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We have established long-term cultures of postnatal retinal cells on arrays of gallium phosphide
nanowires of different geometries. Rod and cone photoreceptors, ganglion cells and bipolar cells survived
on the substrates for at least 18 days in vitro. Glial cells were also observed, but these did not overgrow
the neuronal population. On nanowires, neurons extended numerous long and branched neurites that
expressed the synaptic vesicle marker synaptophysin. The longest nanowires (4 mm long) allowed
a greater attachment and neurite elongation and our analysis suggests that the length of the nanowire
per se and/or the adsorption of biomolecules on the nanowires may have been important factors regu-
lating the observed cell behavior. The study thus shows that CNS neurons are amenable to gallium
phosphide nanowires, probably as they create conditions that more closely resemble those encountered
in the in vivo environment. These findings suggest that gallium phosphide nanowires may be considered
as a material of interest when improving existing or designing the next generation of implantable
devices. The features of gallium phosphide nanowires can be precisely controlled, making them suitable
for this purpose.

� 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Substrate chemistry and topography are among the factors that
influence cell viability and behavior, both in vivo and in vitro [1,2].
These parameters can be easily tuned in engineered materials and
both micro and nanofabricated surfaces have been used for neural
interfaces, for stem cell differentiation, or for drug delivery [1e8].
The development of fabrication methods is therefore expected to
play an important role in the improvement of in vitro and in vivo
protocols. Brain implants, for instance, are used for tempering the
symptoms of Parkinson’s disease or help locked-in patients to
communicate [9]. They usually consist of electrodes with a smooth
surface, which elicits a tissue response, leading to the formation of
an isolating layer around the electrodes and to decreased signal
levels [10]. It has recently been shown that nanostructured surfaces
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result in lower tissue response to the implant and improved
recording properties of the electrodes [3,11].

Nanowires are one-dimensional objects, with a diameter in the
nanometer range and a length on the micrometer length scale.
Several studies have explored possible nanowire applications in
biology and investigated the biocompatibility of nanowire
suspensions and nanowire arrays [8,12e19]. In these studies,
nanowires were composed of a single material (silicon, gallium
arsenide, gallium phosphide or metal) and in the case of arrays,
these had a fixed topography (diameter, length, pitch). One recent
study has investigated the effect of topography in silicon-
nanopillar-arrays on stem cell fate [20]. However, the influence of
specific topographical parameters on biocompatibility and func-
tionality remains ill-defined.

Nanowire arrays of gallium phosphide (GaP), a IIIeV semi-
conductor material, can be produced by using metal organic vapor-
phase epitaxy [21]. The resulting nanowires (GaP NW) stand
perfectly vertical on the substrate, are monodisperse in size
and their specific geometry can be easily controlled [12,17,22].
We have previously shown that GaP NW substrates support and
guide the growth of peripheral nervous system neurons, with
cell focal adhesions forming on the nanowires [12,14,15]. Here, we
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Table 1
Nanowire substrates used in the study.

Diameter (nm) Length (mm) Density (NW/mm2) Chemistry

40/80 4 1 GaP
20/40/80 1 1 GaP
80 0.5 1/10 GaP
80 4 0.2/1/2/3/10 GaP
80 4 1 HfOx
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have performed an initial characterization of the survival and
behavior of central nervous system (CNS) cells cultured on these
substrates.

Retinal cells derived from early postnatal mice were used in the
study. The retina, being a part of the CNS, is susceptible to degen-
erative processes, but is also amenable to many of the treatment
possibilities explored for brain diseases, such as neuroprotection
and cell replacement. However, as others and we have shown,
physical and molecular barriers exist in a degenerating retina that
limit the successful outcome of these treatments [23e25]. More
recently, nanotechnology applications have been directed also
towards retinal diseases, including the development of nano-
particles capable of delivering genes and neuroprotective mole-
cules (reviewed in Ref. [26]) as well as the fabrication of scaffolds
with nanoscale topographies for the intraocular delivery of cells
[27]. Another treatment modality being tested to treat retinal
degenerations involves the use of sub or epiretinal implants
[26,28,29], a field where nanocomponents have a great potential, in
particular those that allow a good control of their surface
topography.

In the present study, we exploited the fact that various param-
eters of GaP NW array topography can be tuned and adjusted
independently, and used these arrays as a model system to test
whether they may be suitable for implants.

2. Materials and methods

2.1. Animals

Wild-type mice (C3H/HeA background, own colonies) were kept on a 12-h
lightedark cycle, with free access to food and water. All experiments were
approved by the local committee for animal experimentation and ethics. Handling of
animals was in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

2.2. Nanowire substrate preparation

The GaP NW were grown by metal organic vapor-phase epitaxy (MOVPE) from
Au catalytical seeds [21]. Au nanoparticles were deposited on a GaP (111)B substrate
using a dedicated aerosol set-up [30]. The substrates were thereafter transferred to
a growth chamber (Aix 200/4, Aixtron AG, Germany) and nanowire growth was
carried out at 470 �C. The wire growth was initiated by supplying Ga(CH3)3 in
addition to PH3, with respective precursor molar fractions of 4.3$10�6 and 8.5$10�2

in hydrogen carrier gas flow of 6 L/min, and under a pressure of 10 kPa. Under those
conditions, the wire length is controlled by the growth time and the nanowire
diameter by the gold nanoparticle size. The resulting wires grow in the [111]B
direction (vertical on the surface).

