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A solution-based functionalizationmethod for the specific and selective attachment of the streptavidin (SA) pro-
tein to gallium nitride (GaN) nanowires (NWs) is presented. By exploiting streptavidin's strong affinity for its li-
gand biotin, SA immobilization on GaN NWs was achieved by exposing the GaN NW surface to a 3-
aminopropyltriethoxysilane (APTES) solution followed by reaction with biotin. Functionalization of the NWs
with APTES was facilitated by the presence of an ≈1 nm thick surface oxide layer, which formed on the NWs
after exposure to air and oxygen plasma. Biotinylation was accomplished by reacting the APTES-functionalized
NWs with sulfo-N-hydroxysuccinimide-biotin at slightly alkaline pH. It was determined that the biotinylated
GaN NW surface was specific towards the binding of SA and demonstrated no affinity towards a control protein,
bovine serum albumin (BSA). There was however, evidence of non-specific, electrostatic binding of both the SA
protein and the BSA protein to the APTES-coated NWs, revealing the importance of the biotinylation step. Suc-
cessful SA immobilization on the biotinylated GaN NW surface was verified using fluorescence microscopy,
field-emission scanning electron microscopy, high-resolution transmission electron microscopy, atomic force
microscopy, and X-ray photoelectron spectroscopy. The functionalized GaN NWs demonstrate potential as bio-
sensing platforms for the selective detection of proteins.

Published by Elsevier B.V.
1. Introduction

The detection of biological species in gasses and in liquids is neces-
sary for homeland security, medical diagnoses, environmentalmonitor-
ing, as well as food safety [1,2]. Current biosensing techniques, such as
the enzyme-linked immunosorbent assay, particle-based flow cytomet-
ric assays, gas chromatography, chemiluminescence, fluorescence, and
high density peptide arrays, suffer from recurring false positive re-
sponses, display variations in sensitivity limits, and do not meet the re-
quirements of portable sensors for real-timemonitoring. Consequently,
AFM, atomic force microscopy;
ay spectroscopy; EELS, electron
electron microscopy; GaN, gal-
TEM, high-resolution transmis-
din; XPS, X-ray photoelectron
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there has been a shift to develop semiconductor thin film and nanowire
based conductometric biosensors. These thin film/nanowire based bio-
sensors can detect a biomolecule binding event through resistivity
changes and have the advantages of a small footprint, a high sensitivity,
and low power consumption [1–4].

Gallium nitride (GaN) is an attractive semiconductor for such bio-
sensors since it exhibits excellent transport properties, such as high
electron mobility and saturation velocity, as well as biocompatibility,
non-toxicity, and stability under physiological conditions [1,4,5]. GaN
thin film high-electron-mobility transistors (HEMTs) have proven abil-
ity to electrically detect proteins, antibodies, small molecules such as
glucose, and strands of DNA with selectivity and high sensitivity [1,4].
Compared to their thin film counterparts, GaN nanowire (NW) based
devices can display an even higher relative resistance change upon ex-
posure to analytes due to their high surface-to-volume ratio [1,3]. In ad-
dition, several analyte specific nanowire sensors can be integrated on a
single chip enabling a multiplexed mode of detection. GaN NW based
chemical sensors have recently demonstrated a ppb level detection of
aromatics [3] and alcohols [6–8] in air. GaN NW based biosensors are
also emerging [9,10], as functionalization techniques for specific bio-
molecule attachment to GaN NWs are developed [11,12].
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In this paper, we present a 2-step, solution-based sequential layer
functionalization method for streptavidin (SA) immobilization on GaN
NWs for protein sensor applications. This is an extension of our recently
developed protocol for specific SA functionalization of silicon and silicon
carbide NWs [13]. This approach performs all functionalization steps in
solution thus enabling the assembly of multiple protein-specific NWs
on a single biosensing platform. A variety of spectroscopic and micro-
scopic techniques were utilized to verify each functionalization step
on the NW surface.
2. Material and methods

