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a b s t r a c t

There is an increasing interest in the integration of hybrid bio-semiconductor systems for the non-invasive
evaluation of physiological parameters. High quality gallium nitride and its alloys show promising char-
acteristics to monitor cellular parameters. Nevertheless, such applications not only request appropriate
sensing capabilities but also the biocompatibility and especially the biofunctionality of materials. Here
we show extensive biocompatibility studies of gallium nitride and, for the first time, a biofunctionality
assay using ionizing radiation. Analytical sensor devices are used in medical settings, as well as for cell-
and tissue engineering. Within these fields, semiconductor devices have increasingly been applied for
online biosensing on a cellular and tissue level. Integration of advanced materials such as gallium nitride
into these systems has the potential to increase the range of applicability for a multitude of test devices
and greatly enhance sensitivity and functionality. However, for such applications it is necessary to opti-
mize cell–surface interactions and to verify the biocompatibility of the semiconductor. In this work, we
present studies of mouse fibroblast cell activity grown on gallium nitride surfaces after applying external
noxa. Cell-semiconductor hybrids were irradiated with X-rays at air kerma doses up to 250 mGy and the
DNA repair dynamics, cell proliferation, and cell growth dynamics of adherent cells were compared to con-
trol samples. The impact of ionizing radiation on DNA, along with the associated cellular repair mecha-
nisms, is well characterized and serves as a reference tool for evaluation of substrate effects. The results
indicate that gallium nitride does not require specific surface treatments to ensure biocompatibility and
suggest that cell signaling is not affected by micro-environmental alterations arising from gallium
nitride–cell interactions. The observation that gallium nitride provides no bio-functional influence on
the cellular environment confirms that this material is well suited for future biosensing applications with-
out the need for additional chemical surface modification.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The coupling of semiconductor devices and biological material
has drawn increasing interest for the analysis of intra- and extra-
cellular signal fluxes [1,2]. While different kinds of sensors permit
a variety of physical and chemical parameters to be recorded on-
line, still the biocompatibility of the sensor materials has to be
determined. It is generally assumed that the more biocompatible
the surface is, the higher will be the degree of cell adhesion [3].
However, rigorous studies of biocompatibility extend beyond mea-
sures of the chemical inertness of the material–cell interface.
Consequently, biocompatibility has been defined to apply to mate-
rials that minimally perturb the in vivo environment and that are
likewise not adversely affected by the in vivo environment [4].
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Nevertheless, information about biocompatibility and cytotoxicity
of semiconductor materials is often deficient. Thus, negative effects
on the host caused by material–cell interactions are frequently ne-
glected when semiconductor devices are used as test systems on a
cellular level.

In addition to microelectrode arrays [5–7], field effect transis-
tors (FETs) [8] have also been implemented for in vitro recording
of physiological signals. As shown in previous publications,
AlGaN/GaN high electron mobility transistors have entered a wide
variety of sensing applications [9–13]. Adding a thin capping layer,
which covers the chemically less stable AlGaN layer results in
GaN/AlGaN/GaN heterostructures. These devices can be rendered
highly chemically inert and, thus, suitable for operation as solu-
tion-gated devices which are sensitive to surface potential- and
pH-changes [10]. Furthermore, it has been determined that these
devices are non-toxic to cells [11,15]. These characteristics have
enabled the successful use of GaN-based heterostructures for bio-
sensing applications [11–14].
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In order to apply sensors for the in vitro and in vivo detection of
alterations in cell signaling processes, it is not only necessary to
test and ensure the biocompatibility of the semiconductor sub-
strates, but also to investigate the long-term biofunctionality of
these surfaces. To this end, we have performed investigations of
cell proliferation and growth dynamics on various differently trea-
ted gallium nitride surfaces. Compared to morphological investiga-
tions or analysis of cell-survival curves, measurements of changes
in the cell repair mechanism provide advanced indicators for dis-
turbed cell homeostasis. Here, DNA repair dynamics served as a
retrospective detection tool to detect cellular alterations after
applying ionizing radiation to cells cultivated on GaN surfaces.
Since DNA suffers damage from free radicals and reactive oxygen
species generated by ionizing radiation [16], the cell signaling
was stimulated by X-rays. Organisms must trigger a series of
events to promote repair of X-ray induced DNA damage in order
to survive and restore chromosomal integrity [17]. Therefore, it is
possible to investigate the alterations of these events arising from
material-cell interactions by recording DNA repair dynamics of
cells which are in direct contact with an extrinsic surface. By com-
paring cell repair mechanisms after the impact of external noxa on
biocompatible reference materials, it is possible to exclude un-
wanted interactions with the substrate material and determine ef-
fects that are not detectable with morphological evaluation
methods. DNA repair mechanisms occurring after radiation dam-
age are well characterized [18] and are therefore suitable for inves-
tigations of bio-functionality.
2. Materials and methods