In order to examine the effect of different substrate topographies on cell
behavior, arrays were produced with distinct geometries (see Table 1). Each
substrate (with an area of about 10 mm2) was composed of identical wires of
a specific length (0.5, 1 or 4 mm), diameter (20, 40 or 80 nm) and density (0.2, 1, 2, 3
or 10 NW/mm2). Some of these different GaP NW substrates are shown in Fig. 1. In
a few cases, substrates were coated with hafnium oxide (HfOx) by atomic layer
deposition (ALD) using a Savannah-100 system (Cambridge NanoTech Inc., USA) in
order to deposit a homogeneous layer of 20 nm of oxide. Control substrates con-
sisted of flat GaP of the same size as the GaP NW substrates. Before cell seeding,
substrates were incubated in 70% ethanol for 10 min, air-dried overnight and placed
in sterile 4-well culture chambers (Nunc Lab-Tek II Chamber Slide System, Thermo
Scientific, Denmark; code: 177399).

2.3. Primary retinal cell culture

Retinal cultures were prepared as previously described in Ref. [31] with only
a fewmodifications. Briefly, a digestion solutionwas preparedwith papain (18 Units/
mL, Worthington Biochemical Corp, USA; code LS003118) at 1 mg/mL and L-cysteine
(SigmaeAldrich Sweden AB, Sweden; code C7477) at 0.3 mg/mL in Dulbecco’s
modified Eagle’s Medium (DMEM) (Invitrogen Life Technologies, Sweden; code
41966-029). The digestion solution was incubated at 37 �C during 10 min, filtered
with a 0.22 mmpore filter (SARSTEDT, Germany; code 83-1826-001) and used within
1 h. Retinas were isolated from postnatal (PN) day 4 mice under R16 serum-free
culture medium (Invitrogen Life Technologies, UK; code 07490743A) [32] free
from retinal pigment epithelium and transferred thereafter to a digestion solution
(0.75mL/retina) for 30min at 37 �C. The retinal tissue was then carefully rinsed with
3 � 10 mL DMEM. Subsequently, 2 mL of culture medium [DMEM containing 2% of
B27-supplement (Invitrogen Life Technologies, Sweden; code 17504-044) and 2% of
L-glutamineepenicillinestreptomycin solution (SigmaeAldrich Sweden AB,
Sweden; code G6784)] were added to the retinal tissue, which was dissociated using
a Pasteur pipette. The suspension was then transferred to a new vial containing
48 mL of DMEM at 37 �C and spun down for 5 min at 900� g at room temperature.
The supernatant was removed and the cell pellet was resuspended in the culture
medium solution (2.27 mL/retina). The retinal cell suspension was passed through
a cell strainer with a 40 mm nylon mesh (BD Biosciences, USA; code 352340) and
500 mL (approximately 9 � 104 cells) were seeded onto each well, each one con-
taining one type of GaP NW or flat GaP substrate. Twenty-two culture experiments
were performed on different days with an average of 12 substrates per experiment.

2.4. TUNEL assay

After culturing for 3, 6,12, and18days invitro (DIV), 4%paraformaldehyde (PFA) in
100 mM Sørensen’s buffer (pH ¼ 7.4) was added to the culture medium for 10 min.
After removing the solution, fresh PFAwas applied for 30min, followed by 3�10min
with PBS (10 mM, pH ¼ 7.2). Dying cells were detected with a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) assay, employing the In Situ
Cell Death Detection Kit, TMR red (Roche Diagnostics, Germany; code 12156792910),
as previously described in Ref. [33]. The enzyme solution was diluted 1:9 and the
labeling solution 1:4 in PBS. The two components were mixed 1:4.44 immediately
before application to the cells for 1 h at 37 �C in the dark. The reactionwas stopped by
3 washes with cold PBS. The substrates containing the cells were mounted with the
anti-fading medium VECTASHIELD containing the nucleic acid stain 40 ,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories, USA; code H-1200).

2.5. Immunocytochemistry

Following 3DIV and18DIV, the cultured cellswerefixed and rinsed (as above) and
then blocked and permeabilized by pre-incubation for 30 min at room temperature
with Tris-buffered saline (TBS; 10 mM, pH 7.2) containing 0.25% Triton X-100 (TBS-T)
and 2% bovine serum albumin (BSA). Cells were subsequently incubated overnight at
4 �Cwith TBS-Tcontaining themonoclonal or polyclonal primary antibodies listed in
Table 2, followed by 3� 10 minwashes with TBS. Samples were then incubated with
secondary antibodies: DyLight-488 donkey anti-rabbit (Jackson ImmunoResearch
Laboratories Inc., USA; code 711-485-152), DyLight-549 donkey anti-mouse (Jackson
ImmunoResearch Laboratories Inc., USA; code 715-505-150), Alexa-488 donkey anti-
goat (Invitrogen Life Technologies, Sweden; code A11055) or Texas Red donkey anti-
sheep (Jackson ImmunoResearch Laboratories Inc., USA; code 713-076-147) at 1:200
for 90 min at room temperature. For retinal sections, animals were sacrificed at PN7
and PN22. Eyes were enucleated and fixed in 4% paraformaldehyde (PFA) in 100 mM

Sørensen’s buffer (pH ¼ 7.4) for 2 h at 4 �C. The tissue was subsequently rinsed and
cryoprotected by increasing concentrations of sucrose in the buffer. The eyes were
embedded in an albuminegelatin medium and frozen. Twelve-micrometer cryostat
sections were collected on gelatin/chrome alum-coated glass slides and air-dried
before storage at �20 �C. Cryosections were blocked and permeabilized by pre-
incubation for 45 min at room temperature with PBS containing 0.25% Triton X-
100, 1% bovine serum albumin (BSA) and 5% normal serum (PBS-TS). The sections
were thereafter incubated overnight at 4 �C with the antibodies listed in Table 2
dissolved in PBS-T containing normal serum, followed by a 45 min incubation with
the corresponding secondary antibodies (listed above). Cell and retinal sampleswere
rinsed 3� 10 min with PBS and mounted with VECTASHIELD containing DAPI.

