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ABSTRACT: Interfacing nanowires with living cells is attracting more and
more interest due to the potential applications, such as cell culture engineering
and drug delivery. We report on the feasibility of using photoresponsive
semiconductor gallium nitride (GaN) nanowires (NWs) for regulating the
behaviors of biomolecules and cells at the nano/biointerface. The GaN NWs
have been fabricated by a facile chemical vapor deposition method. The
superhydrophobicity to superhydrophilicity transition of the NWs is achieved by
UV illumination. Bovine serum albumin adsorption could be modulated by
photoresponsive GaN NWs. Tunable cell detachment and adhesion are also observed. The mechanism of the NW surface
responsible for modulating both of protein adsorption and cell adhesion is discussed. These observations of the modulation
effects on protein adsorption and cell adhesion by GaN NWs could provide a novel approach toward the regulation of the
behaviors of biomolecules and cells at the nano/biointerface, which may be of considerable importance in the development of
high-performance semiconductor nanowire-based biomedical devices for cell culture engineering, bioseparation, and diagnostics.
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B INTRODUCTION example, Hillstrom et al. showed that peripheral sensory

Interfacing nanowires with living cells has received increased neurons and other cells from adult mouse dorsal root ganglia

. . 13
attention in the advances of biological applications of could adhere and proliferate on GaP nanowire substrates.”” In

nanostructures. ¢ Recent progress in this field includes drug addition, semiconductor nanowire-based neuron devices that
delivery, biosensors, and biomedical implants, etc. Semi- could monitor or stimulate neurons with high sensitivity have
conductor nanowires, combining the properties of high aspect also been recently reported for their great potential applications
ratio and sufficient rigidity with the advantages of controllable in neuroscience.'*™"?

electric properties and mature fabrication, could potentially be Gallium nitride (GaN) is a photosensitive semiconductor
used as a powerful tool for investigating cell behaviors.”® Yang material with direct and wide bandgap. GaN is well-known for
and co-workers reported that cells could be cultured on vertical its excellent optoelectronic properties, high mobility, and good
Si nanowire arrays. The nanoscale diameters of the wires thermal and chemical stability.20_25 Such advantages make
allowed them to penetrate cells without cellular damage and GaN good candidates for development of high-performance

require no external forces. Gene delivery using a Si nanowire 26-28
array has already been demonstrated.”

Krivitsky et al. reported that by combining the Si nanowire-
based separation device and Si nanowire sensor arrays into one
platform, the protein biomarkers from blood samples could be
detected with high sensitivity.® Qi et al. studied the interactions
between LX-2 (human hepatic cell), HepG2 (human hepatoma
cell line) cells, and Si nanowire arrays. They observed that Si
nanowires could increase the cell-substrate adhesion force and,
at the same time, restrict cell spreading.” Other groups also

biomedical devices.

Gebinoga et al. investigated the interaction between NG108-
1S nerve cells and diisopropylfluorophosphate using the
aluminum gallium nitride/gallium nitride (AlGaN/GaN)
FET.”

Jewett et al.*° studied the biocompatibility of GaN using the
PC12 cell line, which is commonly used in modeling neural
differentiation. Their results showed that GaN is a biocompat-
ible material that could have potential applications in

studied cell proliferation on Si and other semiconductor neuroscience. Young et al.>' reported that rat cerebellar granule
nanowires.%'* "2
It could be noted that a number of studies have engaged in Received: July 27, 2013
the examination of the effects of various semiconductor Accepted: September 17, 2013
nanowires on the biological functions of neuron cells. For Published: September 27, 2013
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neurons grew better on GaN than on silicon or polystyrene.
GaN has also been used to study other neural cells.*>**

Since GaN nanowires (NWs) have much higher surface
conductivity compared to the bulk GaN, they are promising
candidates for applications of NW-based neuron devices with
high quality.'>** It is therefore of great interest to gain insight
into the interfacial properties between GaN NWs and living
cells, which could facilitate an optimization of the relevant
applications.

In this study, we report on the optically regulated protein
adsorption and cell adhesion by photoresponsive GaN NWs.
To the best of our knowledge, such optical regulation of
biomolecule and cell behaviors in the nano/biointerface upon
light stimulation has not been reported previously.

It is well-known that wettability and the chemical properties
of the surface will greatly influence the protein adsorption and
cell adhesion on a solid surface.>>~>’ Besides the general studies
on hydrophobic/hydrophilic surfaces, two extreme wettability
ranges, superhydrophobic and superhydrophilic surfaces, have
drawn more and more attention in biomedical research due to
their potential importance.”® ' Substantial effort is needed for
the development of novel nanostructure-based switchable
surfaces from superhydrophobic to superhydrophilic to meet
increasing demand of many biomedical devices.