2.1. Experimental design for protein selective sensing

The streptavidin (SA) protein exhibits a strong, non-covalent inter-
actionwith its ligand biotin andhence biotinylatedGaNNWs should en-
able the specific immobilization of SA. The biotin ligand itself, however,
does not bind to the GaN surface and thus a linkermolecule is necessary.
3-Aminopropyltriethoxysilane (APTES) is a small organic silane that has
the ability to covalently attach to oxidized or hydroxylated surfaces as
well as amine reactive biomolecules (i.e. modified forms of biotin) [4,
13,14]. APTES is one of the most explored coupling agents in the
functionalization of semiconductor materials, including GaN. The cova-
lent attachment of APTES to GaN thin films has been well characterized
and demonstrated as an initial step for the immobilization of biomole-
cules [4,5,14]. Kang et al. proved that APTES functionalization, followed
by biotinylation resulted in the electrical detection of the streptavidin
protein on AlGaN/GaN thin film devices [4]. To date, no studies have
been performed to functionalize the GaN NW surface with APTES nor
its subsequent biotinylation and streptavidin immobilization. Conse-
quently, in this manuscript, we investigate the APTES functionalization,
biotinylation, and streptavidin immobilization on GaNNWs for biosens-
ing applications and employ our own developed protocol in which all
steps are performed in solution.

For the experiment as demonstrated in Fig. 1, surface oxidized GaN
NWs were exposed to APTES, followed by sulfo-N-hydroxysuccinimide-
biotin, with each functionalization step studied by surface characteriza-
tion techniques. The biotinylated NWs were then exposed to a SA solu-
tion, binding of which was confirmed using various methods. Control
tests were also conducted to examine the specificity of the functionalized
GaN NW surfaces towards SA. Bovine serum albumin (BSA) is a protein
that has no affinity for biotin or biotinylated surfaces and hencewas cho-
sen as the control protein [4,13]. The biotinylated GaN NWs were ex-
posed to a mixture of SA and BSA, with each protein containing a
different fluorophore. Fluorescence microscopy was then used to deter-
mine if the biotinylated NWs were indeed specific to only SA. The SA/
BSA mixture was also exposed to the APTES-coated GaN NWs and the
cleaned (oxidized) GaN NWs (see Fig. 1) and studied using fluorescence
Fig. 1. Experimental r
microscopy to determine if these surfaces were prone to the non-specific
adsorption of SA or BSA.

2.2. Nanowire growth and functionalization

GaNNWswere grown on Si(111) substrates bymolecular beam ep-
itaxy, via the catalyst-free vapor-solid growth mechanism, as described
elsewhere [15]. The as-grown NWs on Si were oxygen plasma cleaned
in a 20% oxygen/80% argon gas mixture for 5 min and subsequently ex-
posed to laboratory air. For field-emission scanning electron microsco-
py/energy dispersive X-ray spectroscopy (FESEM/EDXS) analyses, the
cleanedNWsweremechanically scraped off the Si substrates and placed
onto 1 cm× 1 cm Au-coated Si pieces. For high-resolution transmission
electron microscopy/electron energy loss spectroscopy (HRTEM/EELS),
the cleaned NWs were mechanically scraped off the substrates and
placed onto standard 300 mesh lacey-carbon TEM grids. For fluores-
cence microscopy and X-ray photoelectron spectroscopy (XPS), the
cleaned NWswere placed in a vial containing toluene and ultrasonically
agitated to detach theNWs from the Si substrate and forma suspension.
Drops of the suspended NWs in toluene were then placed onto 1 cm ×
1 cm Si pieces (for fluorescence microscopy) and 1 cm × 1 cm Au-
coated Si pieces (for XPS) and allowed to air dry.

APTES functionalization of the NWs was achieved by placing the
cleaned NWs in a vial containing a 2% APTES in toluene solution. The
NWs in the APTES solution were ultrasonically agitated to detach the
NWs from the Si substrates and form a suspension. After a 30min expo-
sure to the APTES solution, the NWswere sedimented by centrifugation
for 2 min at 10,000 rpm (4 cm centrifuge rotor radius) and rinsed with
toluene. The APTES-functionalized NWs were re-suspended in toluene
with subsequent placement onto 1 cm × 1 cm Si pieces for FESEM/
EDXS, XPS, and fluorescence microscopy, as well as TEM grids for
HRTEM.

Biotinylation of the GaN NWs was achieved by adding 0.5 mL of
sulfo-N-hydroxysuccinimide-biotin, at a concentration of 5 mg/mL in
0.01 mol/L phosphate buffer (pH = 7.4), to the vial containing the
rinsed and sedimented, APTES-coated GaNNWs. The vial was sonicated
to bring theNWsback into suspension followed by a 2 h exposure to the
biotin solution. The biotinylated NW suspension was centrifuged,
followed by the removal of residual biotin solution from the vial. After
rinsing in phosphate buffer, drops of the biotinylated NW suspension
were deposited onto Si pieces for FESEM, XPS, and fluorescencemicros-
copy, as well as TEM grids for HRTEM, and allowed to dry.