2.6. Fluorescence microscopy

Retinal cultures and sections were examined with a wide field fluorescence
microscope (Axiophot, Carl Zeiss Meditec Inc., Germany) using a plan-neofluar
objective (40�/0.75) and a confocal microscope (Zeiss LSM 510, Germany). The
confocal images were acquired using a 20�/0.5 air objective with an optical slice of
43 mm or a 40�/0.5 oil immersion objective with an optical slice of either 11.1 mm or
1 mm (corresponding to 1 airy unit).

2.7. Scanning electron microscopy

Cells were fixed by replacing the culture mediumwith sodium cacodylate buffer
(100 mM, pH ¼ 7.4) containing 2.5% of glutaraldehyde. After 30 min, the substrates
were rinsed 2� 10 min with fresh buffer and 1� 10 min with ultrapure water



Fig. 1. SEM images showing different GaP NW substrate topographies with (A) a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm, (B) a density of 10 NW/mm2,
a diameter of 80 nm and a length of 4 mm, (C) a density of 10 NW/mm2, a diameter of 80 nm, and a length of 300 nm, (D) a density of 2 NW/mm2, a diameter of 40 nm and a length of
4 mm. The collapse of 40 nm diameter NW is due to charging effects during SEM imaging. Tilt 30� . Scale bar, 1 mm for all panels.
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(resistivity of 18.2 MU cm). The substrates were then dehydrated in a series of
ethanol solutions and dried using a critical-point dryer (CPD030, Leica Microsystems
GmbH,Wetzlar, Germany). Thereafter, they were sputter-coated with 10 nm of gold-
palladium (VG Microtech, SC7640). The scanning electron microscopy study was
performed using a LEO SEM 1560, Zeiss (Germany).
Table 2
Primary antibodies used in the analyses.

Antibodyeantigen Type; host Dilution: cultures
(sections)

Source; code

b-tubulin, isotype III MAb;
Mouse

1:1500 (1:1500) SigmaeAldrich Sweden

Ki67 MAb;
Mouse

1:50 (1:50) Novocastra Laboratorie

Synaptophysin MAb;
Mouse

1:50 (1:50) DAKO A/S, Denmark; M

Rho 1D4 MAb;
Mouse

1:150 (1:150) Robert S Molday, Univ

Cone arrestin PAb;
Rabbit

1:500 (1:1000) Cheryl Craft, Univ Sout

Recoverin PAb;
Rabbit

1:10,000 (1:12,000) Chemicon Intl, USA; AB

PKC MAb;
Mouse

1:800 (1:800) Meridian Life Science In

Chx10 PAb;
Sheep

1:300 (1:300) Exalpha Biologicals, Inc

Brn-3a PAb;
Goat

1:50 (1:200) Santa Cruz Biotechnolo

TRPV4 PAb;
Rabbit

1:600 (1:800) LifeSpan BioSciences, In

GAFP PAb;
Rabbit

1:700 (1:1500) DAKO A/S, Denmark; Z

CRALBP PAb;
Rabbit

1:5000 (1:5000) John C Saari, University

PKC, protein kinase C; TRPV4, transient receptor potential cation channel, subfamily V, m
protein; PAb, polyclonal antibody; MAb, monoclonal antibody.
3. Results

Several neuronal cell types and glial cells are present in
retinas derived from PN4 mice. In order to identify the different
Retinal distribution [Reference]

AB, Sweden; T8660 Inner retinal neurons [48]

s, UK; NCL-Ki67-MM1 Proliferating cells [54]

0776 Plexiform layers [51]

of British Columbia, Canada Rods [55]

hern California, USA Cones [56]

5585 Rods, cones, cone bipolar cells [57]

c, USA; K01107M Bipolar cells [58]

., USA; X1179P Bipolar cells, progenitor cells [59]

gy, Inc, USA; sc-31984 Retinal ganglion cells [49]

c, USA; LS-C94498 Retinal ganglion cells [60]

0334 Glial cells [52]

of Washington, USA Müller glial cells, retinal pigment epithelium [61]

ember 4; GFAP, glial fibrillary acidic protein; CRALBP, cellular retinaldehyde binding
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cell types found in the cultures, these were screened for
a variety of specific cell markers. Assuming that the maturation
process in cultured cells follows approximately the normal
developmental program, cells found at 3DIV and 18DIV would
correspond to an age of PN7 and PN22, respectively. Thus, in
some of the following figures, an image showing the localization
of each cell marker in normal retinas at these ages is also
provided for orientation.

To establish the presence of neuronal cells, retinal sections and
cultures were stained with an antibody against neuron-specific
class III b-tubulin. In sections, both at PN7 and PN22, staining was
observed in the cytoplasm of ganglion cells, in processes in the
inner plexiform layer, and in the nerve fiber layer (Fig. 2A, Fig. S4A).
In cultures, b-tubulin III staining was observed among single cells,
in cells belonging to cell clusters and in cell processes (Fig. 2BeG).
However, significant differences were observed depending on the
substrate topography.
Fig. 2. Fluorescence images showing all cell nuclei (DAPI, blue) and neuronal cells identifie
(BeG) retinal cell cultures after 18DIV on flat GaP and GaP NW substrates with different to
using longer nanowires promoted extensive neuronal outgrowth. On the other hand, chang
shown in panels (F) and (G) had no major effect on neurite length or their abundance. ON
plexiform layer; NFL, nerve fiber layer. Scale bar for retinal section, 50 mm. Scale bars for r
legend, the reader is referred to the web version of this article.)
3.1. Effect of the topography of GaP NW substrates

