at intermediate size scales. In
particular, the RMS slope, which is widely acknowledged as a critical parameter for the contact of soft
materials,***' shows significant variation at the intermediate scales. At a resolution of 70 nm, the
nanoparticle-coated surface shows an increase of 361% (0.18 to 0.83), and at a resolution of 4 nm, the
measured increase in RMS slope is 257% (0.3 to 1.07). Thus, this confirms the need to characterize the
topography of neural implants at all scales.

Frequency-space topography analysis, and the calculation of a power spectral density

In order to combine the 36 individual measurements for each surface into one comprehensive
description of the surface, we used spectral analysis and specifically PSD, following the methods used
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in refs 25,30. After the PSD was computed separately for each measurement, all individual PSDs were
combined into a single PSD using the arithmetic average, as shown in Figure 6.
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Figure 6. Power spectral density curves for the TEM-measured topography are shown for the
nanoparticle-coated surfaces (top (a) and bottom (b)) and for uncoated surfaces (top (c¢) and bottom (d)).
Individual PSDs are shown as thin lines with the color representing the magnification of the
measurement. The arithmetic average of all measurements is shown with a black line. All averaged
PSDs are shown together in panel (e), with SEM data shown for comparison.

The individual plots of the four surfaces in Figure 6(a-d) show that the TEM detects length scales
characterized by wavevectors from 1.5x10* m™ to 2x10'” m™'. These measurements span across 7 orders
of magnitude of length scale (wavelength), from the device scale (0.5 mm) to the atomic scale (3 A).
Figure 6e puts all multiscale PSDs of the four surfaces together in one diagram. Furthermore, the SEM-
measured PSD of the nanoparticle-coated implant is also shown in Figure 6e, confirming consistent
results across different sampled locations and orientations. The uncoated surface appears approximately
linear over all scales of the log plot (i.e., a self-affine surface, described by a power-law function) except
for the region at wavevector larger than 10° m™ where the PSD shows “roll-off” behavior. Therefore,
the Hurst exponent can be extracted from the PSDs by H = (n — 1)/2, where n is the fitted power-
law exponent, namely the slope of the PSD curve in logarithmic scale.* The extracted Hurst exponent
is 0.93+0.02 and 0.87+0.03, for the top and bottom surfaces, respectively. These values are slightly
greater than the real-space values of 0.85+0.11 and 0.83+0.10, respectively. This deviation is explained
by the fact that frequency-space analysis is just applied to the self-affine region of the PSD, while the
real-space measurement of H considers all scales.

The PSD serves to disentangle contributions from roughness due to different size scales. The PSD
demonstrates that the nanoparticle-coated and uncoated surfaces are similar at the largest scales and
also similar to each other at the smallest scales, with significantly different roughness at intermediate
scales. This is in accordance with the real-space results (Figure 3). The PSD enables greater specificity
than the real-space results, showing that the difference is most pronounced across wavevectors from
4x10°m™ to 1x10° m™, corresponding to size scales of 1.5 um to 6 nm.

Additionally, the combined power spectral density of all measurements can be used to compute scale-
independent RMS parameters that take account of all size scales. These values are computed using
Parseval’s law (using the equations in ref 25):

hems® == [, C(@)dq. hims” == [ qC(@)dq. hims” ==["q*Cle)dg ()

The computed values are shown in Table 1. The values of all-scale RMS #eight are greatly influenced
by the large-scale roughness, which explains why the values are relatively similar between the two
probe conditions. (The top surface of the coated probe has a somewhat larger value than the bottom
surface of the same probe, but the origin of this difference is unclear.) However, more importantly, the
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RMS slope and RMS curvature are strongly dependent on small and intermediate scales of roughness,
and vary significantly between the uncoated and coated surfaces. The RMS slope of the nanoparticle-
coated implant is 335% of the uncoated surface, while the RMS curvature is approximately double that
of the uncoated implant.