2.3. Protein immobilization

The biotinylated NWs, adhered to the uncoated or Au-coated Si
pieces and TEM grids (as described in Section 2.2), were exposed to a
0.058 mg/mL streptavidin, labeled with cyanine-3, in 0.01 mol/L phos-
phate buffer (pH= 7.4) solution for 2 h, followed by a brief sonication,
eaction scheme.
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a rinse in buffer, and drying in a N2 flow. The SA immobilized NW sam-
ples were then analyzed using atomic force microscopy (AFM), FESEM,
XPS, and HRTEM.

For the control experiments on the specificity of SA binding, the
cleaned, the APTES-coated, and the biotinylated NWs (each adhered
to Si pieces as described in Section 2.2) were placed in a mixture of
0.058 mg/mL streptavidin, labeled with cyanine-3, and 0.058 mg/mL
bovine serum albumin, labeled with fluorescein isothiocyanate, in
0.01 mol/L phosphate buffer (pH = 7.4) solution for 2 h, followed by
a brief sonication, a rinse with buffer, and drying in a N2 flow. Fluores-
cencemicroscopywas then utilized to study the binding of each protein
(SA and BSA) to the cleaned, the APTES-coated, and the biotinylated
GaN NWs.
Fig. 2. A cross-section FESEM image of GaN NWs grown on a Si(111) substrate. The mag-
nified image in the inset shows hexagonal faceting of NW sidewalls.
2.4. Characterization methods

The morphology, dimensions, and elemental composition of the
cleaned, APTES-coated, biotinylated, and SA immobilized GaN NWs
were characterized using a Hitachi-47001 FESEM equipped with an
80 mm2 Oxford Instruments X-Max silicon drift EDX detector.

The NW morphology and microstructure, including thickness and
composition of organic layers, were examined by an FEI Titan 80-300
HRTEM operated at a 300 kV accelerating voltage, equipped with S-
TWIN objective lenses, Gatan's Enfina electron spectrometer, and an
EDAX 30mm2 Si/Li EDX detector. Low intensity illumination conditions
and beamblankingwere used tominimize possible radiation damage of
the organic layers.

The surface topography and morphology of the functionalized GaN
NWs were investigated with a Veeco DI Dimension AFM on a 1 μm ×
2 μm scale in tapping mode. Images were analyzed using WSxM v5.0
software [16].

For the XPS study, the cleaned and functionalized GaN NWs on Au-
coated Si pieces were analyzed in a Kratos Analytical Axis Ultra DLD
XPS instrument with a monochromated Al Kα X-ray source at 150 W
(10mA, 15 kV). X-rayswere collected at a 0° angle from the surface nor-
mal on an area of 300 μm × 700 μm. The amount of nanowires in the
probing area was estimated to be between 10,000 and 15,000, which
was sufficient for detecting the Ga and N related peaks from GaN, as
well as C, O, N, and Si peaks from the functional organic layers. Low res-
olution survey scans (160 eV pass energy, 0.5 eV step size) and high res-
olution narrow scans (40 eV pass energy, 0.1 eV step size) of Au 4f, O 1s,
N 1s, C 1s, Si 2p, and Ga 2p3/2 were obtained. The binding energy scale
was calibrated to the Au 4f7/2 peak at 84.0 eV. Charge neutralization
was not necessary during sample analysis due to the calibration to the
Au 4f7/2 peak.

Fluorescence microscopy was performed on the NWs using a Nikon
Eclipse TE300 inverted epifluorescencemicroscopewith a PlanApo60×
(N.A. 1.4) oil immersion objective. SAwas imaged using a Nikon EF.4 fil-
ter cube with an excitation of 515 nm to 565 nm at a 1 s exposure time.
BSA was imaged using a Nikon B-2E/C filter cube with an excitation of
465 nm to 495 nm at a 3 s exposure time; the longer exposure time of
3 s was necessary to enhance the weak fluorescence signal of BSA.
3. Results and discussion

