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Abstract—Nanoporous gold (np-Au) is a promising multi-
functional material for neural electrodes. We have previously
shown that np-Au nanotopography reduces astrocyte surface
coverage (linked to undesirable gliosis) while maintaining
high neuronal coverage in a cortical primary neuron-glia co-
culture model as long as 2 weeks in vitro. Here, we investigate
the potential influence of secreted soluble factors from cells
grown on np-Au leading to the cell type-specific surface
coverage on conventional tissue culture plastic. We then test

the hypothesis that secretion of factors is responsible for
inhibiting astrocyte coverage on np-Au. In order to assess
whether factors secreted from cells grown on np-Au surfaces
reduced surface coverage by astrocytes, we seeded fresh
primary rat neuron-glia co-cultures on conventional poly-
styrene culture dishes, but maintained the cells in conditioned
media from co-cultures grown on np-Au surfaces. After 1
week in vitro, a preferential reduction in astrocyte surface
coverage was not observed, suggesting that soluble factors
are not playing a role. In contrast, 4 h after cell seeding there
were a significant number of non-adhered, yet still viable,
cells for the cultures on np-Au surfaces. We hypothesize that
the non-adherent cells are mainly astrocytes, because: (i)
there was no difference in neuronal cell coverage between np-
Au and pl-Au for long culture durations and (ii) neurons are
post-mitotic and not expected to increase in number upon
attaching to the surface. Overall, the results suggest that the
np-Au topography leads to preferential neuronal attachment
shortly after cell seeding and limits astrocyte-specific np-Au
surface coverage at longer culture durations.
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INTRODUCTION

Nanostructured materials with properties unique to
the nanoscale have shown substantial promise as
multifunctional coatings in a myriad of biointerfaces,
ranging from orthopedic implants to neural elec-
trodes.15,20,27,33 For example, the large effective surface
area of nanostructured sensor coatings reduces im-
pedance of neural interfaces for higher fidelity elec-
trophysiological recordings,28 nanotubular structures
allow for higher loading capacity and sustained deliv-
ery of pharmaceuticals,16,21 and nanopores act as size-
selective sieves to enhance the performance of elec-
trochemical DNA sensors in the presence of globular
biofouling proteins.7,25 In addition to these attributes,
micro- and nano-topographical cues from nanostruc-
tured materials have been shown to guide cell growth,
phenotype, and differentiation across many cell types,
which are important factors for interfaces where
specific cell coupling is beneficial.3,4,8,13,14 One emerg-
ing material that has shown promise in promoting
specific cell coupling is nanoporous gold (np-Au). Np–
Au is a nanostructured material that is produced by
selective dissolution of silver from a gold-silver alloy,
resulting in a network of gold ligaments and pores.11,31

Specifically, np-Au has attracted attention for its
applications in electrochemical sensors,12,22,29 catalytic
platforms,18 fundamental nanoscale materials stud-
ies,6,10 tunable drug release,21 and high fidelity
recordings from organotypic brain slices.30 These
properties, along with its compatibility with micro-
fabrication techniques, suggest np-Au as an attractive
option for high sensitivity multifunctional biosensors
with potential applications ranging from lab-on-a-chip
based field devices to implantable drug-eluting neural
electrodes. We have previously shown that np-Au
nanotopography reduces the ability of astrocytes to
spread across the surface, while maintaining high
neuronal coverage as long as 2 weeks in vitro in a
cortical primary neuron-glia co-culture model.5 Addi-
tionally, we have shown that np-Au does not alter the
proliferation rate of astrocytes and therefore reduces
only the hypertrophic cell surface coverage that is
partially responsible for undesirable gliosis.26,36 Here,
we investigate the potential influence of secreted sol-
uble factors on the cell type-specific surface coverage as
well as the initiation of this phenomenon at earlier time
points after plating. Specifically, the working
hypotheses are: (i) soluble factors secreted from cells
on np-Au surfaces, in response to the material nanos-
tructure, inhibit the ability for astrocytes to spread
across the np-Au surface; and (ii) reduced adhesion of
astrocytes onto the np-Au surface within 4 h of cell
plating translates into reduced surface coverage by
astrocytes at longer times in culture.

