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Photovoltaic nanowires affect human lung cell
proliferation under illumination conditions+
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Using light to interact with cells is a promising way to steer cell behavior with minimal perturbation.
Besides optogenetics, photovoltaic nanostructures such as nanowires can be used to interact with cells
using light as a switch. Photovoltaic nanowires have, for instance, been used to stimulate neurons.
However, the effects of the photovoltaic activity on cells are still poorly understood and characterized.
Here, we investigate the effects of the photovoltaic activity of p—i—n nanowire arrays on A549 human
lung adenocarcinoma cells. We have cultured A549 cells on top of vertical arrays of indium phosphide
p—i—n nanowires (photovoltaic nanowires), with and without illumination to assess the effects of the
nanowire photovoltaic activity on cells. We show that there is a higher proportion of dormant cells when
the p—i—n nanowire arrays are illuminated. However, there is no difference in the proportion of dormant
cells when the p—i—n nanowires are coated with oxide, which suggests that carrier injection in the cell
medium (in this case, the release of electrons from the tip of the nanowires) is an important factor for
modulating cell proliferation on photovoltaic nanowires. The results open up for interesting applications

rsc.li/nanoscale

Introduction

Semiconductor nanowires are high aspect ratio nanoparticles
with a diameter in the sub-100 nm scale and a length on the
micron scale. They are composed of semiconductor materials,
such as silicon, gallium phosphide, indium phosphide or
gallium arsenide."

Vertical arrays of semiconductor nanowires have been used
extensively as cell culture substrates.>* By tuning the geometry
of the array, vertical nanowire arrays can steer cell behavior,
such as motility, proliferation, morphology, and adhesion.*™®
Vertical nanowire arrays have also been used as biosensors.
For instance, they have been used to record cell action poten-
tials and measure cellular forces.’®" In these applications,
the needle-like shape of the nanowires and the versatile geo-
metry of the array are exploited. However, semiconductor
nanowire arrays exhibit functional properties beyond a compel-
ling surface topography. For instance, above a certain dia-
meter, nanowires act as lightguides, which can be used to inte-
grate the fluorescent signal of biomolecules, thereby enabling
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of photovoltaic nanowires in biomedicine, such as using them as a dormancy switch.

analyte detection, even at very low concentrations.'®™°

Moreover, semiconductor nanowires also exhibit opto-
electronic properties. For instance, photoluminescent nano-
wires have been used to assess the biodistribution of nano-
wires in tissue.**>* The optoelectronic properties of semi-
conductor materials can be controlled by doping (addition of
impurities) during synthesis. By use of doping, nanowire
heterostructures (such as p-i-n junctions) can be synthesized,
which can be used as light emitting diodes, and transistors
(electronical switch).>*>® For instance, nanowire field effect
transistors, arranged horizontally on a substrate, have been
used to detect the presence of biomolecules and record neuro-
nal signals.’*>® Nanowires with p-i-n junctions can also
exhibit photovoltaic properties, i.e. the generation of a voltage
or current upon light illumination.>® Recently, photovoltaic
nanowires engulfed by cells, have been used to modulate the
electrical activity of neurons using light as trigger.>® In another
application, silicon nanowires have been used for retinal
stimulation.*" Taken together, the studies cited above suggest
that combining the nanowire photovoltaic properties with
array geometry effects in vertical nanowire arrays could poss-
ibly broaden the application range of nanowire arrays.
However, nothing is known of the changes in cell properties
when cultured on an array of photovoltaic nanowires.

Here, we assess whether the photovoltaic properties of
nanowires containing a p-i-n junction can affect non-electro-
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genic cells cultured on an array of such nanowires. We have
cultured A549 human lung adenocarcinoma cells on indium
phosphide (InP) p-i-n nanowire arrays and assessed the cell
properties on these substrates using immunofluorescence. Our
results show that the cell viability is not affected by the photo-
voltaic effect. We observed a lower cell proliferation on illumi-
nated p-i-n nanowire arrays, compared to cells seeded on non-
illuminated photovoltaic nanowire arrays and illuminated non-
photovoltaic nanowire arrays (referred to as inactive (InP i), in
this manuscript). When the p-i-n nanowires are coated with
Si0,, there is no difference in cell proliferation between illumi-
nated and non-illuminated samples. This suggests that the
injection of electrons close to the nanowire tip, in the vicinity
of the cells, may be the underlying mechanism of the lower
cell proliferation on uncoated p-i-n nanowires arrays.