3.1. APTES functionalization, biotinylation, and SA immobilization

A cross-section FESEM image of the as-grown GaN NW batch is
shown in Fig. 2. The NW dimensions ranged from 8 μm to 12 μm
in length and 70 nm to 300 nm in diameter. The NWs, with wurtzite
crystal structure, were shaped as hexagonal prisms with six equivalent
{10-10} side facets growing along the [0001] direction [15].
1 Commercial equipment and material suppliers are identified in this paper to ade-
quately describe experimental procedures. This does not imply endorsement by NIST.
A FESEM image of the faceted NW sidewalls after exposure to oxy-
gen plasma is shown in Fig. 3A. A corresponding HRTEM image
(Fig. 4A) reveals an≈1 nm thick semi-amorphous layer on theNW sur-
face. The EELS analysis in high-resolution TEM identified the composi-
tion of this surface layer as a mixture of Ga, N and O, indicating a
surface gallium oxide or oxynitride. It is likely that formation of this na-
tive oxide was initiated upon exposure of the NWs to air after NW
growth [17,18], andwasmade both thicker and denser with the oxygen
plasma treatment. More details concerning the chemical composition
and microstructure of the oxygen plasma cleaned GaN NW surface can
be found in the Supplementary section.

APTES functionalization of the cleaned NW surfaces produced an
≈5nmthick amorphous coating, as seen in Fig. 4B (also, see the Supple-
mentary data for an EDXS analysis of the chemical composition of this
layer). A follow up biotinylation step is shown in Figs. 3C (FESEM) and
4C (HRTEM); the combined biotin/APTES layer is also amorphous and
slightly thicker than the APTES layer with some local thickness varia-
tions. The final step of SA conjugation to the biotinylated NW surface
caused the thickness of the organic layer to increase to 15 nm to
20 nm as shown in the HRTEM image in Fig. 4D. The FESEM image in
Fig. 3D shows that the SA immobilized NW surface is covered with
small hemispherical agglomerates that are likely composed of SAmole-
cules (see the Supplementary data for a dimensional analysis of the ag-
glomerates using AFM).

Successive deposition of the APTES, biotin, and SA layers on the NW
surfacewas chemically validated using an XPS analysis. The N 1s and Ga
2p3/2 narrow scans for the oxygen plasma cleaned NWs prior to the
functionalization steps are shown as spectra (1) in Fig. 5A and B, respec-
tively. In Fig. 5A (spectrum 1), a N 1s signal is centered around 398.5 eV
and corresponds to N atoms bound to Ga in GaN [19]. In Fig. 5B (spec-
trum 1), a Ga 2p3/2 signal appears at 1119 eV, indicative of Ga atoms
bound to O and/or Ga atoms bound to N, i.e. Ga*\O and/or Ga*\N
[19,20]. Unfortunately, it was not possible to distinguish between oxi-
dized Ga and GaN itself, as the similar electronegativity of the N and O
elements induces about the same binding energy shift in the Ga peak
[20]. In spite of this uncertainty, the XPS data still conform to the
TEM/EELS results, which unambiguously show the presence of a thin
oxide layer on the NW surface. The cleaned GaN NWs also demonstrate
clear C 1s and O 1s peaks (spectra not shown). However, because the
NWs were moderately dispersed on the substrate, the C 1s and O 1s
peaks were complicated by carbon and oxygen present on the Au-
coated surface.

Upon APTES functionalization, there is the appearance of a Si 2p
peak (see spectrum 2, Fig. 5C) which was absent on the cleaned NWs
(spectrum 1). The Ga 2p3/2 peak on the cleaned NWs (spectrum 1,
Fig. 5B) has disappeared following APTES functionalization (spectrum
2, Fig. 5B) indicating that the NWs have been fully coated with APTES.

image of Fig.�2


Fig. 3. FESEM images of theGaNNWsidewalls after: A) oxygenplasma cleaning, B) APTES functionalization, C) biotinylation, andD) SA immobilization. The hexagonal faceting of the clean
NW in image A) gradually disappears upon the B), C), and D) functionalization steps as surface roughening increases. The arrows inD) point to hemispherical agglomerates, likelymade of
SAmolecules. Note: the initial diameters of the NWs in A)–D) are not the same and therefore, the NW diameter in A) cannot be subtracted from the NW diameters in B)–D) to quantita-
tively determine organic layer thicknesses. The 50 nm scale bar in A) applies to all images.
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The fact that a Ga peak is not seen with XPS signifies that the APTES
layer thickness must be ≥5 nm, which is in agreement with the mea-
sured thickness of APTES using HRTEM. The absence of a Ga 2p3/2

peak and the presence of a Si 2p peak suggest that the N 1s peak of
the APTES-coated NWs (spectrum 2, Fig. 5A) results from the amino
group of APTES. The N 1s peak of the APTES-coated NWs appears at
399 eV with a shoulder at 402 eV. The peak at 399 eV is the NH2 form
of the amino group and the peak at 402 eV is the NH3

+ or hydrogen
bonded NH2 form of the amino group that is present in APTES [13,14].
Feasibility of both forms of the APTES amino group to co-exist is sche-
matically shown in Fig. 1 (see the APTES coating step).