MATERIALS & METHODS

Sample Fabrication and Characterization

Samples were typically deposited in 5 mm-diameter
spots onto the middle of a piranha-cleaned 12 mm-
diameter thin (0.15 mm-thick) glass slide. Unstruc-
tured planar gold (pl-Au) samples were deposited by
direct current sputtering (Kurt J. Lesker) of a
200 nm-thick gold layer (at 10 mTorr argon) on top
of the substrate coated with a 160 nm-thick chro-
mium adhesion layer. Gold-silver alloy spots (pre-
cursor to np-Au) were fabricated by sputtering a
160 nm-thick chromium adhesion layer, 80 nm-thick
gold corrosion barrier layer, and a 600 nm-thick
gold and silver alloy (64% silver and 36% gold;
at.%). The final np-Au films were fabricated by
immersing the gold-silver alloy in heated (55 �C)
nitric acid (70%) for 15 min. The short dealloying
times used in the present study typically result in
residual silver levels in the order of 3–5 at.%.5 The
samples were then soaked in deionized (DI) water
for 1 week while replacing the water every 24 h.
Caution Nitric acid is highly corrosive and reactive
with organic materials and must be handled with
extreme care. The morphology of the coatings was
characterized by scanning electron microscopy (FEI
Nova NanoSEM430), and elemental compositions
before and after dealloying were assessed with en-
ergy dispersive X-ray spectroscopy (Oxford INCA,
EDS).

Primary Cortical Neuron-Glia Mixed Culture

Primary rat cortical cells were obtained from the
laboratory of Prof. Pamela J. Lein at the University of
California, Davis. All studies were conducted accord-
ing to protocols approved by the Institutional Animal
Care and Use Committee of the University of Cali-
fornia, Davis. Surface samples were incubated with
0.5 mg/mL poly-L-lysine in B Buffer (boric acid and
borax, Sigma, Saint Louis, MO) at 37 �C in 5% CO2

for 4 h. The samples were then washed with sterile
deionized (DI) water and incubated for 12 h at 37 �C
and 5% CO2 with plating media consisting of 2% B27
supplement, 1X Glutamax, 10% heat-inactivated horse
serum, and 1 M HEPES at pH 7.5 with Neurobasal A
as the basal medium (all media components were
obtained from Invitrogen, Carlsbad, CA). Dissociated
cortical cells were seeded in plating medium at a den-
sity of 50,000 cells/cm2 on each material, allowed to
adhere for 4 h, and switched to serum-free growth
medium. At day in vitro (DIV) 4 and at DIV 7 cell
culture medium was replenished by adding fresh
growth medium.
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Primary Cortical Astrocyte Culture

Primary rat cortical cells were obtained as previ-
ously described above. At DIV 1 the cell cultures were

mechanically agitated to detach neurons from the
surface of the tissue culture flask. The resulting ‘puri-
fied’ astrocyte culture was maintained and passaged
for 7 days in vitro before being plated onto substrates
at a density of 50,000 cells/cm2. Purified astrocyte
cultures were maintained in a DMEM based media
containing Earle’s salts, 10% fetal bovine serum, and
5% penicillin/streptomycin (Invitrogen, Carlsbad,
CA).

Conditioned Media Experimental Protocol

Primary rat cortical cells were seeded onto both np-
Au and pl-Au samples at a density of 50,000 cells/cm2.
Cultures were maintained on these samples for 1, 7,
and 12 days respectively replenishing and changing
media as per the protocol outlined above. The media
from these cultures grown on np-Au and pl-Au was
collected at the designated day (i.e., day in vitro 1, 7,
and 12) before the cultures were fixed. The collected
media from each of these experiments was then used to
grow fresh cultures that were plated onto conventional
polystyrene tissue culture plastic at a density of 50,000
cells/cm2. These cultures were grown to day in vitro
(DIV) 7. This resulted in six different conditions being
tested: conditioned media from cells cultured on np-Au
surfaces to DIV 1, 7, and 12, as well as conditioned
media from cells cultured on pl-Au surfaces to DIV 1,
7, and 12 (Fig. 1). Additionally, as a control parameter
non-conditioned (fresh) medium was also used to grow
newly plated cultures on polystyrene surfaces to DIV 7.