Experimental
Nanowire synthesis

InP nanowires were grown in a low pressure (100 mbar) metal-
organic vapor phase epitaxy (MOVPE) system in the vapour-
liquid-solid (VLS) growth mode using H, as the carrier gas
(see below for detailed experimental protocol). Rectangular
p-type InP:Zn (111)B substrates of 9 x 11 mm? in size were
used, with a Au catalyst particle pre-defined hexagonal pattern
of pitch 500 nm on the surface made using nano imprint litho-
graphy (NIL), metal evaporation and lift off.*> The Au particle
dimensions were 190 nm in diameter, 70 nm in thickness. The
nanowires were grown in a structure containing short p-doped
bottom and n-doped top segments, with a long middle
segment in between (see Fig. 1a). This middle segment was
compensation-doped with Zn, with the aim of having a low
enough carrier concentration for it to be depleted. This struc-
ture was chosen to maximize the volume of efficient carrier
collection and hence the solar cell efficiency.*?

InP p-i-n nanowires were grown using phosphine (PHj3), tri-
methylindium (TMIn), diethylzinc (DEZn), and tetraethyltin
(TESn) as precursors and hydrogen chloride (HCI) was used
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during the whole growth time (yuc = 1.23 x 10~*) to prevent
tapering by etching in situ.>® To help pattern preservation, a
pre-anneal nucleation step was used, at 280 °C for 1 min
under PH; (ypys = 6.92 X 10~%), TMIN (yravim = 8.91 x 107°), and
DEZn (ypgzn = 8.53 x 107°).>* Then, the temperature was raised
to 550 °C and the sample was annealed for 10 min under a
PH; flow (ypus = 3.46 x 107%) to desorb surface oxides.
Subsequently, the temperature was lowered to 440 °C, the PH;
flow was decreased to its initial value (ypys = 6.92 x 107%), and
TMIN (yrmin = 5.94 X 10°°) and DEZn (ypgzn = 1.11 x 107°) were
introduced to initiate growth of the p-segment. After 6 min
and 48 s, the TMIn molar fraction was raised to ypypm = 7.43 X
107° and the DEZn molar fraction was lowered to ypgrzn = 9.51
x 107° to grow the middle segment for 23 min and 30 s. The
low level of DEZn was introduced to compensate the n-type
background doping of nominally intrinsic InP** and achieve a
low enough carrier concentration in the middle segment for
depletion. For the n-segment, the flow of DEZn was turned off,
TMIn was decreased back to yrvm = 5.94 x 107>, and TESn
(¥tEsn = 4.29 x 107°) was introduced to the chamber for 2 min.
These growth conditions resulted in nanowires with a dia-
meter of 172 + 5 nm, a length of 2.8 + 0.1 um, as determined
using scanning electron microscopy (SEM).

As a reference, inactive (i.e. non-photovoltaic) p-doped InP
nanowires (InP i) were grown on p-type InP:Zn (111)B sub-
strates using PH3;, TMIn, DEZn and HCI as precursors using
the same molar fractions as for the p-segment in the p-i-n
junctions. These growth conditions resulted in nanowires with
a diameter of 188 + 10 nm, a length of 2.9 + 0.2 pm.

For all type of arrays, an extra sample was grown as a refer-
ence to check the electrical properties of the p-i-n junctions
by measuring electron beam induced current (EBIC) and I-V
characteristics at the single nanowire level, using a nanoprobe
system located inside the SEM>? (Fig. 1 and Fig. S17).

Atomic layer deposition (ALD) was used to deposit 15 nm
SiO, on InP NW substrates of both p-i-n and inactive types.
The deposition was performed at 150 °C using bisdiethyl-
aminosilane (BDEAS) as precursor. The flow was set to 40
sccm for the Ar carrier gas, 40 sccm Ar and 60 sccm O, for the
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Fig. 1 Properties of the InP p—i—n nanowires (a) schematic of a InP p—i—n nanowire next to false colored SEM image of a cross section of the InP
p—i—n nanowire array. (b) EBIC profile of the InP p—i—n nanowire contacted by the nanoprobe. (c) /-V curve of the InP p—i—n nanowire contacted by

the nanoprobe. Scale bars: 500 nm.
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plasma. Each cycle in the process consisted of 1.25 s BDEAS,
10 s Ar gas flow, 300 W plasma for 2 s and then 2 s of Ar gas
flow. In total 125 cycles were performed.