The Si 2p peak that was present following APTES functionalization
(spectrum 2, Fig. 5C) has disappeared post biotinylation (spectrum 3,
Fig. 4.HRTEM images of near edge regions of a GaN NWafter: A) oxygen plasma cleaning, B) AP
fringes, clearly evident in A)–C), indicate the [0001] c-axis NW growth direction. Arrows poin
biotin/SA. Note: with successive organic layer accumulation, the interface between the edge of
visible. The scale bar in the right corner of each image is 5 nm.
Fig. 5C). In addition there is no Ga 2p3/2 peak (spectrum 3, Fig. 5B).
The biotinylated NWs do display a N 1s peak (spectrum 3, Fig. 5A) at
399 eV. Since there is neither Si nor Ga present for the biotinylated
NWs, the N 1s signal must be fully attributed to the NH amino groups
contained within the ureido ring of biotin (see Fig. 1). The XPS data
suggests that the APTES-functionalized NWs must be fully coated with
biotin molecules.

The SA immobilized NWs displayed neither a Ga 2p3/2 peak (spec-
trum 4, Fig. 5B) nor a Si 2p peak (spectrum 4, Fig. 5C). There was how-
ever, a very strong N 1s peak at 400 eVwith a shoulder at 398 eV. These
N 1s peaks are consistent with typical protein N 1s binding energies
[21]. In addition, the C 1s spectrum for the SA immobilized NWs (not
shown) demonstrated very strong C*\O, C*\N, and C*_O components
TES functionalization, C) biotinylation, and D) SA immobilization. The 0.26 nmGaN lattice
t out the surface layers of: A) the surface oxide, B) APTES, C) APTES/biotin, and D) APTES/
the NW and the deposited organic layers, as well as the GaN lattice fringes, become barely

image of Fig.�3
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Fig. 5. XPS narrow scans: A) N 1s scan, B) Ga 2p3/2 scan, and C) Si 2p scan. For all three scans, (1) is the oxygen plasma cleaned NWs, (2) is the APTES-coated NWs, (3) is the biotinylated
NWs, and (4) is the SA immobilized NWs.
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that were substantially more pronounced than in the case of the
cleaned, APTES-coated, and biotinylated NWs that were dominated by
carbon from the underlying Au substrate.

It should be noted that the functionalization of the NWs, including
SA binding, was repeated many times to ensure reproducibility of the
solution-based functionalization technique and the results discussed
above were observed in the numerous functionalization trials
conducted.

3.2. Control (specificity) tests

To further confirm SA binding, and to prove specificity towards the
SA protein, the biotinylated NWs were exposed to a mixture of red-
fluorescent SA and green-fluorescent BSA and then analyzed using fluo-
rescencemicroscopy. Fig. 6A demonstrates thefluorescencemicroscopy
image of a biotinylated NW after exposure to the SA/BSA mixture. The
bright red fluorescing NW in image A confirms the presence of SA.
Fig. 6B demonstrates the fluorescence microscopy image of the same
Fig. 6. A) and B): a biotinylated GaN NW after exposure to the SA/BSA mixture under the EF.4 fl

detection (B). Note: the dashed line oval in image B)marks the location of the non-fluorescing NW
fluorescencefilter cube for SA detection (C), and the B-2E/Cfluorescencefilter cube for BSA detec
3 s exposure time. The 5 μm scale bar in A) applies to all images. (For interpretation of the refer
NW imaged in A, but under a different fluorescence filter cube. Since
there is no detectable green fluorescingNW in image B (awhite, dashed
ovalmarks the location of theNW), it can be concluded that BSA did not
bind to the biotinylated NWs, demonstrating specificity of the biotinyl-
ated GaN NWs towards the SA protein.