FIGURE 1. Neuron-glia co-cultures were plated on samples of np-Au and pl-Au. These cultures were grown to day 1, 7, and 12
in vitro respectively. The conditioned media from these cultures were then used to maintain neuron-glia co-cultures on conven-
tional polystyrene tissue culture surfaces for 7 days.

FIGURE 2. Neuron-glia co-cultures were plated on samples
of np-Au, pl-Au, glass, and precursor Au–Ag alloy. After
allowing 4 h for cell attachment, non-adherent cell number
and viability were quantified by a trypan blue exclusion test.
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All cultures were fixed at their designated time with
4% paraformaldehyde in phosphate buffered saline
(Affymetrix), and immunostained using mouse anti-
tubulin-bIII antibodies (Invitrogen) to identify neu-
rons, and rabbit anti-glial fibrillary acidic protein
antibodies (GFAP, Invitrogen) to identify astrocytes,
followed by incubation with goat anti-mouse anti-
bodies conjugated to Alexa Fluor 555 (Invitrogen) and
goat anti-rabbit antibodies conjugated to Alexa Fluor
488 (Invitrogen) all at a concentration of 1:100.
Counter-staining with DAPI was used to visualize cell
nuclei. Images of immunostained samples were
acquired using an inverted fluorescent microscope
(Zeiss Observer D1). Sample sizes of at least three

images (109 magnification—895 lm 9 671 lm) per
experimental parameter were captured and subse-
quently analyzed using a custom ImageJ macro to
determine the total cell coverage on a given surface.

Initial Cell Attachment Experimental Protocol

Primary rat cortical cells were plated onto surfaces
consisting of np-Au, pl-Au, precursor alloy, and glass
at a density of 50,000 cells/cm2. Cultures were given 4 h
to adhere to each surface before the non-adherent cells
were collected by extracting the medium from each
sample (Fig. 2). This solution of non-adherent cells
was then analyzed for cell density (number of cells) and
viability through a trypan blue exclusion (Ther-
moFisher Scientific) test in conjunction with a hemo-
cytometer (Brightline). This protocol was then
repeated using only a purified primary astrocyte cul-
ture plated at the same density.

Statistical Methods

Each study was performed on at least three different
samples per dissection, and imaged at the same five
locations on each sample. Unless otherwise stated, the
reported values represent averages of all samples in an
experimental group and standard deviations of the
measurements. A two-tailed Student’s t test assuming
unequal variance was used to identify differences
between two different sample groups and a one-way
ANOVA was used when comparing more than two
groups in each experiment. p values less than 0.05 were
deemed statistically significant.

RESULTS AND DISCUSSION

The material of focus in this study, nanoporous gold
(np-Au), is obtained through a dealloying process,
where silver atoms are removed from the alloy and
gold atoms undergo surface diffusion creating an
interconnected network of ligaments and pores. The
resulting network presents a typical porosity of
approximately 70% with a median ligament size of
approximately 30 nm, and non-cytotoxic levels of
residual silver at 3–5 at.% (Fig. 3).5 In a previous
study we have demonstrated that the np-Au surface
morphology, and not residual silver, results in reduced
astrocyte (but not neuronal) surface coverage at DIV 7
and 12.5 However, the extent to which soluble factors
influence cell surface coverage in the long-term as well
as the short-term initiation of this phenomenon are not
known. Therefore, the goal of experiments here are to
determine the contribution of secreted factors to this
long term reduction in astrocyte surface coverage as

FIGURE 3. (a) A low magnification (50,0003) scanning elec-
tron micrograph of nanoporous gold (np-Au) showing the
long range uniformity of the ligament network. (b) A high
magnification (200,0003) scanning electron micrograph of np-
Au showing detail of ligaments and pores. (c) A high magni-
fication (200,0003) scanning electron micrograph of planar
gold (pl-Au) showing a clear granular surface structure.
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FIGURE 4. Fluorescent micrographs of cortical neurons (red—Tubulin-bIII), astrocytes (green—GFAP), and cell nuclei (blue—
DAPI) grown on tissue culture plastic (polystyrene) for 7 days in vitro using conditioned media from cortical cells grown on np-Au
and pl-Au samples at (a) DIV 1, (b) 7, and (c) 12 as well as (d) with un-conditioned fresh media.
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well as to determine the initial adhesive response of
astrocytes to the surface of np-Au.