We have successfully fabricated GaN NWs by a facile and
inexpensive chemical vapor deposition (CVD) method. The
wettability of GaN NWs could be controlled by UV
illumination. The bovine serum albumin (BSA) was selected
for the protein adsorption study, which is of significant
relevance to biocompatibility and drug delivery applications.**
The NIH 3T3 and SH-SYSY cell lines were chosen for
modeling cell adhesion studies. The NIH 3T3 cell line has been
widely used to study the interactions between the cells and the
solid surfaces.*> The neuroblastoma SH-SYSY cell line was
chosen for this study because it was commonly used as a model
system in nerve cell studies.**

In this work, we will analyze the correlation between changes
in wettability of GaN NWs upon light stimulation and the
protein adsorption and cell adhesion. The experimental results
show that the combination of the photoresponsive GaN surface
and the magnification effect of micro/nanostructures result in a
large-scale change of surface wettability from superhydropho-
bicity to superhydrophilicity by UV light stimuli, which
subsequently modulate the protein adsorption and cell
adhesion. These observations of the modulation effect on
protein adsorption and cell adhesion could provide a novel
approach toward regulating the behaviors of biomolecules in
the nano/biointerface, which may be of considerable
importance to both fundamental research and practical
applications.

B EXPERIMENTAL SECTION

Synthesis of GaN Nanowires. GaN NWs were synthesized by a
typical CVD method. A quartz boat that contained a mixture of
gallium, gallium oxide, and graphite was placed in the center of a tube
furnace. The as-prepared substrate was put in the downstream of the
furnace. N, was used as carrier gas at a flow rate of 40 sccm (standard
cubic centimeter per minute). An additional flow of 20 sccm ammonia
was introduced into the tube as reaction gas. The furnace temperature
was increased to 960 °C and kept for 30 min for synthesis of GaN
NWs. Then, the furnace was naturally cooled to room temperature
with N, flowing continuously.

Characterization. The morphology of the as-prepared GaN NWs
was studied with field-emission scanning electron microscope (Hitachi
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S-4800). The crystallographic information was established with the
powder X-ray diffraction (Bruker D8). Transmission electron
microscopy images were obtained by the transmission electron
microscopy (Tecnai G2 F20) to confirm the structure of one single
GaN NW. The wettability of the GaN NW surface was characterized
by water contact angle using a contact-angle goniometer (DSA100).
UV illumination was carried out using a Xe lamp (CEL-HX UV300)
equipped with a 390 nm cutoff filter. The GaN samples before and
after UV illumination were analyzed by X-ray photoelectron
spectroscopy (XPS) using XPS spectrometer (ESCALAB 250Xi).

Protein Adsorption. Bovine serum albumin (BSA) (Sigma, 98%)
was used as a model protein in this study. The experiments of BSA
adsorption on the GaN surfaces with different wettabilities were
performed by incubating the GaN substrates in BSA/PBS solution at
pH 7.4 for 4 h. Protein concentrations were determined by using the
micro-bicinchoninic acid (BCA, Sigma) assay according to the
instructions of the manufacturer. The adsorbed protein amount on
the sample surface was determined by subtracting the amount of
protein in the solution.

Cell Culture. NIH 3T3 and SH-SYSY cells were seeded on GaN
NWs before and after UV irradiation. NIH 3T3 cells were cultured in
DMEM medium (Hyclone) with 100 IU/mL penicillin, 100 ug/mL
streptomycin, and 1% glutamine and supplemented with 10% (V/V)
heat-inactivated calf serum (Gibco). SH-SYSY cells were cultured in
1640 medium (Hyclone) with 10% (V/V) heat-inactivated fetal bovine
serum (FBS, Sigma), 100 IU/mL penicillin, and 100 pg/mL
streptomycin. The culture plates were placed in the incubator, which
contains 5% CO,. The temperature of the incubator was 37 °C.

Cell Study by Fluorescence Microscopy. NIH 3T3 and SH-
SYSY cells (~2 x 10* cells/ml) were cultured on different substrates
that were placed in 24-well plates. After 48 h, the cells were stained
with acridine orange (Sigma Aldrich), washed with PBS solution three
times and studied under a fluorescence microscope (Leica, Germany)
using a 515 nm pass filter. The number of cells on GaN NW surfaces
was counted with three randomly taken images for each sample.