Cell culture and exposure

Prior to all cell culture exposures, InP p-i-n nanowire arrays
and InP i nanowire arrays were sterilized by exposing them to
UV light for 10 min. Sterile nanowire array substrates were
placed at the bottom of a 3.5 cm diameter Petri Dish (PD),
before cells were seeded on the arrays.

A549 cells (at passage #91) were purchased from European
Collection of Cell Cultures (ECCC, distributor Sigma Aldrich).
Cells were cultured in Ham’s F12K medium (Gibco™,
Scotland), containing 10% Fetal Bovine Serum (FBA, USA
origin, Sigma Aldrich) and 1% penicillin-streptomycin
(BioReagent, Sigma Aldrich). Cell cultures were initialized in
T-75 culture flasks, at a density of 7000 cells per cm?. After
cells have reached 70-80% confluence, they were passaged as
follows: cells were detached from the bottom of the T-75 flask
using 0.25% Trypsin-EDTA solution (BioReagent, Sigma
Aldrich) for 5 min at 37 °C. The Trypsin-EDTA solution was
subsequently neutralized using complete Ham’s F12K
medium. Cells were centrifuged for 5 min at 200g. After remov-
ing the supernatant, cells were suspended in fresh warm
medium, counted, and seeded in to T-75 flask for cell culture
propagation. Cells were seeded on nanowire arrays (glass sub-
strates were used as controls) at a density of 8000 cells per
cm?. All substrates were placed at the bottom of a 3.5 mm dia-
meter PD. Immediately after cell seeding, the PD were placed
in specifically designed 3D printed black boxes (Zortrax M200),
preventing any external light to reach the PD, and placed in
the incubator (Fig. S2at). A commercially available, flat electro-
luminescent panel was glued inside the box lid; 5 cm above
the substrates (see Fig. S2b¥ for light spectrum).

Cells were let to adhere onto the substrates and adapt to
the environment for 2 hours, after which the light was turned
on for 2 or 48 hours (in parallel, identical control substrates
were left in the dark). Passages #94-99 were used in all experi-
ments and each experiment was repeated at least 3 times.

Cell viability assay

The cell viability was assessed for cells cultured on InP p-i-n
nanowire arrays and glass cover slips after 48 hours of incu-
bation with/without light exposure using fluorescein diacetate
(FDA, Sigma Aldrich) and propidium iodide (PI, Sigma
Aldrich) according to a protocol obtained from Ibidi GmbH.>®
In short, the cell medium was removed from the PD and
replaced by a fresh solution of FDA (8 ug mL™", Sigma Aldrich)
and PI (20 pg mL™', Sigma Aldrich) in Ham’s F12K cell
medium, without FBS and phenol red. Cells were incubated in
this solution for 5 min, in the dark and at room temperature.
We counterstained cells with the cell permeable dye Hoechst
33342 (1 pg mL™Y), in order to count the total number of
nuclei in each sample. Afterwards, cells were washed once with
warm PBS, and imaged immediately in Ham’s F12K medium,
without FBS and phenol red, using a home built upright fluo-
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rescence microscope, optimized for high-speed multi-colour
acquisitions. In this setup samples are illuminated by a LED
lamp (LED4D120, Thorlabs), which is controlled by a digital
controller (DC4100, Thorlabs). A 4-band filter cube (BrightLine
LED-DA/FI/TR/Cy5-A-000, Semrock) is used to illuminate the
sample. Fluorescent light from the sample is collected and
focused by a tube lens onto the camera (Prime 95b,
Photometrics). Successive triggers were used to illuminate the
sample with different wavelengths (405, 470, and 530 nm).

