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Group lll nitride nanomaterials for biosensing
Xiao Li®® and Xinyu Liu*®

Biosensing has found wide applications in biological and medical research, and in clinical diagnosis,
environmental monitoring and other analytical tasks. Recognized as novel and outstanding transducing
materials because of their superior and unique physical/chemical properties, group Il nitride (lll-nitride)
nanomaterials have been introduced into biosensor development with remarkable advancements
achieved in the past few decades. This paper presents the first comprehensive review on biosensor devel-
opment with Ill-nitride nanomaterials. The review starts with the introduction of the material properties
and biocompatibility of Ill-nitrides that are useful for biosensing. The focus is then placed on surface
treatments of Ill—-nitrides, which lay the foundation for biosensing, and on biosensing mechanisms where
the exceptional properties of Ill-nitride nanomaterials lead to superior biosensing performance. From a
practical point of view, techniques for biosensor fabrication are then summarized. Finally, existing biosen-
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1. Introduction

Biosensing is an important technology for biological and
medical research,’ and has many real-world applications such
as medical diagnosis,” security surveillance,® and environ-
mental monitoring.* A biosensor usually converts the exist-
ence, characteristics, and/or behavior of a biologically relevant
analyte into measurable signals. The target analytes range
from simple molecules such as hydrogen ions (H') to complex
ones such as proteins and deoxyribonucleic acids (DNAs) and
to living cells and organisms such as cancer cells and bacteria.
The detectable characteristics of an analyte could be a func-
tional group, electrical charge, protein conformation, and so
forth. The behaviors related to an analyte of interest may be
charge transfer, biomolecule movement, intermolecular force,
and so forth. The measurable signals in biosensors are mostly
electrical signals such as current, potential, capacitance and
conductance. Mechanical and optical signals can also be trans-
duced from the target markers.

The transducing material in a biosensor is the essential com-
ponent that enables the biosensing functionality, and should
meet several central requirements to be effective in real appli-
cations: (i) it should be easy to functionalize with sensing
probes, to allow specific recognition and/or reaction with the
target markers; (ii) it must provide sufficient accuracy and sensi-
tivity; (iii) it should also maintain a reasonable cost; (iv) it is
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expected to function stably in its working environment, which
could be complex and harsh; (v) if the application involves direct
handling of living samples (e.g, cells and micro-organisms), it
should not impose considerable injurious effect on the samples.
The utilization of nanomaterials as the transducing
materials has sparked unprecedented advancements in bio-
sensing research over the past few decades,”® as the unique
phenomena at the nanoscale grant nanomaterials highly
desirable properties for biosensing. Charge carriers in nano-
materials are limited and close to the interfaces to the sensing
environment, and thus the presence of target markers may sig-
nificantly affect the accumulation or depletion of the carriers,
generating drastic electrical signal changes. Nanomaterials
commonly have high surface energy and high surface-to-
volume ratios, and thus can capture more target markers,
resulting in high sensitivity. Nanomaterials are often formed
through a bottom-up growth process, which gives them critical
advantages over conventional top-down fabrication processes,
for example, superior resolution down to the atomic level, and
ease of doping and achieving a heterogeneous composition.’
Nanomaterials of group III nitrides (or simply III-nitrides)
have more attractive characteristics than what are commonly
shared among nanomaterials to serve as the transducing
materials in biosensors. This class of materials typically
include gallium nitride (GaN), aluminium nitride (AIN),
indium nitride (InN), and their alloys. They have electrical and
optical properties widely tunable by the crystal lattice struc-
ture, alloy composition, heterostructure, and dopant, to match
demanding biosensor designs. As wide-bandgap semiconduct-
ing materials, they are often capable of operating at high
voltage, high frequency and high temperature, to support more
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powerful electrical mechanisms in biosensor construction. They
also have high chemical and thermal stability to work under
harsh sensing environments. Some Ill-nitride nanomaterials
(e.g., aluminium gallium nitride/gallium nitride—AlGaN/GaN—
heterostructure) have high electron mobility and high electron
sheet concentration, making them more sensitive to the target
markers. High stiffness and correspondingly high resonance
frequency are other characteristics of some II-nitride nano-
materials, which could be utilized in high-sensitivity mechan-
ical biosensing. Alongside these intrinsic features, the develop-
ment of technologies for synthesis and device-level integration
of II-nitride nanomaterials is another major driving force in
the substantial research progress of III-nitride nanomaterial
based biosensors in the past and at present.'>"*