Immunostaining. First, the samples were washed with PBS
solution after being cultured for 48 h; then they were fixed with 4%
paraformaldehyde for 20 min and washed again. Second, the samples
were permeabilized with PBST (0.1% Triton X-100 in PBS) for 10
min and washed with PBS three times. Third, cells were stained for
vinculin, actin, and nucleus. Briefly, cells were incubated in mouse
monoclonal antivinculin antibody (Sigma Aldrich), then donkey
antimouse secondary antibody conjugated with Alexa Fluor 594
(Invitrogen) was added. At the same time, actin was stained with
phalloidin conjugated with FITC (Sigma Aldrich). Nuclei were labeled
with 4’-6-diamidino-2-phenylindole (DAPI, Sigma Aldrich). Cells were
then studied under a Carl Zeiss LSM710 confocal fluorescence
microscope.

Cell Study by SEM. After being cultured for 48 h, the cells were
first fixed with 2.5% w/v glutaraldehyde (Sigma) in sodium cacodylate
buffer (pH 7.4), then dehydrated using a gradient of ethanol and
isoamyl acetate (Sigma). Then, the samples were dried using a critical
point drying (CPD) technique using a Bal-Tec 030 instrument. After
that, the samples were coated with gold by sputtering and examined
with field emission scanning electron microscopy (FE-SEM; Hitachi S-
4800).

B RESULTS AND DISCUSSION

Characterization of the GaN NWs. The GaN NWs were
fabricated by the CVD technique. The morphology of the GaN
NWs was examined using scanning electron microscopy
(SEM). A typical SEM image (Figure 1A) exhibits a network
of NWs with a diameter about 50 nm over the whole substrate.
The wettability was evaluated by the water contact angle (CA)
measurement of the GaN NWs. The inset of Figure 1A shows
the shape of a water droplet (about S L in volume) on GaN
NWs with a CA of about 155.0 + 0.4° indicating super-
hydrophobic properties.
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Figure 1. (A) SEM image of GaN nanowires prepared by CVD and
the shape of a water droplet on a GaN nanowire film with CA of
155.0% (B) XRD patterns of GaN nanowires. Inset is a low resolution
TEM image of a single GaN NW. (C) High resolution TEM image of
a GaN nanowire and corresponding SAED pattern (inset).

X-ray diffraction pattern of the GaN NWs is shown in Figure
1B. All the reflection peaks of 32.4°, 34.6 °, 36.8°, 48.1°, 57.8°,
and 63.5° can be ascribable to GaN with the hexagonal wurtzite
structure (PDF: 50-0792), indicating the high purity and
crystallinity of the products. The structure of a single GaN
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nanowire was analyzed by transmission electron microscopy
and select-area electron diffraction, as shown in Figure 1C. The
GaN nanowire is uniform along the growth direction. The
corresponding selective area electron diffraction pattern
(SAED) along GaN [0001] axis indicates that the growth
direction of the nanowire is along [0110].

The as-prepared GaN NW surface is superhydrophobic with
a water CA of 155.0 + 0.4° as shown in Figure 2A (left). Upon
UV irradiation for 60 min, the water droplet spread out on the
surface and the CA of the film changed to 0° (Figure 2A, right).
These results show that the wettability changes from
superhydrophobicity to superhydrophilicity. After the film was
stored in dark or heated, the surface of the film returned into
superhydrophobic again.

To study the wettability switching mechanism, XPS was used
to quantify element ratio changes before and after UV
illumination. Figure 2, parts B and C, shows the Ga 3d, and
N1s XPS spectra of GaN NWs. Before UV irradiation, the Ga
3d peak only composed as single component at ~20 eV, which
was indexed to Ga—N bondingf‘s’46 After UV treatment, the Ga
3d peak can be decomposed to two components: one around
20 eV and the other one at ~21.3 eV. The latter one is indexed
to Ga—O (or Ga—OH) bonding. Meanwhile, the N1s peak is
also decomposed into two parts at 397.5 and 399 eV after UV
illumination. The former is indexed to N—Ga bonding, and the
latter is due to N—O bonding.** Element atom ratios were
calculated from the element intensities, as shown in Table 1.
We found that the UV treatment increased the oxygen to
gallium ratio and slightly decreased the N/Ga ratio. Thus, the
XPS analyses showed that the UV irradiation resulted in the
more oxygen or water molecules adsorption on GaN NW
surface.