Immunohistochemistry

Ki-67 staining. Cells were fixed by first adding 4% parafor-
maldehyde (PFA) in phosphate buffered saline (PBS) to the cell
medium in the PD (to a final 2% PFA concentration) for
10 min. Then the 2% PFA solution was replaced by 4% PFA in
PBS. After 20 min, cells were washed 3 times in PBS for
10 min. To evaluate the A549 cell proliferation, cells were incu-
bated in anti-Ki-67 antibody solution (ThermoFisherScientific)
(1.3 pg mL™" in PBS, 1% BSA and 0.25% Triton X-100) for
60 min at room temperature and washed 3 times with PBS for
10 min. The staining was subsequently performed in the dark.
The samples were incubated in anti-goat Alexa Fluor 546 sec-
ondary antibody (ThermoFisher Scientific) (4 pg mL™" in PBS,
1% BSA and 0.25% Triton X-100) solution for 60 min and
washed 3 times with PBS for 10 min. Cells were counterstained
for cell DNA using Hoechst 33342 (1 pg mL ™" in PBS) for 2 min
and washed 3 times in PBS for 10 min.

Cells on coverslips were mounted on a clean microscope
slide with MOWIOL 4-88 solution, containing 2% DABCO
anti-fading agent. The mounted samples were left to cure at
room temperature in the dark overnight and stored at +4 °C
for a week or at —20 °C for longer storage. Labelled cells on
nanowire arrays were imaged immediately using a Nikon Ti-
Eclipse microscope, using a x10 NikonFluor objective (NA =
0.3). The nanowire arrays were placed upside down in a glass
bottom PD filled with PBS and the entire sample surface area
was imaged. Samples were subsequently prepared for charac-
terization using SEM. Fluorescence microscopy images were
analysed using Image] software.

TUNEL assay. Cells were fixed in 4% PFA in PBS for 15 min
and rinsed in PBS 3 times for 10 min. PBS was removed and
replaced with 0.25% Triton X-100 in PBS and incubated at
room temperature for 20 min, followed by two times washing
in PBS. For positive controls, deoxyribonuclease I (DNase I)
(ThermoFisherScientific) was added to some of the samples in
PBS and incubated for 15 min at room temperature, followed
by washing twice in PBS. The in situ cell death detection kit,
TMR red (Sigma Aldrich) was used to label apoptotic cells. All
cells were incubated with the detection kit staining solution
for 60 min at 37 °C, protected from light and subsequently
washed 3 times in PBS for 10 min. All samples were counter-
stained for cell DNA using Hoechst 33342 (1 pg mL ™" in PBS)
for 2 min and washed 3 times in PBS for 10 min, protected
from light. InP nanowire samples were gently flipped upside
down into a glass bottom PD containing PBS. Imaging was per-
formed directly after staining using an inverted Nikon Ti
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Eclipse microscope and a x4 magnification NikonFluor objec-
tive (N. A. = 0.13). Image analysis of fluorescence microscopy
images was performed using Image].

Vinculin staining. Cells were fixed in 4% PFA in PBS for
15 min and subsequently rinsed in PBS 3 times for 10 min. To
assess focal adhesions, cells were incubated in anti-vinculin
mouse monoclonal antibody (Sigma Aldrich) (5 pg mL™" in
PBS, 1% BSA, 0.25% Triton X-100) for 2 hours at room temp-
erature, followed by 3 times washing in PBS for 10 min. Cells
were then incubated with goat anti-mouse Alexa Fluor 633
antibody (ThermoFisher) (4 pg mL™" in PBS, 1% BSA, 0.25%
Triton™ X-100) for 1 hour at room temperature, protected
from light, followed by 3 times washing for 10 min. All
samples were stained for cell DNA using Hoechst 33342 (1 pg
mL ™" in PBS) for 2 min and washed 3 times in PBS for 10 min,
protected from light. InP nanowire substrates were gently
flipped upside down into a PBS containing glass bottom PD.
Imaging was performed directly after labeling using an
inverted Nikon Ti Eclipse microscope and a x60 magnification
Nikon Apo TIRF oil objective (NA = 1.49). Image analysis of
fluorescence microscopy images was performed using Image].

