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a  b  s  t  r  a  c  t

Semiconductor  nanowires  are  widely  used  to interface  living  cells,  and  numerous  nanowire-based  devices
have been  developed  to manipulate  or sense  cell  behavior.  We  have,  however,  little  knowledge  on  the
nature  of  the  cell–nanowire  interface.  Laminin  is  an extracellular  matrix  protein  promoting  cell  attach-
ment  and  growth.  Here,  we  used  a method  based  on  fluorescence  microscopy  and  measured  the  relative
amount  of  laminin  adsorbed  on nanowires  compared  to flat  surfaces.  The  amount  of  adsorbed  laminin
per  surface  area  is  up to 4 times  higher  on 55 nm diameter  gallium  phosphide  nanowires  compared  to
the  flat  gallium  phosphide  surface  between  the  nanowires.  We  show  that this enhanced  adsorption  on
nanowires  cannot  be attributed  to  electrostatic  effects,  nor  to differences  in surface  chemistry,  but  pos-
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sibly to  pure geometrical  effects,  as  increasing  the nanowire  diameter  results  in  a decreased  amount
of  adsorbed  protein.  The  increased  adsorption  of laminin  on nanowires  may  explain  the  exceptionally
beneficial  properties  of  nanowire  substrates  for cellular  growth  reported  in  the  literature  since  laminin
is often  used  as  surface  coating  prior  to  cell  cultures  in  order to promote  cell  growth,  and  also  because
primary  cell  suspensions  contain  endogenous  laminin.

©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-SA
license  (http://creativecommons.org/licenses/by-nc-sa/3.0/).
. Introduction

Cell proliferation, morphology and adhesion on surfaces are
trongly influenced by the topographical and chemical nature of
he substrates. For instance, fibroblast spreading can be tuned by
ontrolling the RGD (Arg-Gly-Asp) ligand density and clustering
n the substrate [1,2]. There are three possible components in the
ell response to different topographies: topography per se, bio-
hemistry and substrate mechanical stiffness. Cells respond to the
urface topography and one can find many examples in the lit-
rature of surfaces mimicking the extra-cellular matrix, which is
ot smooth and flat [3,4]. Cells are also sensitive to the stiffness
f the substrate [5,6], which is directly influenced by the topog-
aphy. For instance, a surface with long or low-density pillars will

ppear “softer” than a surface with shorter or denser pillars. Finally,
ells are reacting to the biochemistry of the substrate, as men-
ioned above. In some cases, the topography and the biochemistry

∗ Corresponding author at: Lund University, Division of Solid State Physics, Box
18, 221 00 Lund, Sweden. Tel.: +46 46 222 4796.

E-mail address: christelle.prinz@ftf.lth.se (C.N. Prinz).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.06.048
927-7765/© 2014 The Authors. Published by Elsevier B.V. This is an open access article un
of the surface are linked. For instance, it has been shown that a spe-
cific nanotopography was adsorbing more fibronectin than other
topographies, leading to the formation of more cell focal adhesion
spots on this topography [7].

A few years ago, we  showed that gallium phosphide (GaP)
nanowires were excellent substrates for culturing neurons from the
peripheral nervous system [8–10], which we recently confirmed
applies for CNS neurons as well [11]. Since then, various studies
have shown that different types of cells could be cultured on a wide
range of nanowires [12–20]. We have shown that cell focal adhe-
sions formed specifically on nanowires [21], suggesting a possible
increase in molecules from the extracellular matrix (ECM), promot-
ing cell adhesion and growth, on the nanowires. Among these ECM
molecules, laminin is a 900 kDa extracellular protein that can bind
to the cell transmembrane receptor integrins, and can trigger the
formation of focal adhesions. Laminin is widely used for coating
substrates before cell cultures, as it has been shown to increase cell
adhesion and growth on the substrate [22,23].
Here, we  used fluorescence microscopy to quantify the relative
laminin adsorption on nanowires compared to flat surfaces. The
laminin is adsorbed on vertical nanowire array substrates and is
subsequently fluorescently labeled using immunochemistry. The

der the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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mount of photons detected from the nanowires and from the
at surface are normalized to the surface area and compared. The
ffects of surface chemistry and nanowire diameter are investi-
ated.