Cells were grown on substrates with different topographies
(Table 1) and the length and abundance of b-tubulin III positive
processes were used to assess which of the substrate parameters
tested was the most important in supporting neurite outgrowth.
On flat substrates, only a few labeled processes were seen to
extend outside the cell clusters both at 3DIV and 18DIV (Fig. 2B;
Fig. S4B) even in areas containing numerous clusters. The same
was in fact observed with cells grown on short (0.5 mm long) GaP
NW (Fig. 2C). Increasing the NW length to 1 mm, however, was
already sufficient to enhance neurite outgrowth, irrespective of
the diameter of the NW (Fig. 2DeE). Nevertheless, the most
striking difference was noted with 4 mm long NW. Already at 3DIV,
a dense network of short and long b-tubulin III stained processes
was observed in GaP NW (Fig. S4C), a pattern that was even more
evident at 18DIV (Fig. 2FeG). In the latter, labeled processes of
d by their immunoreactivity for b-tubulin III (red) in (A) a retinal section at PN22, and
pographies (specified on the left side of each image). Panels (C), (E) and (G) show that
ing the NW diameter, as shown in panels (D) and (E), or changing the NW density, as
L, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
etinal cell cultures, 20 mm. (For interpretation of the references to color in this figure



G. Piret et al. / Biomaterials 34 (2013) 875e887 879
different diameters were seen crisscrossing the substrate, seem-
ingly interconnecting several cell clusters. There was an apparent
effect of NW density between 0.2 and 1 NW/mm2 in terms of
neurite thickness, but with no obvious effect on the length
(Fig. 2FeG). Given that the extent of neurite outgrowth was
greatest with the longest NW (4 mm long), the subsequent anal-
yses were all performed using this length. In previous studies, GaP
NW with a diameter of 80 nm and a density of 1 NW/mm2 were
used [15,16], and these parameters were also chosen in the
present analysis.

3.2. General cell culture characteristics on substrates

We assessed the overall cell distribution at 3DIV and 18DIV by
visualizing DAPI-stained nuclei. In a comparison between flat GaP
and GaP NW surfaces, it was found that single cells as well as cell
aggregates of irregular shape could be observed on both types of
substrates. On flat GaP, the cell clusters were of mainly two sizes:
large (90e200 mmwide) and medium (50e90 mmwide) (Fig. 3A,C).
In addition, relatively few small clusters (less than 50 mm) and
numerous single cells were observed. On GaP NW substrates, the
Fig. 3. Fluorescence images of cell nuclei (DAPI) showing the cell distribution on (A) the fla
18DIV, and (D) the GaP NW substrate at 18DIV. In panels (B) and (D), the NWwere grownwit
all panels.
number of single cells was generally lower and although large and
medium aggregates could occasionally be found, smaller clusters
dominated (Fig. 3B,D). It was also evident that the GaP NW
substrates were more densely populated with cells (Fig. 3B,D),
whereas on flat GaP substrates, areas devoid of cells were noted,
particularly at 18DIV (Fig. 3C).

Scanning electron microscopy (SEM) revealed cells of different
sizes and morphology (Fig. 4). It confirmed also the presence of
multiple processes running mostly between cell clusters, particu-
larly when cells were plated onto GaP NW (Fig. 4B). In order to see
whether these interconnecting processes contained the synaptic
vesicle protein synaptophysin, cultures were immunostained with
an antibody against this protein. In normal mouse retinas, syn-
aptophysin was observed in the plexiform layers at PN7 and PN22
(Fig. 5A, Fig. S4D). Synaptophysin-positive profiles were found in all
the cultures and were more often associated with cell clusters.
Weakly labeled processes could also be seen running between
clusters in GaP NW substrates, but not in flat GaP (Fig. 5BeC,
Fig. S4EeF).

Dying cells were detected by TUNEL staining, which revealed
a few positive cells, irrespective of the substrate or culture time
t GaP substrate at 3DIV, (B) the GaP NW substrate at 3DIV, (C) the flat GaP substrate at
h a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm. Scale bar, 40 mm for



Fig. 4. SEM images of retinal cells cultured on (A) flat GaP and (BeD) on GaP NW substrates. Panels (A) and (B) show retinal cells after 18DIV. Panels (C) and (D) show a close-up of
retinal cells after 3DIV. The NW were grown with a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm. Tilt 30� . Scale bar, 50 mm for upper panels and 2 mm for lower
panels.
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period (Fig. S2). An assessment of cell proliferation by Ki-67 im-
munostaining showed that a small number of cells expressed the
antigen. These were also seen on both types of substrate, with no
apparent difference in the overall number of labeled cells between
the various samples (Fig. S3). Further, it was noted that both single
cells and cells belonging to clusters were among the dying or the
proliferating cells, with no obvious correlation.

3.3. Cell diversity

We next examined the ability of the cultured cells to express
specific retinal cell markers. Rhodopsin is expressed in normal
retinas mostly in the outer segment region of rod photoreceptors at
Fig. 5. Fluorescence images showing the distribution of synaptophysin (red) and cell nuclei
(B) flat GaP and (C) GaP NW substrates. The NW were grown with a density of 1 NW/mm2, a
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar f
the references to color in this figure legend, the reader is referred to the web version of th
PN22 (Fig. 6A). In early postnatal ages, some expression is in
addition observed in the rod cell bodies in the outer nuclear layer
(Fig. S4G). Rhodopsin positive cells were detected at 3DIV and
18DIV on both GaP NW and controls (Fig. 6BeC, Fig. S4HeI). At
3DIV, it was also possible to discern a mesh of rhodopsin labeled
processes inside the clusters (not shown), and occasionally
a process was seen extending outside a cluster (Fig. S4HeI).
Processes emerging from single labeled cells were rare or very short
and observed in cultures on both substrates. At 18DIV, however,
rhodopsin expression was only observed in the cell soma.