Simulations of Au particle heating during illumination

Sequentially executed finite difference time domain (FDTD)
electromagnetic wave simulations and finite element method
(FEM) heat transport simulations were performed to assess the
effect of the gold seed particle illumination in terms of heat.
FDTD wave optics simulations of a rectangular array of InP
nanowires with Au seed particles on an InP substrate with an
inter-nanowire spacing of 500 nm, a nanowire length of
2.8 um and a nanowire diameter of 200 nm, immersed in
water. A single unit cell of the array surrounded by periodic
boundary conditions at the x and y axis boundaries and per-
fectly matched layers at the z axis boundaries was simulated.
Complex refractive indices of Au*® and InP*’ from the litera-
ture were used. The optical power density at 500 nm was taken
to be 0.1 W m™ as determined from measurement of the
experimental spectrum. The amount of power absorbed in the
Au seed particle from this spectrum was computed from the
FDTD simulation results and was used as the heat source in
the FEM heat transport simulations. The amounts of power
absorbed in the Au seed particles was found to be 2.6 x 107"°
W, corresponding to an absorption efficiency at 500 nm of the
Au seed particles of 82%.

Using the absorbed power in the Au seed particles as a heat
source, finite element method (FEM) heat transport simu-
lations of InP nanowire arrays in the case of a 300 pm thick
substrate were performed. The density, specific heat and
thermal conductivity of Au used were 8933 kg m~>, 385 J (kg
K)™' and 397 W (m K)™', respectively. The density, specific
heat and thermal conductivity of InP used were 4810 kg m~,
410 J (kg K)™' and 68 W (m K)™', respectively. The density,
specific heat and thermal conductivity of H,O used were
996 kg m~, 4178 J (kg K) ' and 0.6 W (m K) ', respectively. All
values were obtained from the Lumerical DEVICE software.
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Scanning electron microscopy

After fluorescence imaging, the samples were dehydrated in
ethanol series (20, 50, 70, 90, 95%, and absolute ethanol for
5 min). The ethanol was exchanged with liquid CO, and the
samples dried using a critical point dryer (K850, Emitech).
Subsequently, the samples were sputter-coated with a 5 nm
thick layer of palladium-platinum (20:80) at a 2 nm min™"
deposition rate (Sputter - Q150 T ES). SEM images of the cells
were taken using a LEO-SEM 1560 at 5-15 keV acceleration
voltage, using a 30 um aperture, at a working distance of
5-10 mm, with a secondary electron detector and a 30° sample
stage tilt.

Statistical analysis

The results were analysed for each group using one-way ana-
lysis of variance (ANOVA) followed by pairwise mean compari-
son using Tukey test. The statistical analysis was performed
with OriginPro2017 (OriginLab, Northampton, MA). Statistical
significance was considered at p < 0.05, p < 0.01, and p < 0.001.

Results and discussion

The electrical properties of the p-i-n junctions were verified
by measuring the electron beam induced current (EBIC) and I-
V characteristics at the single nanowire level, using a nano-
probe system placed inside the SEM*® (Fig. 1). Fig. 1a shows a
cross section SEM image of the array of InP p-i-n nanowires.
The nanowire in the center of the image is being contacted by
the nanoprobe and the corresponding EBIC profile is shown in
Fig. 1b. The presence of an EBIC profile indicates the presence
of a p-i-n junction with a signal peak at the interface between
the compensation-doped middle- and top n-segment. This
shows that the compensation-doped segment is actually
slightly p-type, due to the introduction of Zn with the aim to
balance P vacancies. Fig. 1c shows a -V measurement of a
single InP p-i-n nanowire, with a clear exponential behavior of
the current as a function of voltage. The ideality factor and
dark saturation current values of the diode after fitting the
curve to one single diode model are 2.04 and 1.3 x 107'° A,
respectively. Current values lower than approximately 1 x 1073
A are below the detection limits of the SMU employed for the
measurements.

Cells were cultured on InP p-i-n nanowire arrays and on
glass substrates with and without illumination. After 48 h, the
cell viability was assessed using fluorescein diacetate and pro-
pidium iodide (see Fig. S3t for fluorescence images of stain
cells). The results show that the cell viability is not affected by
the photovoltaic effect of the nanowires, i.e. there is no differ-
ence in cell viability on p-i-n nanowire arrays, whether they
are illuminated or not (Fig. 2). Similarly, there are no signifi-
cant differences in the proportion of apoptotic cells cultured
on InP p-i-n nanowires with and without illumination (<5%,
Fig. S4t). There is, however, a slight decrease in the viability of
cells cultured on InP p-i-n nanowire arrays compared to when
cultured on flat glass. This is in contrast with studies of cells