Several reviews have been published discussing the synth-
eses, properties, and applications of IlI-nitride nanomaterials,
and some of them touch on some biosensing applications of
MI-nitride nanomaterials."*** However, to the best of our
knowledge, there is no comprehensive review dedicated to the
biosensing-related technologies, methodologies and appli-
cations of IlI-nitride nanomaterials. In this article, we present
a comprehensive review on IlI-nitride nanomaterials for bio-
sensing. We first summarize the major properties of IlI-nitride
nanomaterials and their merits in biosensing. As the essential
parts that distinguish this review from previous ones, systematic
reviews in great detail are presented with regard to the surface
functionalization routes, biosensing mechanisms, biosensor
fabrication and applications of III-nitride nanomaterial based
biosensing. In particular, compared to a previous review on
II-nitride-based electronic biosensors,'* this review covers all
types of existing III-nitride biosensors based on electronic,
optical and mechanical sensing mechanisms, and discusses
important technological aspects of these devices. Thus we
believe that the thorough methodologies and technical details
organized in this review will provide guidelines to boost the
development of IlI-nitride nanobiosensors.

2. Material properties of lll—nitrides

III-nitrides have three crystal structures: zinc blende, rock salt,
and wurtzite. The former two have cubic unit cells, whereas
the wurtzite structure has hexagonal uniaxial anisotropy unit
cells as shown in Fig. 1, taking GaN as an example.'" The wurt-
zite structure is the major crystal structure of IlI-nitride nano-
materials reported in the literature; thus, only III-nitride nano-
materials with the wurtzite structure will be discussed in the
following sections.

The growth direction of Ill-nitrides is usually normal to
alternating {0001} planes consisting of anions or cations. The
non-centrosymmetric hexagonal structure determines that
IlI-nitrides have polarities (Fig. 1)."* Polarity is a bulk prop-
erty, while the surface of III-nitride materials could be termi-
nated with anions or cations. The polarity and surface termi-
nation of the III-nitride nanomaterials could affect the bio-
sensing-related properties.
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Fig. 1 Wourtzite unit cell of GaN crystals. The illustration shows wurtzite
structures of GaN with two polarities. “Ga-face” means the gallium
plane is on the top of the {0001} biplane consisting of the closest
gallium and nitrogen planes.® “N-face” means the nitrogen plane is on
the top of the {0001} biplane. Reprinted and adapted with permission
from ref. 16, Copyright 1999, IOP publishing. DOI: 10.1088/0022-3727/
31/20/001.

In the wurtzite structure, there are pairs of cations and
anions attracting each other by electrostatic force, along
the [0001] direction. It shortens the distance in each pair and
this deformation induces spontaneous polarization, which is
larger than that in many other materials.">"® Spontaneous
polarization contributes to the generation of a two-dimen-
sional electron gas (2DEG) in AlGaN/GaN heterostructures,
which is close to the nanomaterial surface and very sensitive
to any change in its proximity.

Although sharing some common properties, each of the
well-studied III-nitrides has shown distinct features that are
valuable to biosensing. III-nitrides are direct semiconductors,
and their bandgaps range from 0.64 eV for InN to 3.4 eV for
GaN and to 6.2 eV for AIN.'® Therefore, III-nitrides cover a
wide spectrum from near infrared (IR) to ultraviolet (UV),
which has sparked enormous research interest in II-nitrides for
light emission,'® as well as photodetection,"”*® both of which
can be utilized in optical biosensing. GaN is the most studied
III-nitride material and is known for its extraordinary stability
to moisture, high temperature and chemicals."* AIN possesses
high stability like GaN, with a high piezoelectric effect and
electromechanical coupling coefficient.">*° InN has a narrower
bandgap compared to GaN and AIN, but it is still a very stable
material. An interesting feature of InN is its very large surface
charge due to its surface carrier accumulation,*’ which makes
it a candidate transducing material for ultrasensitive
sensors.>” Even more, the lattice constant and bandgap can be
readily tuned by IlI-nitride tertiary alloys with various ratios,
leading to widely controllable properties.™