2.1. Material

Thin layers of the semiconductor material gallium nitride (GaN)
were grown by a commercial metal-organic chemical vapor depo-
sition (MOCVD) process on 330 lm thick c-plane sapphire sub-
strates. Both n-type (silicon doped n � 1018 cm�3) and semi-
insulating, iron compensated (6 MX at 300 K) films of 3.5 lm
thickness were purchased from Lumilog (Vallauris, France). In
addition, high electron mobility transistor (HEMT) structures, com-
posed of a 2.9 lm carbon compensated GaN/72 nm nominally un-
doped GaN/25 nm Al0.25Ga0.75N/3 nm nominally undoped GaN cap
layers were purchased from TopGaN (Warsaw, Poland). On top of a
thin film stack of 1.5 lm undoped GaN/1.5 lm silicon-doped GaN,
films of 0.5 lm magnesium doped GaN and 10 nm of adjusted
magnesium doped GaN to p � 1018 cm�3 was purchased from
TopGaN (Warsaw, Poland). These samples remained n-type due
to the poor doping efficiency of Mg in GaN, but show reduced elec-
tron concentrations.
2.2. Surface functionalization

Both the glass and the GaN samples were cleaned with 70% eth-
anol and exposed to UV illumination for 20 min prior to function-
alization and cell seeding. For sample preparation with a
fibronectin layer, 1.25% of fibronectin stock solution (0.1% solution
from bovine plasma, Sigma–Aldrich Biochemie, Germany) solved
in HBSS (GIBCO Hank’s balanced salt solution 1�, Invitrogen
GmbH) was incubated on the sample surfaces at 37 �C for 20 min
and after removing the supernatant air dried for 20 min under ster-
ile conditions. Aminopropylsilane (APS) self-assembled monolay-
ers were formed on GaN and glass surfaces from amino-
propyldiethoxymethylsilane (APDMES) in a toluene solution in
accordance with protocols published elsewhere [19,20]. Samples
were stored in a light-shielded vacuum chamber and used for the
experiments within 24 h after functionalization. Monolayer quality
was assessed prior to use by static water contact angle measure-
ments. The functionalization altered the contact angle from
80.1 ± 3.3� for an untreated GaN surface to 58.4 ± 4.2� for an
APDEMS coated surface.

2.3. Cell culture

L929 mouse fibroblasts were cultured in RPMI media supple-
mented with 10% fetal calf serum and 1% antibiotic–antimycotic
solution. Cells were incubated at 37 �C in 5% CO2 atmosphere and
95% humidity and grown to a confluent layer. Before seeding them
on the uncoated or functionalized sensor or glass surfaces, the cell
cultures were trypsinized, centrifuged at 1000 rpm for 3 min and
resuspended with new tissue medium to overcome trypsinization
effects.

2.4. Immunostaining

Immunostaining was performed using anti-53BP1 (dianova,
Hamburg, Germany), Alexa Fluor 488 (Invitrogen, Paisley PA4
9RF, UK), and Hoechst 33342 (Invitrogen, Paisley PA4 9RF, UK).
After the irradiation procedure and repair times (30 min–24 h),
cells were washed with PBS three times and fixed for immunoflu-
orescent staining by incubation in glutaraldehyde (2% in PBS) or
formaldehyde (2% in PBS) for 15 min, followed by permeabilization
with Triton-X (0.15% in PBS) for 15 min at room temperature.
Blocking was performed by incubation with BSA (0.1% in PBS) for
30 min. Immunostaining was accomplished with primary antibody
53BP1 (1:100 dilution in PBS) for 1 h at room temperature in a
moist chamber, followed by a washing step with PBS (5 min),
0.15% Triton-X (10 min), PBS (5 min), and 0.2% BSA (7 min).
Secondary antibody Alexa Fluor 488 (1:200 dilution in PBS) was
incubated 1 h at room temperature in the dark. After a final wash-
ing step with PBS, cell nuclei were counterstained with Hoechst
(1:500 solution in Hank’s Balanced Salt Solution, HBSS) for
10 min and mounted in anti-fade solution Vectashield H-1000
(Vector Laboratories, Inc., Burlingame, CA).