This journal is © The Royal Society of Chemistry 2020
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(a) SEM image of a A549 cell cultured on a InP p—i—n nanowire array substrate. Scale bars: 10 um and 400 nm (inset) (b) percentage of live

cells on InP p—i—n nanowire substrates and control glass, with and without illumination (+S.E.M.). *: p < 0.05, one-way ANOVA. n = 3, with over 450

cells counted for each condition.

on GaP and InAs nanowires, where the cell viability was found
unaffected by the presence of nanowires.>***% We speculate
that this may be due to differences in the nanowire material.
To our knowledge, nanowires made of InP have seldom been
used at the interface with living cells, and no toxicity issues
have been reported.”>*° In any case, since the scope of the
present study is the investigation of the photovoltaic effect on
cells, and as there is no difference in cell viability between
cells on photovoltaic InP nanowires irrespective of the illumi-
nation conditions, we will not investigate this point further
here.

Next, we have assessed how cell proliferation varies between
substrates and illumination conditions. We have stained cells
for Ki-67, which labels all the cells that are in an active cell
cycle phase, i.e. all phases except G, (Fig. 3 and Fig. S57). After
48 h, the proportion of Ki-67 positive cells is lower on illumi-
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Fig. 3 Percentage of Ki-67 positive cells on InP p—i—n nanowire arrays,
inactive InP nanowire arrays (InP i) and glass substrates (control) in the
presence and absence of light (+S.E.M.). n = 11 for InP substrates, with a
minimum of 1500 cells counted for each treatment; n = 9 for control
substrates, with a minimum of 8000 cells counted for each condition.
***: p < 0.001, one-way ANOVA.

This journal is © The Royal Society of Chemistry 2020

nated photovoltaic nanowire arrays compared to on non-illu-
minated arrays (Fig. 3). This suggests that the photovoltaic
activity of the nanowires leads to more cells being in the quies-
cent G, phase of the cell cycle.

This is comforted by the fact that cells seeded on inactive
InP (InP i) nanowires (ie. non-photovoltaic) exhibit similar
proportion of Ki-67 positive cells when the substrate is illumi-
nated compared to when left in the dark (within the error
bars, Fig. 3 and Fig. S67). The fact that the proportion of prolif-
erating cells on glass does not vary significantly when cells are
illuminated (see Fig. 3) shows that phototoxicity effects can be
excluded from the list of possible explanations for the lower
cell proliferation observed on illuminated photovoltaic nano-
wire arrays. Considering that InP i nanowires are made of the
same material as InP p-i-n nanowires, we can rule out
material-mediated phototoxicity as possible cause of the
decreased cell proliferation. Another explanation could be
that, during illumination, cells are affected by a possible
heating of the Au nanoparticles, which are located on the top
of the nanowires. In order to investigate this, we have per-
formed sequentially executed finite difference time domain
(FDTD) electromagnetic wave simulations and finite element
method (FEM) heat transport simulations. The maximum
steady state temperature in the system was recorded as a func-
tion of the illumination power density for a 500 nm illumina-
tion wavelength (Fig. S7t). At the experimental illumination
power density used in this study (0.1 W m~?), for InP nanowire
arrays, the maximum temperature increase was found to be 52
x 107° K. To achieve a steady state temperature increase of
greater than 1 K, a 5 order of magnitude increase in illumina-
tion power density would be necessary. Therefore, we conclude
that the illumination of the Au seed particles does not result
in any substantial heating of the Au seed particles, nanowires,
substrates, nor surrounding medium. Thus, it appears that the
photovoltaic activity of the p-i-n nanowires is directly respon-
sible for sending a fraction of the cells into dormancy. In InP
p-i—n nanowires, illumination by light with higher energy than
the bandgap creates electron-hole pairs, which are spatially
separated by the built-in electric field at the p-i-n junction.

Nanoscale, 2020, 12, 14237-14244 | 14241
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For uncoated nanowires, this leads to the injection of electrons
(current) in the medium at the n-doped section of the nano-
wires. In order to investigate whether this carrier injection may
be involved in the decreased proportion of proliferating cells,
we repeated the experiments on SiO,-coated InP p-i-n and
inactive nanowire substrates (Fig. 4).