. Materials and methods

.1. Nanowires

Gallium phosphide nanowires were grown using metal organic
apor phase epitaxy (MOVPE) from catalytic gold nanoparticles
24]. Pure single crystalline gold nanoparticles with either 40 or
0 nm diameter were deposited randomly on a GaP (111)B sub-
trate by aerosol deposition [25]. The average particle density on
he surface was chosen to be 0.2, 0.5 or 1 �m−2. The substrates were
ubsequently transferred to a commercial MOVPE reactor (Aixtron
00/4, Aixtron AG) for nanowire growth as previously described
26,27]. In order to remove the surface oxide and to alloy the Au par-
icles with the substrate, the samples were annealed at 470 ◦C for
0 min  in an atmosphere of hydrogen and phosphine. The nanowire
rowth was conducted at low pressure (10 kPa) and was initiated by
upplying trimethylgallium in addition to the phosphine at 470 ◦C.
he nanowire length was controlled by adjusting the duration of
he growth and was chosen to be between 2 and 5 �m,  depend-
ng on the sample. The nanowire diameter was determined by the
old particle size and was typically 55 nm and 90 nm for a nomi-
al 40 nm and 80 nm diameter Au nanoparticle, respectively. The
esulting GaP nanowires were perpendicular to the surface with
ery low tapering and with exceptional homogeneity in the dimen-
ions of the nanowires. Some nanowire substrates were sputtered
ith SiOx (AJA Orion 5 sputtering system) in order to cover the GaP
aterial, as well as to increase the nanowire diameter to larger

iameters, usually not achievable using our aerosol set-up.

.2. Determination of the nanowire dimensions

The nanowire substrates were characterized using scanning
lectron microscopy (SEM), in a FEI NanoLab 600 FIB/SEM system.
he lengths of the nanowires were measured and the nanowire
iameters were measured at mid  length. The measurements were
epeated for 10 nanowires at each of five different places of
he approximately 20 mm2 large samples. The diameter variation
ithin a given sample was ±5 nm and the length variation was
0.2 �m.  In the case of SiOx-sputtered nanowires, the final diame-

er variation was ±10 nm.

.3. Laminin adsorption

A solution of laminin from Engelbreth–Holm–Swarm murine
arcoma basement membrane at 1 mg/mL  in Tris buffered NaCl
Sigma Aldrich) was thawed on ice and diluted to a final concen-
ration of 0.1 �g/mL in either RPMI 1640 culture medium (Sigma
ldrich) or in phosphate buffer saline (PBS). A 2 mL  volume of the
.1 �g/mL laminin solution was poured in a petri dish containing
he nanowire substrate and incubated at room temperature for 1 h.
nitially, the samples were then fixed in Stefanini fixative for 10 min
efore being rinsed 3 times in PBS. We  later found out that the fixa-
ion step was not necessary and that the adsorbed laminin ratio was
he same (and stable for days), when fixation was omitted. There-
ore most of the samples were simply rinsed in PBS after laminin
ncubation.

.4. Laminin immunostaining
The substrates were incubated in a 1:200 rabbit-anti-laminin
gG (Sigma Aldrich) in PBS containing 0.25% Triton X100 and 0.25%
SA for 2 h at room temperature. After rinsing seven times in PBS,
 B: Biointerfaces 122 (2014) 85–89

the samples were incubated with 1:200 goat-anti rabbit-Alexa
Fluor 488 IgG (Invitrogen) in PBS containing 0.25% triton X100
and 0.25% BSA for 2 h at room temperature, in the dark. The sam-
ples were subsequently rinsed several times in PBS. Nanowire
substrates showed no detectable fluorescence when no primary
antibodies were used or when no laminin was  pre-adsorbed on the
sample.

2.5. Direct laminin labeling with Alexa Fluor 488

We  labeled laminin directly with Alexa Fluor 488 using the
Alexa-Fluor 488 protein labeling kit (Invitrogen). Briefly, the Tris
buffered NaCl solvent of the 1 mg/mL laminin stock solution was
exchanged for PBS using a NAP-5 column (GE Healthcare Life
Sciences) before using the protein labeling kit. The method is opti-
mized for labeling small IgG proteins: even though we could collect
a band of fluorescently labeled proteins, the concentration could
not be determined using a spectrophotometer (Nanodrop), imply-
ing that it was  below the 0.1 mg/mL  detection limit. The labeled
laminin solution was  diluted 40 times in PBS before being poured
on the GaP nanowire substrates for a one-hour incubation time in
the dark, at room temperature. The samples were then rinsed in
PBS.

2.6. Confocal microscopy

The samples were imaged using a Zeiss LSM 510 confocal micro-
scope with a 63× oil immersion objective (1.4 N.A.). The optical slice
was set to the maximum, corresponding to 7.3 �m.  The optical slice
should be larger than the nanowire length in order to collect the
fluorescence from the laminin adsorbed on both the nanowires and
the surface in the same image. The gain was  adjusted to the high-
est value for which no pixels would be saturated. Line-averaged 4
times, 2048 × 2048 pixel images were taken for all samples at a 1×
magnification in the LSM software, corresponding to a 142.862 �m2

area.
The linearity of the response of the photodetectors was verified

by using a concentration series of the ATTO488 dye (Sigma Aldrich)
in water (Excitation 488 nm,  Emission 523 nm). Confocal z-stack
images of the nanowire arrays were also acquired. In this case, the
optical slice was chosen to be 0.8 �m and the increment between
two consecutive stack images was 0.4 �m.  The corresponding 3
dimensional image was  then generated using the ImageJ software
(version 1.44, National Institute of Health, USA).