2.5. Sample irradiation

To induce DNA double strand breaks, the cell cultures were irra-
diated with a medical X-ray system (Stabilipan TR300f, Siemens
AG) equipped with a 4 mm Al filter. Reference measurements of
the air kerma at the sample position were recorded with a dose area
product meter (Diamentor M4, PTW, Germany). Cells grown on
both gallium nitride and glass slides were exposed to low LET
X-ray irradiation in an energy range from 50 to 150 keV. After spec-
ified waiting intervals following the exposure, the cells were fixed
with glutaraldehyde or formaldehyde for immunofluorescence.

2.6. Image acquisition

All optical micrographs were acquired with a Zeiss Observer.Z1
equipped with a digital CCD camera (Rolera-XR, QImaging, Surrey,
Canada). Transmitted light images were recorded using gallium ni-
tride samples with polished sapphire back surfaces. For the inves-
tigation of DNA repair dynamics, foci were recorded with an LSM
510 laser scanning microscope (Zeiss, Germany). The foci were
counted from Z-stacks recorded in 40 picture slices through the en-
tire cell layer, with a distance of 0.3 lm between slices. For every
sample at least 100 cells were evaluated.

2.7. AFM analysis

AFM investigations were performed with the NanoWizard I (JPK
Instruments, Berlin, Germany) controlled by the JPK SPM Desktop
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software (JPK Instruments, Berlin, Germany). Measurements of the
surfaces were carried out at room temperature and ambient condi-
tions using NSC15/AlBS cantilevers (MikroMasch, Estonia) with
spring constants of 46 N/m and resonant frequencies of 325 kHz
in tapping mode.

3. Results and discussion

3.1. Cell growth dynamics on gallium nitride

In order to investigate the bio-functionality of GaN surfaces it is
essential to verify the degree of biocompatibility of the material.
Therefore, fibronectin-coated GaN surfaces which are well charac-
terized to provide excellent cell growth [12] were compared to
oxygen terminated GaN surfaces, as well as amino-terminated
molecular layers, covalently bound to GaN. Cell adhesion and mor-
phology was investigated by optical transmission microscopy. Our
experiments revealed that confluent layers on our samples typi-
cally formed within one day. To gain the highest contrast for com-
parison, we therefore show the results from within the first 24 h.

Cell growth studies were performed on GaN surfaces with com-
parable surface terminations. The final concentrations of L-929
fibroblasts were between 250 and 550 cells/mm2 on all surfaces.
Optical micrographs were obtained at intervals of 4 h, 6 h, and
24 h following cell seeding (Fig. 1). Cell proliferation and growth
dynamics were compared on n-type Si-doped substrates and n-
type Mg-compensated substrates. For both types of GaN sub-
strates, oxygen terminated, fibronectin coated, and APS functional-
ized [21] surfaces were evaluated. As shown in Fig. 1, the cells
started to adhere to the surface and exhibit their typical spindle
like outer shape within the first 4 h. In fact, on fibronectin coated
GaN surfaces, cell adhesion was observable only 1 h after cell seed-
ing (data not shown). After 6 h of cell growth, visible variations in
Fig. 1. Optical micrographs reveal the differences between untreated, fibronectin coated
surfaces. After only 1 h, the cells showed the typical spindle-like shape on fibronectin coa
confluent monolayer was achieved within 24 h for all samples.
cell morphology can still be observed. However, after 24 h, we
found a well-defined confluent monolayer of cells observable on
all surfaces. The APS-functionalized GaN, providing a fully syn-
thetic, non-buffering, and biocompatible sensor coating, showed
no significant degradation nor an enhancement compared to un-
treated surfaces. The cells exhibited their typical spindle-like shape
after 4 h. This indicates that APS-cell interactions are dominated by
surface morphology, and biochemical effects play only a minor role
compared to fibronectin coatings, which have a thickness of a sev-
eral nm [22]. This conclusion is supported by the finding that only
minor surface roughness changes are caused by the organosilane
molecules, as determined by AFM measurements on the modified
GaN surfaces (data not shown). Nevertheless, silanized surfaces
can be advantageous for specific sensing applications, in which
the layer provides the possibility for attachment of complex bio-
molecules such as DNA [23] or proteins [19,24,25] to the surface.
A series of 10 consecutive experiments proved a very good repro-
ducibility for all samples without any noticeable variations in
either cell proliferation or growth dynamics. Therefore, while it is
possible to enhance the early stage biocompatibility of the surfaces
with proteins such as fibronectin, there are only slight variations in
cell adherence after a cell growth time of 24 h.