In contrast to bare p-i-n nanowires, p-i-n nanowires
coated with a dielectric material, such as SiO,, are in open
circuit and build up a voltage under illumination.>® The
results show no significant difference between the proportion
of Ki-67 positive cells for SiO, coated InP p-i-n and inactive
nanowires, irrespective of the illumination conditions (Fig. 4).
This shows that having uncoated InP p-i-n junctions releasing
electrons into the medium is key in lowering the proportion of
Ki-67-positive cells. Note that any significant variation in pH
was not observed on the various substrates under various illu-
mination conditions (data not shown). We cannot exclude,
however, that a local pH change occurs, which would be too
small to be measured in the medium.

Next, we investigated whether the effect of photovoltaic
nanowires on cell proliferation is reversible. After culturing
cells on illuminated InP p-i-n nanowires, the light exposure
was switched off and cells were further cultured for 48 h. The
results show an increase in the proportion of Ki-67 positive
cells from 55 to 67% (Fig. S81), suggesting that the photovol-
taic effect on cell proliferation is, at least partly, reversible.

Finally, additional control experiments were performed. We
illuminated the InP p-i-n and inactive substrates immersed in
cell medium for 48 h first (without cells), and subsequently
added cells in the same medium and cultured them for
48 hours in the dark. The results showed a similar proportion
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Fig. 4 Proportion of Ki-67 positive cells after 48 h culture on SiO,-
coated InP p—i—n nanowires substrates and SiO, coated InP inactive (InP
i) nanowires under light and dark conditions. n = 11, with a minimum of
800 cells counted for each condition. According to one-way ANOVA
statistical analysis, there are no statistical significant difference between

substrates and light exposure at p < 0.05.
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of Ki-67 positive cells, as for cells cultured on the substrates
that were immersed in cell medium and kept in the dark for
48 h before cell seeding (Fig. S91). Moreover, we have stained
cell focal adhesions via labeling vinculin in the cells. Our
results show that, while the pattern of focal adhesion differs
on InP nanowires from the one of cells cultured on glass, there
is no difference between the focal adhesion of cells cultured
on InP p-i-n nanowire substrates with and without exposure
to light (Fig. S107).

The difference in cell and focal adhesion morphology for
cells cultured on nanowires compared to cells cultured on flat
substrates, with smaller cells and more point-like focal
adhesion structures, has been reported before,’”*' and we
show here that it is not related to the photovoltaic effect of the
nanowires.

Our results point to the injection of electrons in the
medium, in the direct vicinity of the cells, as being the poss-
ible underlying mechanism for the observed decrease in cell
proliferation on illuminated photovoltaic nanowires. This
takes place only when cells are interfacing the substrate
during illumination. This effect is, at least partially, reversible
after switching off the light. This opens up for exploring new
applications in biomedicine. For instance, cancer cells are
frequently going into dormancy when treated with che-
motherapeutic compounds, which is one of the causes of
cancer relapse.”” The present photovoltaic nanowires could
possibly be used as a switch to induce cell dormancy while
exploring new schemes to reverse or prevent cancer cell dor-
mancy during treatment. In that context, it would be valuable
to test whether the effect reported here only applies to cancer
cells or is depending on the cell type. Finally, our results are
also interesting from a nanosafety point of view with possible
effects in skin-cell proliferation in case of contact with the
skin. This particular case will be investigated in a follow-up
study.

Conclusions

In summary, we have investigated the effects of culturing cells
on photovoltaic InP nanowire arrays with and without illumi-
nation. Whereas the cell viability is not affected by the photo-
voltaic effect when the array is illuminated, the proportion of
proliferating cells is substantially lower on illuminated arrays
compared to when the p-i-n nanowire arrays are not illumi-
nated. More cells in the G, dormant phase of the cell cycle
were found on the illuminated photovoltaic nanowire sub-
strates. This effect was not observed when nanowires were
coated with silicon oxide, which suggests that the injection of
electrons at the cell-nanowire interface is a key factor for
sending cells to a dormant state. Moreover, the fact that the
proportion of proliferating cells can increase again after
turning off the illumination opens up for exciting applications
in biomedicine, such as using photovoltaic nanowires as
switches in cell dormancy studies in the context of, for
instance, cancer research.

This journal is © The Royal Society of Chemistry 2020
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