Investigating the Role of Cell Secreted Factors on the
Reduction in Astrocyte Coverage on np-Au

Although there is strong evidence that the nanos-
tructure of np-Au plays a dominant effect in the
reduction of astrocyte surface coverage, it is unclear
whether the topographical cues directly influence
spreading of astrocytes or whether factors secreted by
cells cultured on np-Au influence astrocyte spreading
via an autocrine/paracrine signaling mechanism. Sol-

uble cell secreted factors from neurons, astrocytes, and
other glia are known to influence astrocyte surface
coverage and morphology. Most notably, neurons se-
crete many fibroblast growth factors and glia secrete
many pro-inflammatory factors such as tumor necrosis
factor alpha, interleukin-6, all of which can effect
astrocyte morphology and cause an increase in cell
reactivity.1,19,32,35 Additionally, soluble factors from
neural slice cultures have been shown to induce glioma
cell proliferation.34 Given the potential influence of
soluble factors in the cell type-specific reduction of
astrocyte surface coverage, we test the first hypothesis
concerning the role of secreted factors in reduced
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astrocyte coverage on np-Au. In order to test this
hypothesis, conditioned culture media from cortical
cultures grown on np-Au and pl-Au was collected on
DIV 1, DIV 7 and DIV 12. The conditioned media was
then used to culture freshly harvested cortical cells on
conventional polystyrene tissue culture plastic for
7 days (illustrated in Fig. 1). This experimental design
ensures that the influence of soluble factors and
topographical cues are decoupled.

At DIV 7, the time point at which a clear reduction
in astrocyte surface coverage becomes apparent in
cultures on np-Au,5 cortical cultures grown on tissue
culture plastic were immunostained with markers for
neurons and astrocytes to quantify cell type-specific
surface coverage in response to the different condi-

tioned media (Fig. 4). The neuronal surface coverage
remained similar (all samples ANOVA p = 0.3) on
polystyrene surfaces whether the culture was main-
tained in fresh (un-conditioned) medium or condi-
tioned medium from np-Au or pl-Au cultures
(Fig. 5a). In contrast, the astrocyte surface coverage
monotonically increased in response to the conditioned
medium from DIV 1, 7, and 12 cultures grown on np-
Au and pl-Au (Fig. 5b). These results suggest that the
accumulation of soluble factors in conditioned media
enhance proliferation and/or the spreading of astro-
cytes. More importantly, a pair-wise comparison
between conditioned media from np-Au and pl-Au for
astrocyte surface coverage in cultures on polystyrene
surfaces at DIV 7 and 12 did not reveal significant

FIGURE 6. High magnification fluorescent micrographs of neurons (red—Tubulin-bIII), astrocytes (green—GFAP), and cell nuclei
(blue—DAPI) grown to day in vitro 12 on (a) np-Au and (b) pl-Au.
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differences. This suggests that when the topographical
cues are removed (which is the case of cells grown on
polystyrene with conditioned media), the astrocyte-
specific reduction in surface coverage is no longer
present. To complement this observation, we com-
pared the surface coverage of neurons and astrocytes
on the samples (np-Au and pl-Au) that were used for
preparing the conditioned media. A clear reduction in
astrocyte surface coverage was seen on np-Au at DIV 7
and 12 (Fig. 5d), while the neuronal coverage remained
unchanged (Fig. 5c). Additionally, visual comparison
between high magnification images of neurons and
astrocytes at DIV 12 (Fig. 6) demonstrate that clear
differences in astrocyte morphology arise in response
to the material surface, an effect that is not seen
between conditioned media samples. Astrocyte mor-
phologies on np-Au typically consist of fewer pro-
cesses, often losing their typical ‘star-shaped’ cell
morphology. Further studies are underway to deter-
mine whether np-Au topography contributes to this
morphological difference by affecting the local for-
mation of focal adhesions.