Additional control tests were performed to determine if there was
any non-specific binding of the SA and BSA proteins to the cleaned
and APTES-coated GaN NWs. The cleaned GaN NWs were exposed to a
mixture of SA/BSA and then analyzed using fluorescence microscopy.
There was neither red (from SA) nor green (from BSA) fluorescence de-
tected under the respective fluorescence filter cubes (images not
shown). Consequently, there was little, if any, non-specific attachment
of the SA and the BSA proteins to the cleaned NW surface. This may be
attributed to the fact that the native oxide on the GaNNW surface, exis-
tence of which was proven using HRTEM, EELS, and EDXS, likely carries
some negative charge in the form of O− and HO− species. The surface
negative charge repels the SA and BSA proteinswhich are also negative-
ly charged at the working pH of 7.4 [22,23]. On the other hand, APTES-
uorescence filter cube for SA detection (A), and the B-2E/C fluorescence filter cube for BSA
. C) andD): an APTES-coatedGaNNWafter exposure to the SA/BSAmixture under the EF.4

tion (D). Note: images A) and C)were takenwith a 1 s exposure time,while B) andD)with a
ences to color in this figure, the reader is referred to the web version of this article.)

image of Fig.�5
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coatedGaNNWs exposed to the SA/BSAmixture demonstrated both red
fluorescence from SA and green fluorescence from BSA. Fig. 6C shows a
red fluorescing APTES-coated GaN NW after exposure to the SA/BSA
mixture and Fig. 6D shows the same NW fluorescing green under a dif-
ferent filter cube. Therefore, there was non-specific attachment of both
SA and BSA to the APTES-coated GaN NWs. This non-specific attach-
ment of both proteins could be explained by the fact that the terminal
amino group of APTES can exist in a positively charged, protonated
state (as schematically shown in Fig. 1 and confirmed with XPS in
Fig. 5) [11,24]. The SA and BSA proteins, both of which are negatively
charged at the working pH, are likely electrostatically bound to the
APTES-coated GaN NWs resulting in non-specific attachment [24]. No-
tably, comparing Fig. 6A and C, the specifically bound SAon the biotinyl-
ated NWs is significantly more fluorescent than the non-specifically
bound SA on the APTES-only coated NWs. Therefore, there are likely a
greater number of specifically bound SA molecules on the biotinylated
NWs as compared to the APTES-coated NWs. Nonetheless, the fact
that there was a detectable amount of both proteins on the APTES-
coated NWs reveals the importance of the biotinylation step in order
to inhibit non-specific SA/BSA binding and to result in specific SA bind-
ing only.

4. Conclusions

A solution-based functionalization method for SA immobilization on
GaN NWs was presented for potential protein sensor applications. The
protocol included the initial formation of an oxide layer on the as-
grownNWs, whichwas facilitated by exposure to air and oxygen plasma
cleaning. Specifically, the oxide layer on the NWs was estimated to be
about 1 nm thick by HRTEM. Following surface oxidation, the next step
of the protocol was achieved by reacting the oxidized NW surfaces
with APTES,which led to formation of an≈5nm thick amine terminated
APTES layer. Thefinal step of the protocol for enabling SA immobilization
employed the biotinylation of the APTES-coated NWs through reaction
with an amine-reactive molecule, sulfo-N-hydroxysuccinimide-biotin.
SA immobilization on the biotinylated GaN NWs was achieved and was
demonstrated by FESEM, AFM, XPS, HRTEM, and fluorescence microsco-
py. Using these techniques, on average, a 15 nm to 20 nm thick organic
layer, consisting of APTES, biotin, and SA, was present on theNWsurface.
A fluorescence microscopy analysis of the biotinylated NWs further
proved SA binding. It also confirmed that SA bindingwas specific; the bi-
otinylated surfaces demonstrated no affinity towards BSA, a control pro-
tein. On the other hand, the APTES-coated NWs demonstrated non-
specific (likely electrostatic in nature) binding of both SA and BSA, re-
vealing the importance of the biotinylation step in order to limit non-
specific protein binding.

This study has demonstrated that GaN NWs are suitable for protein
sensing and for biosensing applications in general. By employing this
solution-based functionalization technique with other chemistries, the
multiplexed detection of a wide range of biomolecules would be possi-
ble on a single biosensing chip.
Acknowledgments

The authors are appreciative of the helpful discussions with Dr.
Rebecca A. Zangmeister (Material Measurement Laboratory, NIST).
EHW, MVR, and JAS gratefully acknowledge the financial support of
the National Science Foundation (Grant # ECCS-0901712). VPO grate-
fully acknowledges the financial support from NIST under contracts
SB134110SE0579 and SB134111SE0814 and the MML12-1053-N00
Grant, award #0633478. AKMwas supported by a contractual appoint-
ment to theU.S. ArmyResearch Laboratory Postdoctoral Fellowship Pro-
gram administered by Oak Ridge Associated Universities.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.susc.2014.04.010.