Table 1. Parameters computed from averaged multiple-scale PSD curves in frequency space for each
material. Uncertainty is computed using standard error propagation.

hems (M) hims hims (M)
Nanoparticle-Coated Top Surface 1.09+0.11 x10® 1.82+0.23 6.11+£1.31 x10°
Nanoparticle-Coated Bottom Surface 5.75+0.64 x107 1.97+0.30 5.93+1.23 x10°
Uncoated Top Surface 5.04+0.62 x107 0.60+0.05 3.20+0.91 x10°
Uncoated bottom Surface 5.33+0.45 x107 0.53+0.04 2.83+0.49 x10°

Relating the topographic variation to the increase in bioactivity

One way to extract the effect of the above-measured differences in topography is to compute the
increase in surface area that is expected solely due to the variations in surface roughness.
Mathematically, this quantity can be computed from the topography measurements, but there are two
ways to implement that calculation: either it can be performed in real-space using individual
measurements, and thus resulting in a scale-dependent surface area; or it can be performed in frequency
space using an integration over the averaged PSD, and thus yielding a single value for the whole surface.
Both methods provide insight into the nature of implant performance, and thus, both calculations will
be performed here.

In frequency space, the fractional increase in true surface area can be computed from the scale-
independent RMS slope, which is determined by integrating over the averaged PSD (eq. 2) that
describes the full multiscale statistics of the surface. The increase in surface area can be computed using
a process that is analogous to computing the arc length of a function. Computing a two-dimensional
increase in area from one-dimensional measurements requires the assumptions that the surfaces are
isotropic and that the heights and slopes obey a Gaussian distribution. Under these assumptions, the
mathematics of doing this are shown in the Supplemental Appendix, Section S3 of ref 28:

Asurf—Aproj 1,, 2 I}
. = 3 hrms g(hrms)
proj

(i) = VT exp (=5 ) exfe (=) /hims 3
Arms rms

where Agy,s is true surface area with all roughness, and Ap,,; is the projected or apparent surface area.
The computed values of the fractional increase in surface area are 0.95+0.11, 1.07+0.21, 0.16+0.13, and
0.12+0.14 for the top and bottom surfaces of the nanoparticle-coated implant, and for the top and bottom
surfaces of the uncoated implant, respectively (uncertainty is computed using standard error
propagation). Averaging the top and bottom surfaces together, this means that the true surface area of
the nanoparticle-coated implant is 101% larger than a perfectly flat surface, while it is only just above
14% larger for the uncoated implant. In other words, the nanoparticle-coating provides a 76% increase
in the available surface area for contact compared to the uncoated implant.

The second method for analyzing roughness-induced surface area is to compute a scale-dependent value,
which reflects the different amounts of area that would be experienced by contacting bodies with
different characteristic sizes. This is computed from the real-space measurements using the equation in
ref 25:

Asurf—Aproj _ VT fL
0

dh
dx

= 1+ (%)2 dx — 1 4)

Aproj ht"msL

where L is the sampling length of the measurement. The results of these calculations are shown in
Figure 7. The detailed plots of all individual data points are in the Supporting Information (Figure S4).
Even the uncoated surface has a certain amount of roughness, and therefore shows an increase in surface
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area above the nominal (top-view) amount. However, the nanoparticle coating causes a significant
increase in true surface area, per nominal area, with well over 100% increases over the apparent surface
area, occurring at characteristic sizes of approximately 5 and 60 nm. As the characteristic size decreases,
the fractional increase in surface area continues to increase for the uncoated surface, as is expected for
a self-affine surface.”> However, this trend is not borne out by the nanoparticle-coated surface, which
exhibits a peak in true surface area at a characteristic size of about 5 nm, and shows a smaller value of
true surface area when only the very smallest scale is considered.
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Figure 7. The roughening effect of the nanoparticle coating contributes to a large increase in true surface
area. Data measured at each magnification are expressed as the logarithmic mean plus and minus log
error. The characteristic size in this figure corresponds to the resolution (1) of the measurement used in
earlier figures.