The presence of cone photoreceptors in cultures was verified by
immunostaining for cone arrestin. In PN7 normal mouse retinas,
this proteinwas weakly expressed in cells scattered throughout the
(DAPI, blue) on (A) a retinal section at PN22, and in retinal cell cultures after 18DIV on
diameter of 80 nm and a length of 4 mm. ONL, outer nuclear layer; OPL, outer plexiform
or retinal section, 50 mm. Scale bar for retinal cell cultures, 20 mm. (For interpretation of
is article.)
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outer and inner nuclear layers (not shown), whereas at PN22,
distinct labeling was found in a subpopulation of cells in the
outermost part of the outer nuclear layer, in their inner and outer
segments and in terminals in the outer plexiform layer (Fig. 6D).
Single cells and cluster cells expressing cone arrestinwere found on
both GaP NW and flat GaP at 3DIV and 18DIV (Fig. 6EeF). A few of
these cells were also seen to extend short, labeled processes.
Similarly to what was seen with rhodopsin, there seemed to be no
significant difference in the number of cone arrestin positive cells
between the two types of substrates.

We also tested an antibody against the calcium-binding
protein, recoverin, which, in vivo, is expressed by photorecep-
tors and a subset of bipolar cells. At PN7, staining of variable
intensity corresponding to recoverin was seen in cell bodies
throughout the outer nuclear layer, in the short developing inner
segments, and at the level of the outer plexiform layer (not
shown). At PN22, weak cytoplasmatic staining was seen among
photoreceptor cell bodies, whereas intense labeling was
observed over the photoreceptor inner and outer segments, in
the outer plexiform layer, and in a subpopulation of bipolar cells
Fig. 6. Fluorescence images showing the distribution of: Rhodopsin (red) in (A) a retinal se
substrates; cone arrestin (green) in (D) a retinal section at PN22, and in retinal cell cultures a
section at PN22, and in retinal cell cultures after 18DIV on (H) flat GaP and (I) GaP NW subst
a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm. OS, IS, photoreceptor inn
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar for retinal sections
color in this figure legend, the reader is referred to the web version of this article.)
that projected labeled processes into the inner plexiform layer
(Fig. 6G). A relatively large number of recoverin positive cells and
labeled processes were observed in all cultures, irrespective of
the substrate (Fig. 6HeI) or the duration of the culture, with no
apparent differences between them.

Two other antibodies normally labeling bipolar cells were also
used. Protein kinase C (PKC) was seen in normal retinas in cell
bodies located in the outer part of the inner nuclear layer and in
their processes projecting to the inner part of the inner plexiform
layer (Fig. 7A). In all cultures, only a few PKC positive cells with no
or very short processes were found in association with clusters
(Fig. 7BeC). Chx10, a member of the prd-like class of homeodomain
proteins, was expressed in sections in cell bodies in the inner
nuclear layer both at PN7 and PN22, with the difference that at the
younger age, labeled cells were located over most of the layer in the
central retina (not shown), whereas at PN22 these were restricted
mainly to the outer half (Fig. 7D). Chx10 labeled cells were found
both at 3DIV and 18DIV in flat GaP and GaP NW (Fig. 7EeF), and as
noted with PKC, with no discernable differences between the two
substrates.
ction at PN22, and in retinal cell cultures after 18DIV on (B) flat GaP and (C) GaP NW
fter 18DIV on (E) flat GaP and (F) GaP NW substrates; recoverin (green) in (G) a retinal
rates. In all panels, cell nuclei were stained blue using DAPI. The NW were grown with
er and outer segments; ONL, outer nuclear layer; OPL; outer plexiform layer; INL, inner
, 50 mm. Scale bar for retinal cell cultures, 20 mm. (For interpretation of the references to
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The presence of ganglion cells in the cultures was examined by
immunostaining with antibodies localizing the POU-homeodomain
factor Brn3a, and the transient receptor potential vanilloid 4
(TRPV4) channel. In normal mouse retinas, Brn3a was expressed in
the nucleus of most cells located in the ganglion cell layer both at
PN7 (Fig. S4J) and PN22 (Fig. 7G). TRPV4 labeling was restricted to
the soma of cells in the ganglion cell layer and was in addition
expressed in the nerve fiber layer (Fig. 7J). In cultures, Brn3a was
Fig. 7. Fluorescence images showing the distribution of: PKC (red) in (A) a retinal section at
Chx10 (red) in (D) a retinal section at PN22, and in retinal cell cultures after 18DIV on (E) fla
retinal cell cultures after 18DIV on (H) flat GaP and (I) GaP NW substrates; TRPV4 (green) in (
GaP NW substrates. In all panels, cell nuclei were stained blue using DAPI. The NW were gro
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer
cultures, 20 mm. (For interpretation of the references to color in this figure legend, the rea
observed in a number of cells associated with clusters at all time
points examined and in both types of substrates. However, in
contrast to the distribution seen in intact tissue, Brn3a appeared
in all cultures to be expressed mainly in the perinuclear region. In
addition, processes of various lengths and diameter were Brn3a
positive (Fig. 7HeI, Fig. S4KeL). Already at 3DIV, the Brn3a labeled
processes were longer and more abundant on GaP NW than on flat
GaP (Fig. S4KeL). The difference between the two substrates
PN22, and in retinal cell cultures after 18DIV on (B) flat GaP and (C) GaP NW substrates;
t GaP and (F) GaP NW substrates; Brn3a (green) in (G) a retinal section at PN22, and in
J) a retinal section at PN22, and in retinal cell cultures after 18DIV on (K) flat GaP and (L)
wn with a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm. ONL, outer
; GCL, ganglion cell layer. Scale bar for retinal sections, 50 mm. Scale bar for retinal cell
der is referred to the web version of this article.)
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became considerably more pronounced at 18DIV. On flat GaP, few
Brn3a cells and processes were noted even in areas populated with
nearby cell clusters, whereas a rich network of labeled processes
was observed on GaP NW (Fig. 7HeI). Similar observations were
made with TRPV4, which also labeled cell bodies and fibers in both
substrates. Again, it was found that though the number of TRPV4
expressing processes in GaP NW was lower than seen for BRN3a, it
was still higher than seen on flat GaP substrates (Fig. 7KeL). Since
the in vitro conditions could potentially induce changes in protein
expression, we performed also a colocalization analysis to further
verify the identity of cells present in the GaP NW cultures. It was
found that recoverin did not colocalize with b-tubulin III or with
Chx10 (Fig. 8AeB). A few of the latter, however, colocalized with
b-tubulin III (Fig. 8C) and with TRPV4 at 18DIV (Fig. 8D).