Effects of np-Au Surface Morphology on Initial
Astrocyte Attachment

To test the second hypothesis of whether initial
cellular adhesion upon seeding dictates long-term
reduction in cellular coverage, we quantified non-ad-
herent cells and their viability in cultures grown on np-
Au, pl-Au, precursor alloy, and glass. Non-adherent
cells were quantified in media collected from each
sample 4 h after cell seeding (illustrated in Fig. 2). As

shown in Fig. 7, np-Au reduces the ability of cortical
cells to adhere in comparison to all surfaces. An
approximately 2.4-fold increase in viable non-adherent
cells (p< 0.005) was seen in the medium aspirated
from np-Au samples in comparison to medium from
pl-Au samples (Fig. 7a). Although the np-Au surface
led to an increase in the number of viable non-adherent
cells, there was no change in the number of dead non-
adherent cells in the aspirated medium in comparison
to either pl-Au or glass. On the other hand, the silver-
rich cytotoxic precursor alloy significantly increased
the number of dead non-adherent cells (p< 0.01) in
comparison to all other materials tested. This result,
taken together with the results of the previous study
that showed no change in astrocyte proliferation
rates,5 suggests that np-Au is causing an initial
reduction in cortical cell adhesion via non-cytotoxic
mechanisms. However, it is still unclear whether it is
astrocytes or neurons that are affected by this reduc-
tion in initial cellular adhesion. To investigate the ef-
fect of surface coating on specifically the astrocytes, the
cell adhesion experiments were repeated using purified
astrocyte cultures from primary rat cortical cells. The
number of viable non-adherent astrocytes 4 h after
plating for the np-Au sample was twice (p< 0.01) that
for pl-Au (Fig. 7b). Given a similar fold-increase in
non-adherent cell number of cortical cells, this result
suggests that the np-Au surface is non-permissive to
astrocyte attachment. Surprisingly, this reduction in
the initial attachment of astrocytes on np-Au does not
seem to alter density or proliferation of astrocytes at
later time points in culture, as previously published.5

These results suggest that the decreased cellular

FIGURE 7. (a) A 2.4-fold increase in the number of live non-adherent cells from the np-Au surface (p< 0.005) in comparison to
non-structured pl-Au and glass samples suggest that the np-Au topography reduced cell attachment via non-cytotoxic mecha-
nisms. (b) A twofold increase in the number of live non-adherent astrocytes (p< 0.01) on the surface of np-Au suggests that
astrocytes are the dominant cell-type in the non-adherent cortical cells.

CHAPMAN et al.440



attachment to the np-Au surface is likely due to the
complex nanotopography of the np-Au surface limit-
ing adhesion sites. Additionally, astrocytes appear less
likely than neurons to attach to this nanostructured
surface. This can potentially be attributed to differ-
ences in focal adhesion size between astrocytes and
neurons.2 It is likely that this probabilistic cell-surface
interaction plays a similar role in sustained reduction
in astrocyte surface coverage on np-Au surfaces at
longer time-points (past DIV 7).

CONCLUSIONS

We have decoupled putative influences of topo-
graphical and soluble cues to reveal that astrocyte-
specific reduction in surface coverage on np-Au sur-
faces is due to both an initial inhibition of astrocyte
attachment and topographical cues provided by the
np-Au nanostructure. At early time points (4 h) after
seeding, the reduction in astrocyte adhesion on np-Au
compared to pl-Au surfaces may be attributed to
kinetically-determined focal adhesion establishment
during probabilistic interactions between the cellular
adhesive molecules and the complex nanotopography
(composed of voids and ligaments) of the np-Au sur-
face.9,23 For later time points, when the reduced
astrocyte surface coverage on np-Au persists, the
phenomenon can at least be partially attributed to the
mechanical inhibition of focal adhesion com-
plexes5,14,17; however, it is also possible that the cell
response is in part mediated via mechanotransduction
by the np-Au topography through signaling pathways
(such as YAP/TAZ24) or other integrin-mediated
pathways.3,8 Further research is underway to identify
the focal adhesion complex formation efficiency of
astrocytes as a function of np-Au feature size. Ulti-
mately, the results presented here demonstrate an
advancement in understanding of the cellular mecha-
nisms leading to the reduced astrocyte surface coverage
on np-Au films compared to planar materials and
conventional polystyrene.
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