References

[1] S.J. Pearton, F. Ren, Y.-L. Wang, B.H. Chu, K.H. Chen, C.Y. Chang, et al., Prog. Mater. Sci.
55 (2010) 1.

[2] F. Patolsky, G. Zheng, C.M. Lieber, Nat. Protoc. 1 (2006) 1711.
[3] G.S. Aluri, A. Motayed, A.V. Davydov, V.P. Oleshko, K.A. Bertness, M.V. Rao, et al.,

Nitro-aromatic explosive sensing using GaN nanowire-titania nanocluster hybrids,
132013. 1883.

[4] B.S. Kang, F. Ren, L. Wang, C. Lofton, W.W. Tan, S.J. Pearton, et al., Appl. Phys. Lett. 87
(2005) 023508.

[5] B. Baur, G. Steinhoff, J. Hernando, O. Purrucker, M. Tanaka, B. Nickel, et al., Appl.
Phys. Lett. 87 (2005) 263901.

[6] R. Bajpai, A. Motayed, A.V. Davydov, V.P. Oleshko, G.S. Aluri, K.A. Bertness, et al., Sen-
sors Actuators B Chem. 171-172 (2012) 499.

[7] R. Bajpai, A. Motayed, A.V. Davydov, K.A. Bertness, M.E. Zaghloul, IEEE Electron De-
vice Lett. 33 (2012) 1075.

[8] G.S. Aluri, A. Motayed, A.V. Davydov, V.P. Oleshko, K.A. Bertness, N.A. Sanford, et al.,
Nanotechnology 23 (2012) 175501.

[9] C.-P. Chen, A. Ganguly, C.-Y. Lu, T.-Y. Chen, C.-C. Kuo, R.-S. Chen, et al., Anal. Chem. 83
(2011) 1938.

[10] Y.-T. Lai, A. Ganguly, L.-C. Chen, K.-H. Chen, Biosens. Bioelectron. 26 (2010) 1688.
[11] D.J. Guo, A.I. Abdulagatov, D.M. Rourke, K.A. Bertness, S.M. George, Y.C. Lee, et al.,

Langmuir 26 (2010) 18382.
[12] B.S. Simpkins, K.M. McCoy, L.J. Whitman, P.E. Pehrsson, Nanotechnology 18 (2007)

355301.
[13] E.H. Williams, J.A. Schreifels, M.V. Rao, A.V. Davydov, V.P. Oleshko, N.J. Lin, et al., J.

Mater. Res. 28 (2012) 68.
[14] A. Arranz, C. Palacio, D. García-Fresnadillo, G. Orellana, A. Navarro, E. Muñoz, Lang-

muir 24 (2008) 8667.
[15] K.A. Bertness, S. Member, N.A. Sanford, A.V. Davydov, GaN Nanowires Grown byMo-

lecular Beam Epitaxy, 172011. 847.
[16] I. Horcas, R. Fernández, J.M. Gómez-Rodríguez, J. Colchero, J. Gómez-Herrero, A.M.

Baro, Rev. Sci. Instrum. 78 (2007) 013705.
[17] N.J. Watkins, G.W. Wicks, Y. Gao, Appl. Phys. Lett. 75 (1999) 2602.
[18] H. Ishikawa, S. Kobayashi, Y. Koide, Effects of surface treatments and metal work

functions on electrical properties at p-GaN/metal interfaces, 811997. 1315.
[19] S. Pal, R. Mahapatra, S.K. Ray, B.R. Chakraborty, S.M. Shivaprasad, S.K. Lahiri, et al.,

Microwave plasma oxidation of gallium nitride, 4252003. 20.
[20] T. Sasaki, T. Matsuoka, J. Appl. Phys. 64 (1988) 4531.
[21] E. Vanea, V. Simon, Appl. Surf. Sci. 257 (2011) 2346.
[22] P.G. Righetti, G. Tudor, K. Ek, J. Chromatogr. A 220 (1981) 115.
[23] J. Wang, L.S. Pedroza, A. Poissier, Water Dissociation at the GaN 1010

� �
Surface:

Structure, Dynamics and Surface Acidity, 2012. 2.
[24] Y. Wang, W. Qian, Y. Tan, S. Ding, Biosens. Bioelectron. 23 (2008) 1166.