As is known, UV irradiation can produce electron—hole pairs
in semiconductor materials. The electron and hole generated by
UV irradiation will move to the GaN NW surface and lead to
the formation of vacancies on the surface. Water molecules may
easily go into the vacancy sites, resulting in the increase of the
water adsorption. As a result, the surface hydrophilicity is
improved.

Optical Regulation of Protein Adsorption. One of the
important factors to evaluate the biocompatibility and
bioactivity of materials is the protein adsorption ability.*”**
The photosensitive superhydrophobic GaN NW surface is a
good model system to investigate the correlation between
changes in wettability and the protein adsorption behaviors. We
studied the UV illumination related wettability conversion of
the GaN NWs and subsequent BSA adsorption.

Figure 3A is the water CAs of the GaN NWs as a function of
UV irradiation time under ambient conditions. The contact
angle of the GaN NWs declines with UV irradiation. After 20,
30, 40, and 60 min UV irradiation, CA is reduced to 120°, 60°,
20°, and 0°, respectively. After over 60 min UV irradiation, CA
showed ~0° and the surface became superhydrophilic.

Figure 3B shows the BSA amounts adsorbed on GaN NW
surfaces with different wettabilities, which were created upon
different time of UV exposure. The BSA adsorption was
determined by BCA assay. From Figure 3B, one can see that
the BSA adsorption rate reduces along with the decrease of the
CA of GaN NWs after UV irradiation. This declining trend of
BSA adsorption with the increase of the surface hydrophilicity
is consistent with previous reports.‘w_53

In this GaN/protein nano/biosystem, we investigated the
correlation between the changes in wettability without
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Figure 2. (A) Photos of water droplet on the GaN NWs before and after UV illumination. (B) Ga3d and (C) N1s XPS spectra of GaN NWs before

and after UV irradiation.

Table 1. O/Ga and N/Ga Ratios of GaN NW Surfaces before
and after UV Illumination

after UV illumination

0.5655
1.2628

before UV illumination

0.508
1.275

0O/Ga ratio
N/Ga ratio

topographical variation and protein adsorption behaviors. In
addition, the influence of roughness effect on protein
adsorption was also analyzed. Figure 4 shows the comparison
of BSA adsorbed quantities on GaN flat and NW surfaces
before and after 60 min UV illumination. One can see that the
amount of BSA adsorbed on GaN NW surface is higher than
that on flat GaN surface before and after UV illumination. The
increased surface-to-volume ratio of the nanowires may have
contributed to the observed increase in the BSA adsorption.
Figure 4 also shows that the magnification effect of
nanostructures on wettability of GaN NW surface would also
increase the change of protein adsorption.

It could be proposed that the mechanism of modulating the
BSA adsorption via introduction of UV light is possibly
correlated with the change of the surface wettability, thus the
variation of hydrophobic interactions between BSA and GaN
surface. Before UV irradiation, the micro/nanostructures of
GaN NWs created a superhydrophobic surface. The high
adsorption rate of BSA was observed due to the hydrophobic
interactions between BSA and the superhydrophobic surface.
After UV irradiation, the superhydrophilic surface is formed
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(CA = 0°). The loss of hydrophobic interactions between BSA
and GaN NWs causes desorption of BSA.

Modulation Effects on Cell Adhesion. To study the
effect of the properties of GaN nanostructures on cell adhesion,
the acridine orange labeled NIH 3T3 and SH-SYSY cells were
studied under a fluorescence microscope. Cells were cultured
on two different surfaces (GaN NW surface before and after
UV irradiation) for 48 h. Figure S shows the fluorescence
microscopy images of NIH 3T3 and SH-SYSY cells on these
two surfaces with different wettabilities. On the super-
hydrophobic GaN NW surface (Figure SA, E), only a small
amount of cells were adhered, indicating that the super-
hydrophobic substrate was not suitable for cell adhesion and
proliferation. On the UV treated GaN superhydrophilic surface
(Figure SB, F), more cells were observed, indicating that
surface with higher wettability had a favorable impact on the
adhesion behavior of the cells.

To investigate the cell morphologies on GaN NW surfaces
before and after UV illumination, we performed SEM studies
on NIH 3T3 and SH-SYSY cells. The cells on GaN NWs before
UV illumination had a round morphology (Figure SC, G). On
the GaN surface after UV illumination, cells exhibit flatter and
more-extended morphologies (Figure SD, H). The elongated
filopodia of the cells closely touched with the nanowires. The
size of the cells was larger compared to that on the surface
before UV illumination.