In PN4 mouse retinas, not only neurons but also glial cells are
present. We therefore also stained the cultures for glial cell
markers. Immunostaining with glial fibrillary acidic protein (GFAP)
showed that at PN22, GFAP labeling is concentrated at the inner
margin of the retina, corresponding to the location of astrocytes,
and at the outer plexiform layer (Fig. 9A). In cultures, GFAP positive
Fig. 8. Fluorescence images (optical slice 1 mm) showing retinal cells on GaP NW substrates
(green) and Chx10 (red), (C) Chx10 (red) and b-tubulin III (green) and (D) Chx10 (red) and TR
a length of 4 mm. In all images, the focus is on the cell bodies and not on the neuronal proces
the reader is referred to the web version of this article.)
cells were detectable in both substrates at 3DIV and 18DIV, but the
labeled cells exhibited distinct morphologies in the two. In flat GaP,
most cells had a flat, polygonal appearance (Fig. 9B), whereas on
GaP NW most cells possessed radial, slender processes emerging
from the cell body (Fig. 9C). It was found also that the number of
GFAP expressing cells tended to increase with time in culture with
both substrates and that labeled cells often occurred in groups of
adjacent cells, particularly on flat GaP substrates. Yet, a dominance
of GFAP positive cells was never observed. The Müller glial cell
marker, cellular retinaldehyde binding protein (CRALBP), was also
used. In normal retinas, CRALBP was expressed in the retinal
pigment epithelium and in the cell body and radial processes of the
Müller glial cells; distinct labeling was also observed in the inner
and outer limiting membranes (Fig. 9D). A few CRALBP expressing
cells were detected at 3DIV (not shown) and their number was
increased at 18DIV in both flat GaP and GaP NW, mainly in asso-
ciation with cell clusters (Fig. 9EeF), with no obvious differences
between the two substrates. There was no indication that RPE cells
were present in the cultures, therefore the CRALBP stained cells
were likely to be Müller cells.
after 18DIV colabeled with (A) recoverin (green) and b-tubulin III (red), (B) recoverin
PV4 (green). The NWwere grownwith a density of 1 NW/mm2, a diameter of 80 nm and
ses. Scale bar, 20 mm. (For interpretation of the references to color in this figure legend,



Fig. 9. Fluorescence images showing the distribution of GFAP (green) in (A) a retinal section at PN22, and in retinal cell cultures after 18DIV on (B) flat GaP and (C) GaP NW
substrates; CRALBP (green) in (D) a retinal section at PN22, and in retinal cell cultures after 18DIV on (E) flat GaP and (F) GaP NW substrates. In all panels, cell nuclei were stained
blue using DAPI. The NWwere grownwith a density of 1 NW/mm2, a diameter of 80 nm and a length of 4 mm. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar for retinal sections, 50 mm. Scale bar for retinal cell cultures, 20 mm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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3.4. Effect of substrate HfOx coating

In order to change the mechanical properties and the surface
chemistry of the substrates, flat GaP and 40 nm diameter GaP NW
were coated with a 20 nm thick HfOx layer. This resulted in NW of
the same diameter (80 nm) as used for the most part in the present
study. As shown in Fig. S5, the HfOx coating had no effect on the
degree of neurite outgrowth on the flat substrates or on the NW
substrates.

4. Discussion

Cell studies performed using semi-conductor NW substrates
such as silicon, gallium phosphide or indium arsenide NW
[1,8,12,13,18] have examined mostly non-neuronal cells (e.g., HeLa
cells, fibroblasts, epithelial and endothelial cell lines, mouse
embryonic stem cells or human embryonic kidney cells)
[13,18,34]. Cultures of neuronal cells on NW substrates have, to
our knowledge, involved only a few cell types of the peripheral
nervous system (PNS) [12,14], which were seen to survive for at
least 3DIV.

The present study showed that central nervous system (CNS)
cells derived from postnatal mouse retinas can survive on vertical
GaP NW for at least 18DIV and that culturing on this substrate
significantly enhances neurite outgrowth. Notably, our results
contrast with those of a recent study showing that nanotube
arrays of titanium dioxide (TiO2) fail to support the survival of
single retinal cells, while maintaining the viability and organiza-
tion of retinal explants [35], an outcome which the authors
attributed to an overall poor adhesion of the cells to the substrate.
In our study, adhesion was observed on both substrates, flat GaP
and GaP NW, but we found that the cell distribution was influ-
enced by the NW.
4.1. Cell attachment and neurite extension