These findings can be compared to the results from the prior work on in vitro growth of neuron cells on
uncoated and nanoparticle-coated implants shown in Table 2. The first row shows the number of bound
proteins, which is normalized by the number of proteins on the uncoated sample on Day 0. Later
columns quantify the amount of neurite outgrowth surfaces with different treatments. Those results
indicate that nanoparticle-coated implants have better performance than the uncoated implant measured
by both relative bound protein and neurite outgrowth. Specifically, when samples were prepared fresh
and were not incubated prior to measurement or culture, the nanoparticle-coated implant shows a 75%
increase in the number of bound proteins and a 134% increase in neurite outgrowth compared with the
uncoated implant. Even in the “control” group where the surface of the implant was not coated with
immobilized proteins, the nanoparticle-coated implant shows an increase in neurite outgrowth relative
to the uncoated implant. This means nanoparticle topography itself facilitates the adhesion of neurons
on implant materials. The stability of the bound protein is also enhanced on the nanoparticle-coated
surfaces. During an incubation period of up to 28 days, the nanoparticle-coated implants maintained a
large amount of protein for neurite outgrowth, whereas for uncoated implants, the amount of protein
decreased and the degree of neurite outgrowth declined remarkably. The neurite outgrowth can be
normalized by subtracting neurite outgrowth on the nonprotein surface from neurite outgrowth on the
protein-immobilized surface. At the start of incubation, the nanoparticle-coated implant shows a 94%
increase in normalized neurite outgrowth. The topographic effect on bioactivity is discussed as follows.

Table 2. Results are shown from the in vitro experiments on nanoparticle-coated implants, with results

11



from uncoated implants shown in parentheses below. The bound proteins (first row) are normalized by
the number of proteins on the uncoated sample on Day 0. All data are represented as mean plus and
minus standard error. Data are reproduced from ref 33.

Day 0 Day 3 Day 7 Day 28
175.4+13.3 169.2+10.9  148.2+12.3
: PN * ) + *
Normalized Bound Proteins (%) (10010.7) (41.0+7.3)  (35.4+10.4)
Neurite Outgrowth on Protein- 9095+712 9954+765 10432+619 10525+608
Immobilized Surface (um/mm?2) (3881+234) (3573+329) (2373+242) (2608+208)
Neurite Outgrowth on Non-Protein 3684+294 ) )
Surface (um/mm?2) (1096+77)
Normalized Neurite Outgrowth on 5411+708 6270+782 6748+653 6841+668

Protein-Immobilized Surface (um/mm?)  (2785+234)  (2477+346)  (1278+260)  (1512+220)

First, the nanoparticle-coated surfaces show a significant improvement in the number of bound proteins.
It is noteworthy that the increase in the bound proteins (75%) is almost identical to the increase in the
amount of surface area (76%). This agreement suggests that a primary effect of the nanoparticle
topography for protein-coated implant surfaces arises from the corresponding increase in surface area.
More specifically, the strongest contribution to the increased surface area comes from size scales in the
range of 5-100 nm, corresponding to the size scales of typical proteins, e.g. L1 protein with a diameter
of 6 nm.* Characteristic sizes of different biological features are indicated in Figure 7 as a comparison
against the various size scales at which the analysis is performed. At larger or smaller length scales, the
fractional increase in area is smaller. This indicates that the nanoparticle coating increases the surface
area across all scales and can especially influence the length scales where neurons interact with proteins
and peptides.

Second, the nanoparticle-coated implants also perform significantly better in terms of neurite outgrowth,
for both protein-immobilized and nonprotein surfaces. The increase in neurite outgrowth on protein-
immobilized surfaces (134%) is larger than the increase in surface area (76%). Even the increase in
normalized neurite outgrowth (94%), which reflects the contribution from the number of proteins, is
larger than the increase in true surface area. This increase in true and normalized neurite outgrowth
suggests an additional effect of topography on the behavior of the neurite beyond simply the number of
proteins it can attach to. One potential explanation for this improvement is the increased curvature of
the resulting surfaces. As shown in Figure 5S¢, the RMS curvature of the nanoparticle-coated implant is
approximately an order of magnitude larger than the uncoated implant at scales of 5-60 nm. The
additional curvature of the surface provides an increased number of attachment points for cell structures
and proteins, without requiring them to denature and become flattened. Note that this curvature effect
is separate from the pure increase in surface area because if the increase in surface area were achieved
without changing the curvature (or with only the addition of convex “hills” instead of concave
“valleys”), then these additional attachment points would not be accessible to biological structures with
convex shapes.

Third, the nanoparticle-coated surface maintained the surface density and bioactivity of the immobilized
protein through 28 days of incubation, while the protein density and neurite—promoting bioactivity
decreased significantly on the smooth surface after 1 week. Since the same covalent bond was used for
both surface coupling, the improved stability on the nanoparticle surface could also be arising from the
increase in anchor points per protein due to the curvature effect.