3. Biocompatibility of lll—nitrides

When biosensors directly deal with living organisms such as
human bodies, micro-organisms and cells, the biocompati-
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bility of the transducing materials is a critical concern. GaN
has proven its high biocompatibility in different reports. In
comparison to silicon, GaN shows better biocompatibility in
cerebellar granule neuron culture and better support to
neurite network formation and neurite outgrowth.”® A more
comprehensive study was conducted on GaN surfaces using
fibroblasts in the radiation biophysics context.”* Observations
and quantifications of cell proliferation and growth, as well as
DNA repair after ionizing radiation, implied good biocompat-
ibility and biofunctionality at the cell-GaN interface. On the
other hand, nanoparticles are often used in antibacterial appli-
cations, and thus their toxicity may raise a concern in bio-
sensing. Prasana Sahoo et al. have reported a study on the tox-
icity of GaN nanoparticles (NPs) to bacteria cells.>> Above 80%
inhibition of bacterial biofilms was observed, and confocal
Raman spectroscopy revealed bacterial membrane damage
possibly caused by sorption and passive intake of the GaN NPs.

Aluminium (Al) is known for its toxicity,”>*” and its toxic
effect was interrogated in some research studies with the III-
nitrides that contain Al element. In an earlier study, oxidized
and non-oxidized surfaces of GaN, AIN, and Al ,,Ga, ;5N were
tested by culturing fibroblasts for over 24 hours.*® Cells
retained their vitality on both the oxidized and non-oxidized
surfaces, evidenced by cell density measurements and mor-
phology observation. In particular, Al content in AlGaN did not
have appreciable effects on the cells, accredited to the for-
mation of a thin film of chemically robust metal oxide on the
surface. A more recent study performed comprehensive evalu-
ations on the attachment, proliferation, and mortality of
human embryonic kidney 293 cells cultured on AlGaN/GaN
heterostructures without any surface treatment. The Al,Ga;_,N
surface showed favourable results in these aspects of biocom-
patibility in a certain range of composition (x = 0-0.35), while
the GaN cap (x = 0) over the heterostructure improved the
overall biocompatibility of the material.*> However, as the
study found out, increased Al content in AlGaN resulted in
slower proliferation and slightly higher death rate of the cells.
Therefore, the reports published so far indicate the necessity
of investigating the behaviour and function of specific cells
involved in biosensing with Al content. There are also surface
treatment approaches available for improving biocompatibility
as we will discuss in the next section.

4. Surface treatment

The surfaces of III-nitride nanomaterials, which directly inter-
act with target analytes, play a pivotal role in biosensing.
Proper treatment of the material surface is required to achieve
superior biosensing performance. Here, we categorize the
reported surface treatment techniques for IlI-nitrides into two
groups: surface property tuning and biofunctionalization. In
the group of “surface property tuning”, we introduce the
techniques for tuning the surface properties of IlI-nitrides for
biosensing. In the group of “biofunctionalization”, we present
the techniques for introducing probe molecules on III-nitride
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surfaces through a series of chemical modifications, which
allow the biosensors to capture and detect specific target
markers.

4.1 Surface property tuning

Through chemical or physical treatments, it is possible to tune
the surface properties of III-nitride nanomaterials, which
affect their biosensing performance. Surface properties nor-
mally concerning biosensing are electrical properties, wettabil-
ity, and biocompatibility. The electrical properties of III-
nitrides influence the quality of electrical readouts (e.g,
signal-to-noise ratio and drifting) of the biosensors, and might
also be associated with the material’s essential sensing capa-
bilities like sensitivity. Wettability (i.e., level of hydrophilicity)
is an effective method for tuning the biosensing performance,
given that most analytes in biosensing are detected in liquids.
In general, a hydrophilic surface of the transducing material
allows the liquid to deliver the target analytes extensively over
the contact area of the material surface and thus induces more
detectable changes, which can eventually improve the sensi-
tivity and limit of detection (LOD) of the biosensor. On the
other hand, hydrophobicity leads to nonspecific adsorption of
proteins, which is generally undesirable.>* However, super-
hydrophobicity could potentially be employed to perform self-
cleaning or other functionalities on sensor devices.”" High bio-
compatibility is usually beneficial, as mentioned above, to
applications that involve cell/organism culture or close contact
of the material/device with human bodies.