In GaP NW, numerous small cell clusters were found on the
substratewhilemostly big andmedium size clusters and single cells
were seen in flat substrates. It is not clear what caused this differ-
ence or when the difference was established. Despite passing the
retinal cell suspensions through a 40 mm cell strainer and contin-
uous dispersion, the dissociated cells tended to re-aggregate,
resulting in a mixture of clusters of different sizes and single cells
seeded on the substrates. However, in each trial, the cell suspension
was seeded in a random order on both types of substrates, in order
to avoid an uneven composition. Thus, the differences noted in
cluster size between flat GaP and GaP NW are likely to have devel-
oped following seeding. Since the flat substrates are atomically flat
and without any specific chemical coating for cell attachment, they
are not optimal substrates for promoting cellular adhesion [14]. In
these substrates, the cellecell adhesion may therefore, at least
initially, have been stronger than the cellesubstrate adhesion,
leading to the formation of bigger clusters. Adhesion on the flat
substrate did occur, which may be mediated by impurities on the
surface, but areas lacking cells were noticeable already at 3DIV and
were larger at 18DIV, suggesting that there was an initial poorer
attachment to the flat GaP surface and/or a greater detachment
during the culture period or processing of the samples. The size of
such areas varied considerably between different samples of flat
GaP, precluding a meaningful quantification of the number of cells
in these cultures. Thus, although no obvious differences in the
numberof dying andproliferating cellswere noted betweenflat GaP
andGaPNW,wemight have an underestimation of their numbers in
flat GaP because of a greater loss of cells. Therewas little evidence of
cell detachment from GaP NW substrates over time, so the low
number of dying cells found even at 18DIV would indicate that this
substrate does support good long-term survival of retinal cells.
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In the case of GaP NW, single cells and small clusters could
simply become immobilized upon contact with the NW or they
might actually adhere. In any case, it is conceivable that cells and
clusters would have a limited mobility on the NW substrate
compared to the flat surface, also contributing to a different cell
distribution on the two topographies. Over time, cells are also likely
to interact with the NW by more active mechanisms, e.g., by
forming focal adhesion contacts, as was previously found for cells
derived from dorsal root ganglia [12,14,36], which would further
contribute to a better attachment.

As shown here, NW influenced not only the cell distribution and
attachment, but also the ability of the retinal cells to extend neu-
rites in culture. It is well established that the surface topography
influences neurite elongation and similar observations have been
made for PNS neurons on GaP NW [12,14] and on functionalized
carbon nanotubes [37]. We found, in addition, that of the topo-
graphical parameters tested, the length of the NW seemed to play
a more crucial role in these processes, with the NW diameter and
the density having little or no effect. Longer neuronal processes
could be seenwith 4 mmGaP NWalready at 3DIV and the difference
from flat GaP was even more pronounced at 18DIV.

It is not clear though by which mechanism(s) NW length
determines the extent of neurite outgrowth. Both the surface
chemistry and the mechanical properties of the NW could play
a role. The NW intrinsic surface chemistry (i.e., before exposure to
any proteins present in the biological material, such as medium or
cells) is determined by the crystalline structure, the exposed crys-
talline planes and the amount of dopants present in the crystal,
which are different from those of the GaP wafer. Assuming these
properties can influence neurite outgrowth, a bigger effect may be
expected from longer NW. We therefore coated some NW
substrates with an amorphous material (HfOx) before the cell
culture in order to ensure a uniform surface chemistry throughout
the substrate [38]. However, since HfOx is a stiffer material than GaP
[39], this also changed the NW mechanical properties, which vary
depending on the NW length, diameter and material. Cells are
known to react differently depending on the substrate elasticity
modulus [7,40,41]. We did not observe any significant changes in
the distribution of cell clusters or in the degree of neurite extension
when comparing the HfOx coated NW to the GaP NW substrates,
with the same topographical parameters.

In particular, in the case of HfOx coating, the NW stiffness k can
be approximated by Landau [42]:

k ¼ 3EI=L3 ¼ 3Ep
�
D4
e � D4

i

�.�
64L3

�
;

where E is the Young’s modulus of the material, I is the second
moment of inertia, L the nanowire length, De and Di the external
and internal diameters of the HfOx shell, respectively. For a GaP NW
of diameter D, the stiffness is:

k ¼ 3EI=L3 ¼ 3EpD4=
�
64L3

�
;

The Young’s modulus of GaP is 160 MPa and the Young’s
modulus of HfOx is 280 GPa [39]. Therefore coating 40 nm diameter
GaP NW with HfOx to a final diameter of 80 nm will increase the
nanowire stiffness by a factor of 1600. As this increase in stiffness is
equivalent to the effect of decreasing NW length to 500 nm, which
we found had a negative effect on neurite extension, it may be
concluded that the intrinsic surface chemistry and the mechanical
properties of the substrate do not play a major role, or that these
two effects compensate each other. Thus, it appears that the
differences observed in neurite extension between short and long
NW are most likely due to the length per se or to chemical modi-
fications induced by the biological medium.
In a biological medium, the chemical and topographical
properties of a substrate are strongly linked since protein deposi-
tion, adhesion, and conformation are affected by the micro-
nanotopography of the substrate [34,43e46]. As shown for nano-
particles in biological fluids [44], the properties of the protein layer
around a NWare likely to be specific to its topography and therefore
might differ from those of a protein layer adsorbed on a flat surface.
Therefore, onGaPNWsubstrates, the retinal cells could be subjected
to protein concentration gradients, a situation that more closely
resembles their native microenvironment, which would not be the
case with flat substrates.

4.2. Retinal cell identification

Several protocols exist for the maintenance of primary retinal
cells and cell lines in culture [47]. In the present study, a protocol
used to culture retinal ganglion cells (RGC) was followed [31]. In the
original study, adult rat retinas were used and cells were cultured
for up to 7DIV on Poly-D-Lysine (PDL) and PDL/Laminin-coated
culture plates. In these cultures, ganglion cells were the predom-
inating cell type, whereas we were able to identify all the major
retinal cell types in our cultures by using specific antibodies. The
survival of different retinal cell types is generally greater when
culturing young tissue, which could explain why not only ganglion
cells thrived in the present study. Both in flat GaP and in GaP NW,
mostly cells belonging to clusters were seen to express the markers
tested. It was not possible to determine the number of cells
expressing a given marker in each cluster, and a precise estimation
of total cell number was also unreliable as cells and cell clusters
detached from flat GaP substrates. However, there was no obvious
indication that the survival of a particular retinal cell subtype was
favored by any of the substrates.