This investigation serves to contextualize prior results'®'"” that show how an average roughness of 20-

70 nm can optimize the performance of implant materials. The present data suggest two mechanisms
by which roughness at these length scales improve the bioactivity. First, nanoscale structures serve to
increase the true surface area available, which corresponds almost exactly to the increase in bound
proteins. Second, nanoscale roughness at the scale of biochemical structures serves to increase the local
curvature and increase the number of attachment points for a single structure, corresponding to an
improvement in the cell-outgrowth response and stability. These findings suggest a quantitative
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framework for the optimization of surface topography to maximize the bioactivity of implant materials.

This investigation reveals an exciting avenue of future work to systematically disentangle the effects
on function from topography at different size scales. However, because many conventional
measurements of surface topography do not provide scale-dependent information, it is not clear at this
moment which treatments should be applied to modify a roughness at a specific scale. The authors
believe further investigation in this vein, along the lines of refs 44,45. We believe this is the missing
piece in the rational design of bioactive surfaces.

Conclusion

In this investigation, electron microscopy was used to perform a comprehensive analysis of the
multiscale surface topography of neural implants in their uncoated and nanoparticle-coated conditions.
We analyzed surface profiles in real space and in frequency space and computed relevant scalar
parameters. The results demonstrate nearly identical roughness at the very largest and at the very
smallest scales, with the most pronounced variation in the intermediate size scales. The topography
analysis was used to compute an increase in true surface area of 76%. This corresponds almost exactly
to the 75% increase in bound proteins on the surface. The increase in neurite outgrowth of neurons on
the nanoparticle-coated implants is even larger (134% increase) and the bioactivity is maintained for
several weeks, suggesting that an additional factor, such as enhanced local curvature, may further
improve performance. The scale-dependent analysis shows that the primary increase in surface area and
local curvature occurs at characteristic size-scales of 5-100 nm, which corresponds to the size of
relevant biological structures. While a causal connection cannot be conclusively proven by this
investigation, it nevertheless suggests a potential framework for quantitatively linking changes in
topography to changes in bioactivity through a scale-dependent topography analysis.
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Detailed plots of the data for each surface are shown in Fig. S1-S3 for RMS parameters and Fig. S4 for
fractional increase in arca. SEM data are added for comparison purpose. Power-law fitting is applied to
all plots in all figures regardless of whether this is reasonable or not. The low value of coefficient of
determination reflects the poor fitting regarding the nanoparticle-coated implant. In main paper, power-
law fitting is only applied to data points of uncoated implant, which is thought to be reasonable and
reflects the “self-affine” fractal nature of surface.
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Figure S1. RMS height of nanoparticle-coated top surface (a), nanoparticle-coated bottom surface (b),
uncoated top surface (c), and uncoated bottom surface (d) is computed from surface profiles in real
space at different magnifications. Length scale is represented by sampling length. Power-law fitting is
applied, and error is defined as 95% confidence interval of standard error. SEM data is inserted into
figures of nanoparticle-coated surfaces for comparison.
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Figure S2. RMS slope of nanoparticle-coated top surface (a), nanoparticle-coated bottom surface (b),
uncoated top surface (c), and uncoated bottom surface (d) is computed from surface profiles in real
space at different magnifications. Length scale is represented by resolution. Power-law fitting is applied,
and error is defined as 95% confidence interval of standard error. SEM data is inserted into figures of
nanoparticle-coated surfaces for comparison.
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Figure S3. RMS slope of nanoparticle-coated top surface (a), nanoparticle-coated bottom surface (b),
uncoated top surface (c), and uncoated bottom surface (d) is computed from surface profiles in real
space at different magnifications. Length scale is represented by resolution. Power-law fitting is applied,
and error is defined as 95% confidence interval of standard error. SEM data is inserted into figures of
nanoparticle-coated surfaces for comparison.
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Figure S4. Fractional increase in surface area of nanoparticle-coated top surface (a), nanoparticle-coated
bottom surface (b), uncoated top surface (c), and uncoated bottom surface (d) is computed from surface
profiles in real space at different magnifications. Length scale is represented by Resolution. Power-law
fitting is applied, and error is defined as 95% confidence interval of standard error. SEM data is inserted
into figures of nanoparticle-coated surfaces for comparison.
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