One way to modify the electrical properties of IlI-nitrides is
to treat the material surface with specific solvents. InN has
strong surface charge accumulation, and researchers found
that the surface carrier density and mobility of InN could be
enhanced through surface treatment using solvents such as
methanol and water.”” The enhancement was found to be
specific to the type of solvent, and took effect rapidly upon
treatment and decayed at low rates. The origin of the enhance-
ment might be the interaction between the dipole molecules
and the surface states of IlI-nitrides. This phenomenon can be
used for improving the sensitivity of IlI-nitrides, because car-
riers accumulated close to the material surface could poten-
tially respond to the target marker more drastically.

The wettability of III-nitrides can be improved through oxi-
dation. For example, the water contact angle of the as-grown
Aly 30Gag 70N surface with native oxide is approximately 89°.
Researchers found that the water contact angle decreased to
about 5° right after wet or dry oxidation, and finally stabilized
at 42° after being stored in air for a few days.*® In this report,
wet and dry oxidations generated similar results on the contact
angle, but the latter was completed through a rapid thermal
process which took much shorter time. A more comprehensive
comparison of contact angle changes after different oxidation
processes could be found in another report where researchers
have investigated three oxidation approaches on the surface of
N-face and Ga-face GaN, including wet and dry thermal oxi-
dations, and H,O, chemical oxidation.?® The researchers
experimentally confirmed that both dry and wet thermal
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oxidations within the range of 650-750 °C generated the
smallest contact angles. Sometimes, IlI-nitrides are required
to be hydrophobic, which confines the sensing area. The
fluorocarbon film could be grown to serve as the inert
layer, but its effect decays within a few hours.>> A more recent
study highlighted the importance of appropriate morpho-
logical features in generating the super-hydrophobic surface,
and the authors combined different surface morphologies,
obtained with wet etching, with different chemical surface
treatments to tune the hydrophilicity vs. hydrophobicity of
GaN surfaces.>® Whisker-like morphology generally made the
surface much more hydrophobic, and the contact angle of
water became higher than 150° when the surface was sputtered
with gold and subsequently bonded with C,3SH thiol. However,
a bare gold coating on whisker-like morphology made the
surface drastically hydrophilic due to the favorable capillary
forces. In addition, the controllable wettability may bring extra
functionalities to the sensing system. Li et al. explored the feasi-
bility of changing the surface of photoresponsive GaN nano-
wires (NWs) from superhydrophobicity to superhydrophilicity by
UV illumination.** Correspondingly, protein absorption and cel-
lular adhesion were modulated on the surface.

Previous reports have shown decent biocompatibility of III-
nitrides independent of the surface oxidation process as men-
tioned above, and certain surface modifications could favor
the interaction between IlI-nitrides and living organisms. For
example, researchers modified the GaN surface with a cellular-
adhesion-promoting IKVAV peptide, and found better spread-
ing of PC12 cells on the surface-modified material, along with
flattened cell bodies and increased microvilli growth.>® A later
study compared methods of attaching the IKVAV peptide.*®
The peptide molecules were either covalently linked to the
GaN surface or contained a motif to recognize the GaN surface
and perform affinity attachment. It was found that covalent
attachment promoted monolayer and dispersed P12 cell
adhesion, and affinity-driven attachment promoted multilayer
P12 cell agglomeration. This discovery would allow for prefer-
ential tuning of GaN biocompatibility in sensing applications.
The surface topology of IlI-nitride, when combined with a
physically absorbed IKVAV peptide, was also found to play an
important role to influence cellular adhesion and differen-
tiation.”” As mentioned above, changing the wettability of
IlI-nitride may affect cellular adhesion and survival.*®*°