The cell markers employed allowed us to identify rod and cone
photoreceptors, bipolar cells as well as ganglion cells in the
cultures, which appeared viable for as long as 18DIV in both
substrates. However, differences were noted between the two. One
of the most significant phenotypic effects of culturing the retinal
cells on GaP NW was the extent of neurite outgrowth exhibited by
a subpopulation of the cells. This was observed already at 3DIV and
also at 18DIV with b-tubulin III, Brn3a and TRPV4, which all
revealed the presence of a rich network of fibers interconnecting
cell clusters in GaP NW substrates. b-tubulin III is a filamentous
marker expressed mainly by inner retinal neurons [48] and found
in our tissue samples in the inner plexiform and nerve fiber layers,
which most likely corresponds to localization in dendrites and
axons of RGC. We found no colocalization of b-tubulin III with
recoverin (labels photoreceptors and cone bipolar cells) or Chx10
(which labels bipolar cells and progenitor cells), suggesting that the
b-tubulin III positive cells and fibers found in GaP NW substrates
are most likely RGCs. The presence of these cells in the cultures was
further confirmed by localizing Brn3a, a POU-domain transcription
factor found in a large subpopulation of RGCs [49]. The number of
Brn3a expressing RGCs normally decreases during the first post-
natal week in vivo and the cell loss is even more pronounced and
prolonged in vitro as a result of the transection of the RGC axons
[50]. Although quantification was not performed, there seemed to
be no reduction over time in the number of Brn3a expressing cells
in GaP NW substrates. Also notable is the fact that Brn3a was found
not only in the cell nuclei, as was the case in the retinal sections,
but also in the dense network of thin and thick processes reaching
out of the cell clusters. The loss of cellecell contact that occurs
upon dissociation and the overall stress to which the cells are
subjected in culture could certainly alter the levels and/or the
pattern of distribution of a given protein, which might explain the
prominent Brn3a expression in the neurites. However, this would
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suggest that Brn3a can function not only as a transcriptional
regulator, but may have also other functions. In culture, RGC
processes lack their native cues, but are (under favorable condi-
tions) still capable of extending. The GaP NWarray provided a good
substrate for neurite extension even without any coating, and it is
possible that RGC utilize Brn3a in this process, along with other
proteins. A few neurites were seen to extend for long distances
over the GaP NW substrates, while the majority seemed to project
to nearby cell clusters. In the present work, we showed that
a number of these processes contained also synaptophysin, an
integral membrane protein of small synaptic vesicles [51], indi-
cating that the ability to form chemical synapses is preserved for at
least 18DIV in cells grown on GaP NW substrates.

Another phenotypic effect of culturing the retinal cells on GaP
NW was observed with glial cells, which exhibited clearly different
morphologies on the two substrates. One possibility is that they
corresponded to different types of cells. There are in the intact
mouse retina two very distinct types of macroglial cells. Müller
cells, located in the middle of the retina with long processes that
extend over the whole retinal thickness and which do not express
glial fibrillary acidic protein (GFAP), and astrocytes, which are
located in the nerve fiber layer, in close association with the retinal
ganglion cell axons and the vasculature, and express high consti-
tutive levels of this filament [52]. On GaP NW substrates, the
morphology of the GFAP labeled cells was similar to that of astro-
cytes in intact retinas, which would suggest that this glial cell type
had an advantage overMüller cells in the presence of NW. However,
despite the differences noted in vivo, the two cell types are not
easily distinguished in vitro, since in culture they exhibit atypical
morphologies and can both express GFAP. Moreover, cells
expressing cellular retinaldehyde binding protein (CRALBP), which
is found in vivo in Müller cells but not astrocytes, were also
observed on both substrates. Another possibility is that the NW
affected the degree of maturation of the glial cells with resulting
changes in their morphology, as previously shown for brain astro-
cytes cultured in the presence of carbon nanotubes [53]. Staining
for Ki-67 revealed the presence of a few dividing cells on both
substrates at 3DIV and 18DIV, most of which were likely to be glial
cells. However, as many cells detached from flat GaP, the number of
dividing cells on this substrate was probably in fact larger, which
would explain why large areas of cell confluence were observed. It
is thus possible that glial cells on flat GaP were kept in a less
differentiated, more proliferative state than those on GaP NW.
Although further assessment of how retinal glial cells interact with
GaP NW is necessary, our results seem to be consistent with those
of previous studies showing that there is a decreased adhesion of
astrocytes to nanostructured surfaces than to smooth surfaces
These observations are validated also by in vivo studies, which
showed a lower tissue response to nanostructured surfaces [3,11]
These findings are of significance, as extensive glial proliferation
would contribute to form a larger glial scar around an implantable
device, limiting its long-term performance.

5. Conclusions

We report that epitaxial GaP NW substrates support the long-
term survival of multiple retinal cell types and the elongation of
neuronal processes. We showed that neurite outgrowth was
greatest with the longest NW (4 mm) and that intrinsic NW-surface
chemistry and NW mechanical properties are not likely to play
a significant role in this process. We speculate that protein
concentration gradients in the protein corona around the NW and/
or the length per se, which affects the NW spatial configuration, are
important factors in promoting neurite outgrowth on NW
substrates. Our study also showed that glial cells in GaP NW did not
overgrow neurons even after 18DIV. The observation that GaP NW
substrates with a specific topography enable the sprouting of CNS
neurons without favoring the spreading/adhesion of glial cells
provides new input regarding the potential use of GaP NW in bio-
logical systems. The fact that the topographical features of GaP NW
can be fully controlled, together with the data reported here,
warrants further investigations of the in vivo biocompatibility of
GaP NW (and of equivalent materials) as these could be incorpo-
rated in, for instance, retinal implants.
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