Figure 6 is the ratio of the number of cells on GaN NWs
before UV irradiation to that on GaN NW surface after UV
irradiation for NIH 3T3 and SH-SYSY cells. The number of

dx.doi.org/10.1021/am403070g | ACS Appl. Mater. Interfaces 2013, 5, 9816—9822
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Figure 3. Evaluation of the surface wettability and the corresponding
adsorption of BSA. (A) CA as a function of UV irradiation time for the
GaN NWs. (B) BSA adsorption rate on GaN NW surface with
different wettabilities which were created by different UV illumination
time.
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Figure 4. Comparison of BSA adsorption rates on GaN flat and NW
surfaces before and after 60 min UV irradiation.

cells on GaN NWs before UV irradiation was significantly lower
than that on the surface after UV irradiation for both cell types.
Our results indicate that the wettability can profoundly
modulate cell behavior.
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Figure S. Fluorescence microscopy images and SEM images of cells
cultured for 48 h on GaN NW surfaces before and after UV irradiation.
(A=D) NIH 3T3 cells; (E—H) SH-SYSY cells.
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Figure 6. Ratio of the number of cells on GaN NW surface before UV
irradiation to that on GaN NW surface after UV irradiation.

As is known, the cell attachment and spreading on surfaces
are mediated by focal adhesion, a multiprotein assembly that
mediates the cell—substrate adhesion. If focal adhesions cannot
assemble in cells, the cell—substrate interactions will be weak.>*
Therefore, the assembly of focal adhesions was next studied
using immunofluorescence microscopy.

dx.doi.org/10.1021/am403070g | ACS Appl. Mater. Interfaces 2013, 5, 9816—9822
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Figure 7 shows fluorescence images of NIH 3T3 cells on
GaN NW surfaces before and after UV irradiation. Cells

After UV Irradiation

Before UV Irradiation

Vinculin

Actin

Nucleus+Actin+Vinculin

Figure 7. Confocal images of NIH 3T3 cells. The cells stained for
vinculin (red), actin (green), and nucleus. All cells cultured for 48 h on
GaN NW surfaces before (A—C) and after (D—F) UV irradiation.
Triple stained images are also shown.

cultured on GaN NWs were stained for vinculin, actin, and the
nucleus. The high expression of vinculin will indicate the
existence of strong cell—substrate adhesion.”* On the GaN
NWs before UV irradiation, focal adhesions could not be visible
and cells were round and poorly spread (Figure 7A—C). This
result suggested that the superhydrophobicity of that surface
resulted in decreased formation of actin stress fibers and focal
adhesions. The low vinculin expression indicates the weak cell—
substrate adhesion on superhydrophobic surface.®* On the
other hand, it is clearly observed that cells assembled vinculin
labeled focal adhesions on the NW surface after UV irradiation
(Figure 7D-F).

On the basis of the above results, a schematic illustration is
proposed in Figure 8 showing the effect of optical regulation on
the cell adhesion. On as-prepared superhydrophobic GaN

Superhydrophobic

Superhydrophilic

Figure 8. Schematic illustration of cell morphologies on GaN NW
surfaces before and after UV illumination.
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NWs, cells will adhere mostly to some points of the
nanostructure surface, inducing the cells to have a round
shape. Upon UV irradiation, the superhydrophilic surface is
obtained, which may achieve more efficient adhesion by
enhanced cell—substrate interactions. Thus, the GaN NW
surfaces can be switched from cell-repellent to cell-attractive.

B CONCLUSIONS

In summary, large-scale photoresponsive superhydrophobic
GaN NWs were successfully fabricated by the CVD method.
The optical regulation effects of the GaN NWs on BSA
adsorption were investigated. The tunable cell adhesion was
also observed. The experimental results show that the
combination of the photoresponsive GaN surface and the
magnification effect of micro/nanostructures resulted in a large-
scale change of surface wettability from superhydrophobicity to
superhydrophilicity by UV light stimuli, which subsequently
modulated the protein adsorption and cell adhesion. This
provides an important insight into the design of novel high-
performance smart stimuli-responsive biointerface materials.
The nonfouling properties of superhydrophobic GaN NW
surface may lead to novel and promising applications such as
the improvement of biocompatibility in medical implants,
where devices are prone to contamination; the greatly increased
cell adhesion on superhydrophilic GaN NW surface will
provide a useful platform to probe and manipulate the cell
behaviors. The formation of tight interfaces between NWs and
cells would lend promise for monitoring and/or stimulating of
cells. These findings may open new avenues for the design of
GaN NW-based, advanced functional devices for cell culture
engineering, bioseparation, and diagnostics.
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