Glassware such as crystallization beakers and optical glass
slides is often used for cell seeding and is widely considered to
be biocompatible. For this reason, we attempted a comparison be-
tween GaN and glass systems. Since both substrates are considered
to be chemically inert and share similarly oxygen terminated sur-
faces, the cell proliferation and growth dynamics are expected to
be in broad terms similar to one another if the surface roughness
values are also comparable. Although AFM measurements show
that the rms surface roughness of both n-type GaN and high qual-
ity glassware is approximately 1 nm in a 10 � 10 lm2 area, the sur-
face topography is significantly different (Fig. 2). The topography
, and APS functionalized GaN surfaces at 4 h, 6 h and 24 h after cell seeding on the
ted GaN. Although there were visible variations in cell morphology after 6 h, a nearly



Fig. 2. AFM images of a 10 � 10 lm2 area on (A) a microscope slide glass surface and (B) an n-type GaN surface. The rms surface roughness of glass is 1.0 nm and the rms
surface roughness of GaN is 1.2 nm. Despite the similarity of these rms values, the surface morphologies are significantly different. This fact is also observable in the cross
sections in (C).

Fig. 3. Stained DNA double strand break repair foci (D, green) and cell nuclei (E, blue) on GaN surfaces for (A) pre- and (B) post-250 mGy air kerma irradiated samples.
(C) Three-color staining of fixed cells showing that the cells have excellent morphology. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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difference between the microscope glass slides and GaN was so
large that the oxygen-terminated GaN was reproducibly better
regarding cell adhesion than the fibronectin-coated glass slides.
Static water contact angle measurements revealed a contact angle
in the lower percental range for highly hydrophilic glassware com-
pared to �80� for untreated GaN surfaces. We therefore conclude
that structural differences rather than the inherent chemical prop-
erties of the two materials were dominant and further comparison
of cell growth and proliferation is not presented here.
Table 1
The average number of foci per single cell as a function of repair time for different air
kerma radiation doses. The fitted s values represent the mean lifetime (1/e) from the
fits of the exponential decays of the foci counts.

Air kerma
dose (mGy)

Foci/cell
(Counts)
After
30 min

Foci/cell
(Counts)
After 2 h

Foci/cell
(Counts)
After 6 h

Foci/cell
(Counts)
After 24 h

Fitted s
value (d)

0 0.65 0.76 0.94 0.93
10 2.49 1.56 1.31 1.02 4.06
50 7.14 5.75 2.93 2.66 7.46

100 8.52 6.69 4.48 3.10 9.44
250 16.94 11.93 9.88 5.39 11.73
3.2. Cell repair dynamics on gallium nitride

Cellular DNA repair dynamics from X-ray induced radiation
damage were obtained for cells grown on fibronectin coated gallium
nitride in order to determine possible material-cell interactions.
Alterations in cell repair dynamics would indicate surface-cell inter-
actions. DNA repair dynamics of fibroblasts are well characterized
[25] and a comparison of results from the GaN surface to reference
measurements made on glass substrates allows conclusions regard-
ing cell functionality. We note that since cells are in direct contact
with the GaN capping layer of the HEMT structure, no significant
difference is expected between HEMT and homogeneous GaN films.
Nevertheless, HEMT hetrostructures were investigated due to their
ability to function as biosensors [11–14].
Cells grown on fibronectin-coated GaN surfaces were irradiated
with X-rays with different air kerma doses after 24 h of cell growth,
and were fixed after certain repair times. Both the DNA repair foci
and the cell nuclei were stained and z-stack images were recorded
with a laser scanning microscope. Stained DNA double strand
break repair foci (green) and cell nuclei (blue) on GaN surfaces
for pre- and post-250 mGy air kerma dose irradiated samples are
presented in Fig. 3A and B, respectively. A three-color staining of
fixed cells on the gallium nitride surface is shown in Fig. 3C. The
cell membrane was labeled with DiO (green), F-actin with Rhoda-
mine Phalloidin (red), and cell nuclei with Hoechst 33342 (blue).



Fig. 4. Repair dynamics of irradiated cells on GaN and glass surfaces. (A) The exponential decay of foci counts as a function of repair time for cells seeded on a fibronectin
coated GaN surface is given for different air kerma. (B) Relative repair dynamics of irradiated cells (100 mGy air kerma) on fibronectin coated surfaces in fluid is shown for the
different substrates. Although the cells on the GaN surface are exposed to a higher dose due to secondary electrons, the difference in remaining cell damage after 24 h is
negligible. (C) A linear-logarithmic plot of the data from (A) shows that these data are characterized by a single exponential decay. (D) The dose–response curve is presented
for the data from (A).
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The cell shapes and nuclei are clearly observed and show that the
cells have excellent morphology. Due to the chemical tolerance
and physical stability of the material, it is possible accomplish
the staining process directly on the gallium nitride surface. More-
over, the material can also be used as a substrate in confocal laser
scanning microscopy as it is transparent in the visible range.