http://dx.doi.org/10.1016/j.susc.2014.04.010
http://dx.doi.org/10.1016/j.susc.2014.04.010
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0005
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0005
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0010
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0115
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0115
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0115
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0020
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0020
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0025
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0025
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0120
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0120
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0125
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0125
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0130
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0130
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0040
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0040
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0045
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0135
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0135
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0055
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0055
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0060
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0060
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0065
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0065
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0140
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0140
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0070
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0070
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0075
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0145
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0145
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0150
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0150
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0090
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0095
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0100
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0155
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0155
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0155
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0155
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0155
http://refhub.elsevier.com/S0039-6028(14)00110-1/rf0110


Supplementary Data 
 

1 
 

Selected Data on Microstructure, Composition, and Topography  

of the GaN NW Surface before and after Functionalization 

 

1. HRTEM and EELS Analysis of the GaN NW Surface Oxide 

The oxygen plasma cleaned GaN NWs were analyzed using HRTEM and EELS as 

demonstrated in Figure S1. The top left picture shows a HRTEM image of a NW edge with a 

semi-amorphous ≈ 1 nm thick outer layer (indicated by arrows). The EELS analysis (Figure S1, 

spectrum ② on the right) determined the presence of Ga, N, and O elements in this layer, 

indicating the formation of surface gallium oxide or oxynitride.  Formation of this surface layer 

(hereafter and in the manuscript to be referred to as the “surface oxide” or “native oxide”) was 

likely initiated upon a post-growth air exposure of the NWs (see references [17] and [18] in the 

manuscript), which became more pronounced after the oxygen plasma treatment step [1-3].  

It is important to point out that as the NW surface further interacts with air, some hydroxyl 

groups are formed through the reaction of the surface oxide with water vapor [4,5]. This oxidized 

and partially hydroxylated NW surface is necessary for the covalent attachment of APTES to the 

NW. APTES hydrolysis and condensation reactions must occur with the hydroxyl groups on the 

NW surface for successful APTES functionalization [1,4,6].  

 

Figure S1. Top left image: a HRTEM image of a GaN NW edge. Region ① marks the NW 

interior and region ② is an amorphous-like surface oxide about 1 nm thick (marked with two 
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vertical arrows). The [0001] growth direction of the NW is indicated. Bottom left picture: a 

schematic view of the imaging geometry of the NW. Right spectra: representative EELS spectra 

of the NW interior ① (blue spectrum) and surface oxide ② (red spectrum). The Ga/N ratio in 

region ② (not shown) is lower than its stoichiometric value in the NW interior, which is 

consistent with the formation of a gallium oxide or oxynitride surface layer. 

 

2. Analysis of the Oxygen Plasma Cleaned and APTES-coated GaN NWs Using 

FESEM/EDX 

The EDX spectrum of a cleaned GaN NW deposited on an Au-coated Si substrate is shown in 

Figure S2 (red spectrum). The spectrum reveals the typical N and Ga peaks from GaN as well as 

an Au peak from the underlying substrate. A small carbon signal on the left shoulder of the N 

peak is attributed to unavoidable hydrocarbon contamination. A small oxygen signal on the right 

shoulder of the N peak is attributed to the surface oxide on the NW. 

EDX of the APTES-coated NWs is shown in Figure S2 as the gray-shaded spectrum. 

Compared to the data for cleaned GaN NW sample, a Si peak emerges and the C and O peaks 

intensify. This is consistent with the expected coating of the NW surface with APTES, which 

contains carbon, oxygen, and silicon. 

 

Figure S2. EDX spectrum of a cleaned GaN NW before (red spectrum) and after (gray-shaded 

spectrum) APTES functionalization. The appearance of a Si peak and an increase in C and O peak 

intensity indicate successful binding of APTES molecules to the NW surface. Note: The Au 

signal arises from the underlying Au-coated substrate. 
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3. AFM Analysis of Agglomerates on the SA conjugated GaN NW Surface 

To further characterize agglomerates that appeared on the NW surface after the final SA 

conjugation step (indicated by arrows in Figure 3D of the main manuscript) which were likely a 

product of aggregated protein molecules, their dimensions were analyzed with AFM. The inset in 

Figure S3 shows a profile for a typical agglomerated cluster measuring 100 nm in the lateral and 

16 nm in the vertical directions. The heights of similar agglomerates rarely exceeded 20 nm.  

 

Figure S3. An AFM image of an SA immobilized GaN NW. The vertical bar on the right is the 

200 nm color coded Z-scale and the horizontal bar in the lower right corner is the 400 nm X-scale. 

The inset shows a line scan across a typical protein agglomerate taken along the NW growth axis. 
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