2.7. Analysis

The confocal images were analyzed using ImageJ. On  single-
plane images (as shown in Fig. 2b for instance), a rectangular area
was chosen, typically containing tens of nanowires. The total num-
ber of pixels (P), as well as the mean counts per pixel (Mean C)
was extracted. The exact number of nanowires (N) in the selected
square was  counted. A smaller square containing no nanowires was
then selected, and the mean count (Mean C surface) was extracted
from the image.

The number of counts per surface area (�m−2) on the nanowires
was calculated as:

NW = P(Mean C − Mean C surface)
N�DL

± �(NW)

where D is the nanowire diameter and L is the nanowire length.
The uncertainty is estimated to be:
�NW =
(

�(Mean C surface)
Mean C surface

+ �(D)
D

+ �(L)
L

)
NW

where �(D) = 5 nm and �(L) = 0.2 �m.
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Fig. 1. Example of vertical nanowire array used in this study. (a) Scanning electron microscope image of 55 nm diameter, 5 �m long, vertical gallium phosphide nanowires.
Tilt  20◦ , scale bar 5 �m.  (b) Scanning electron microscope close up image of a 55 nm diameter nanowire. Scale bar 50 nm.

F  imag
( .

w

S

w

�

c

R

M

3

o
w
A

p
n
n

ig. 2. Laminin adsorbed on a GaP nanowire substrate. Confocal 3-dimensional stack
a).  Single plane image (7.3 �m optical slice) of the same sample (b). Scale bar 3 �m

The number of counts per surface area (�m−2) on the surface
as calculated as:

urface = Mean C surface × 20482

142.862
± �(Surface)

here

(Surface) = �Mean C surface × 20482

142.862

Finally, the relative laminin adsorption on the nanowires was
alculated as:

elative laminin adsorption = NW
Surface

±
(

�(NW)
NW

+�(Surface)
Surface

)
Surface

NW

The different sets of data were compared using the Wilcoxon–
ann–Whitney test in Kaleidagraph (Synergy software).

. Results and discussion

Substrates with nanowires of 55 nm in diameter and nanowires
f 90 nm (Fig. 1) in diameter were incubated with laminin, which
as subsequently stained using polyclonal primary antibodies and
lexa Fluor 488-conjugated secondary antibodies.
Fig. 2 shows a z-stack confocal image and a single 7.3 �m-thick
lanar image of the nanowire substrate with adsorbed immu-
ostained laminin. The fluorescence is much stronger on the
anowires than on the flat substrate. Vertical nanowire arrays have
e of a 143 × 143 �m2 area with vertical 90 nm diameter, 3.2 �m long GaP nanowires

recently been proposed as tools for protein detection, isolation
and analysis because of the increased surface area they provide
[28,29]. In order to test whether the increase in fluorescence on the
nanowire was  due to the increased surface area alone, we normal-
ized the fluorescence to the surface area (see experimental section
for detailed analysis protocol).

When normalized to the surface area, we  observed a higher
amount of laminin adsorbed on the nanowires compared to the
flat surface (Fig. 3). The data shows that 4 times the amount of
laminin adsorbs to 55 nm diameter nanowires compared to the
flat surface and more than double the amount of laminin adsorbs
to 90 nm diameter nanowires compared to the flat surface. Fluo-
rescence images of nanowires lying horizontally on the substrates
showed a homogeneous fluorescence intensity along the length of
the nanowires (see Supplementary Figure 1), ruling out any possi-
ble metal enhanced fluorescence phenomenon due to the presence
of a gold nanoparticle at the tip of the nanowire.

Several groups have reported a strong influence of nanoparti-
cle curvature on the adsorbed protein amount and conformation
[30–32], as well as a higher protein adsorption on nano-structured
substrates compared to flat surfaces [7,33–35]. In the case of
laminin, it has been suggested that the conformation of laminin
on nano-islands was different than the one on flat substrates and
resulted in more antibody binding sites being available [30].