The numerical results of the DNA repair dynamics on GaN sur-
faces are presented in Table 1 and are plotted in Fig. 4A. Each data
point represents the average of counted foci from over 200 evalu-
ated cells. Error bars are calculated from the standard deviation of
the linear regression of the dose response curve in Fig. 4D. Since
the repair protein 53PB1 requires a certain time to accumulate at
the double strand breaks, the initial data points were recorded
after a delay time of 30 min had elapsed [27]. For each repair time,
a sham irradiated sample, with 0 mGy irradiation, was produced in
order to provide a reference for the background foci. In Fig. 4, these
background foci were subtracted and only the radiation-induced
numbers are given. In comparison to the literature [26], the ob-
tained results show that repair mechanisms are not influenced
by the sensor surfaces in any significant way. After 24 h of repair
time, 60% of the double strand breaks were repaired, independent
of the irradiation dose. This indicates an unrestricted vitality of the
cells since an effective DNA repair is preserved. Furthermore,
Fig. 4C, which is a linear-logarithmic plot of Fig. 4A, reveals a single
exponential decay of the repair foci, thus indicating a complete re-
pair time of approximately 100 h. Fig. 4D shows the dose–response
curve of the foci evaluated. Since the total offsets of the curves are
due to systematic errors in our dose measurements, the offset is
corrected in such a way that the fits of the curves cross the point
of origin.

In addition, we compared the repair dynamics between cells
cultivated on GaN and glass slides, both of which were coated with
fibronectin. The samples were both irradiated and stained simulta-
neously and every data point represents counted foci from 100
evaluated cells. In contrast to the results in Fig. 4A, the samples
were irradiated in fluid, which leads to an increase of absorbed
dose due to an additional production of secondary electrons, as
can be seen in Fig. 4B. This also has the effect of producing a sec-
ondary exponential component in the data, which is true for both
the glass and GaN. The error bars represent the standard error of
the mean (SEM), since a linear regression of the curve is not appli-
cable. We note that the error bars in Fig. 4B are smaller since the
SEM is calculated for each point and the model of the linear
dose–response relationship is not considered for the plot. While
both samples were exposed to the air kerma of 100 mGy, cells on
the GaN surface showed more initial foci than the cells on the glass
surface. Sham irradiations showed that this is not a toxic effect
from the material. Rather, the semiconductor layer structure ad-
vances internal reflection and back-scattering processes. Neverthe-
less, cells on both GaN and glass samples exhibit similar repair
dynamics. After a repair time of 24 h, cells on the GaN sample
showed 2.36 foci/cell and cells on the glass substrate 1.66 foci/cell.
Considering a background of approximately 0.8 foci/cell, nearly all
DNA damage is repaired and there is no significant difference in
cell damage. The fitted ss value (mean lifetime) of the slow compo-
nent of the second order exponential decay for cells on the HEMT
sample is ss = 9.74 d and therefore comparable to the 100 mGy
irradiation in Fig. 4A. From these experiments, we found no nega-
tive effects of GaN on cell repair dynamics.

In conslusion, we have performed biocompatibility and biofunc-
tionality studies on gallium nitride as a substrate material for var-
ious sensor applications. Excellent cell growth behavior was
observed on the surfaces, both with and without functional coat-
ings, and stable and reproducible growth dynamics were achieved.
Although silanized surfaces created by reaction with aminoprop-
ylsilane are known to enhance biocompatibility on similar surfaces
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[25] and could provide enhancements for future biosensing appli-
cations, surface roughness remains a primary determining factor
for biocompatibility at these chain lengths. While DNA repair is
one of many mechanisms involved in cell homeostasis, measure-
ment of its dynamics provides a sophisticated method for testing
biofunctionality and represents a complementary technique to
qualitative analysis and morphological examinations. Here, we
did not find any negative effects on cell functionality arising from
surface-cell interactions. Furthermore, no significant differences in
cell repair dynamics were observed from our comparison of GaN to
glass surfaces. This demonstrates that the technique can be used to
evaluate cell functionality due to surface–cell interaction effects,
which measurements of cell proliferation and growth dynamics
are incapable of resolving due to their strong dependence on sur-
face roughness. Our results demonstrate that GaN surfaces have
proper biocompatible and biofunctional properties that make de-
vices based on this material an excellent candidate for highly sen-
sitive biofunctional-sensing applications.
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