In order to test whether this could also be the case of laminin
adsorbed on nanowires, we labeled laminin directly with the fluo-

rescent dye Alexa Fluor 488 nm before letting the protein adsorb
onto the nanowire substrate. We  could not find any significant
difference in the relative amount between pre-labeled laminin
and laminin labeled using antibodies after adsorption (Fig. 4). This
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Fig. 5. Relative laminin adsorption on 55 nm GaP nanowires in cell culture medium
(left) and relative laminin adsorption on 55 nm GaP nanowires in cell culture
ig. 3. Relative amount of laminin adsorbed on nanowires compared to the flat sur-
ace for nanowire diameters of 55 and 90 nm (median and four quartiles). ***p < 0.001
Wilcoxon–Mann–Whitney test). Circles represent outliers.

uggests that laminin on nanowires does not have more available
inding sites compared to laminin on flat surfaces and shows that
he observed enhancement in adsorbed laminin on nanowires is
ot an artifact of the protein labeling method used.

We  tested whether the laminin adsorption could be attributed
o electrostatic interactions and measured the relative amount of
dsorbed laminin on 55 nm diameter nanowire in the presence of

 M NaCl added in the cell culture medium. At this ionic strength,
he Debye screening length �−1 (at which the electrostatic inter-
ction are screened) is 0.152 nm (�−1 = 0.304/

√
[NaCl] nm) [36],

hich is very small compared to the size of a protein (10 nm
or a standard protein, 50–100 nm for laminin). We  can therefore
onclude that there are no electrostatic interactions at this salt
oncentration. The enhanced adsorption of laminin on nanowires
till takes place at 4 M NaCl (Fig. 5), which demonstrates that this

henomenom cannot be attributed to electrostatic interactions.

Comparing the relative amount of laminin on 55 and 90 nm
iameter nanowires also shows an effect of the nanowire diameter

ig. 4. Relative adsorption of laminin on nanowires. Prelabeled laminin refers to
aminin labeled using the Alexa-Fluor Protein labeling kit before adsorption on the
anowires (diameter 50 nm). Post-labeled laminin refers to laminin stained using
rimary antibodies and secondary Alexa Fluor conjugated antibodies after adsorp-
ion on the nanowires (diameter 55 nm). We could not find any significant difference
n  laminin adsorption between both cases (p = 0.55, Wilcoxon–Mann–Whitney Test).
medium with 4 M added NaCl (right). We could not find any significant difference in
laminin adsorption between both cases (p = 0.23, Wilcoxon–Mann–Whitney Test).

(Fig. 3). In order to further test this effect, we  sputtered nanowires
with SiOx and obtained nanowires with a uniform surface chem-
istry and final diameters of 78 nm, 130 nm and 260 nm.  The relative
laminin adsorption decreases with increasing nanowire diameter
(Fig. 6). Laminin does not adsorb more on the 260 nm diameter
nanowires compared to the flat surface. Our results thus suggest
that laminin adsorption increases with the substrate curvature. This
contrasts with the results of a recent study on nanobead arrays,
showing a lower laminin adsorption on beads of higher curva-
ture [32]. In our case, nanowires are several microns in length
and are spaced several microns apart, which ensures that laminin
molecules adsorbed on distinct nanowires do not interact with each
other. On the other hand, in the study of the bead substrate ([32]),
the distance between beads was on the same order of magnitude
as the radius of gyration of laminin, a distance at which one can
expect steric interactions between proteins adsorbed on neighbor-

ing beads resulting in a lower protein adsorption. The fact that
SiOx-coated nanowires have a uniform surface chemistry also rules
out any possible effects from the GaP nanowire-wall crystalline

Fig. 6. Relative adsorption of laminin for SiOx sputtered GaP nanowires of
78 nm,  130 nm and 260 nm final diameter (median and four quartiles). ***p < 0.001
(Wilcoxon–Mann–Whitney test). Circles represent outliers.
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lanes, which differ from GaP (111)B, or from possible dangling
onds, in the observed enhanced laminin adsorption.

Using the sodium dodecyl sulfate polyacrylamide gel elec-
rophoresis (SDS-PAGE) method as an alternative method to

easure the amount of laminin adsorbed to nanowires, we  were
ot able to detect any laminin. This is most probably due to an

nsufficient amount of proteins, which is a direct result of the
ow number of nanowires available. In contrast, the fluorescence

ethod presented here requires only a few mm2 for each sample
nd might be used for other nanoparticles that are too expensive
o produce in big quantities.

. Conclusions

We  have used a fluorescence microscopy method to measure
he relative amount of laminin adsorbed on GaP nanowires com-
ared to flat GaP surface. Laminin adsorbs up to 4 times more on
5 nm diameter nanowires, when normalized to the surface area,
ompared to the flat surface. We  showed that this phenomenon
s neither due to electrostatic effects, nor crystalline effects but

ay  be attributed to purely geometric effects, with small-diameter
anowires having more adsorbed laminin per surface area com-
ared to nanowires with larger diameters. Preferential adsorption
f the ECM protein laminin to nanowires may  be part of the expla-
ation why nanowire substrates are beneficial for cell attachment
nd growth.
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