Besides the purposeful surface modifications, some modifi-
cations could also be made collaterally over the processes for
device preparation and fabrication, such as heating, cleaning,
etching for creating structures, sterilization for culturing cells,
passivation for protecting electrodes, and so forth. For
example, the carrier density in the 2DEG of AlIGaN/GaN hetero-
structures was decreased because of the thermal degradation
effect in the process of oxidation.* A series of tests on these
typical processing steps for constructing electrical sensors
were reported, using AlGaN/GaN heterostructures with a GaN
cap layer as the model.”” The process involved HF and HCI
cleaning, KOH wet etching, Cl, and SFs plasma etching, auto-
claving (for sterilization), and polyimide coating (for passiva-
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tion). In general, the processing steps were found to affect cell
growth on the sensors to a small extent. Autoclaving increased
the contact angle of the material surface, while the other steps
changed the contact angle temporarily but it recovered to its
initial value of 50° after a few hours. Certain steps were found
to bring contaminations, which affected the surface mor-
phology and influenced the electrical properties. Readers may
refer to ref. 40 for more details of the changes caused by each
of the steps. In a more recent study focused on the etching
process, Wilkins et al. discovered that phosphoric acids added
into the process affected GaN in such aspects as wettability,
photoluminescence (PL) emission, and oxide formation."" A
series of X-ray photoelectron spectroscopy (XPS) investigations
undertaken by Khir et al. offered explanations on the varied
AlGaN/GaN ionic sensing performance in reports by revealing
the altered ionic affinities of AlGaN and GaN subjected to
oxide growth and chemical treatments.*” These studies offer
insights for deliberate sensor preparations.

4.2 Surface biofunctionalization

Surface biofunctionalization is the foundation for specificity in
biosensing, through which probe molecules are immobilized
on the surface of transducing material. In biosensing, the
probe molecules specifically capture the target markers typi-
cally based on immunological recognition of proteins and
hybridization of DNAs. Linking molecules may be necessary to
connect the surface of transducing material with the probe
molecules through various types of physisorption or chemi-
sorption, among which covalent bonding is preferable because
it is more stable and selective than other types of connections.
An important consideration in covalent biofunctionalization of
semiconductor nanomaterials is the compatibility between the
bands (valence band maximum and conductance band
maximum) of the semiconductors with the electrical levels
(highest occupied molecular orbitals—HOMO, and lowest
unoccupied molecular orbitals—LUMO) of the biomolecules to
be conjugated. In this regard, the bands of III-nitrides match
well the HOMOs/LUMOs of typical biomolecules (e.g., proteins
and DNAs).">*?

4.2.1 Organosilane-based biofunctionalization. One of the
most widely used approaches for covalent bonding between
biomolecules and the surfaces of semiconductors (including
IlI-nitrides) is based on organosilane linking molecules.****
The superior reproducibility of organosilane-based protein
functionalization over physisorption-based ones is evident in
biofunctionalization of IlI-nitrides.*” A typical process of organo-
silane-based biofunctionalization follows three steps. (i) The III-
nitride surface is first hydroxylated or oxidized. (ii) An organo-
silane (e.g., aminopropyltrimethoxysilane—APTMS, 3-aminopropyl-
triethoxysilane—APTES, or 3-mercaptopropyltrimethoxysilane—
MPTMS) is then covalently bonded with the hydroxyl groups (-OH)
or oxygen atoms (=O) on the surface. (iii) The probe molecule is
immobilized eventually; sometimes another linking molecule is
introduced between the organosilane and the probe molecule
(e.g., glutaraldehyde—GA). Considering its prevalence in III-
nitride biosensing, we discuss the step-by-step technical
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details of organosilane-based biofunctionalization and its
characterization techniques.

As the first step, -OH or =0 is introduced on the surfaces
of II-nitrides through treatment in a piranha solution (H,SO,/
H,0,),"® an acid mixture (H,SO,/HNO;),"” or oxygen/air
plasma (Fig. 2).** -OH and =0 are often coupled, as the
former could evolve from the latter. The oxidation treatments
may affect the properties (e.g., wettability and carrier density*?)
of IlI-nitrides, as discussed in the section “Surface property
tuning”, and Wen et al. have compared different oxidation pro-
cesses as part of the biofunctionalization procedure on AlGaN
surfaces of AlIGaN/GaN heterostructures for the preparation of
a protein sensor.*® Inductively coupled oxygen plasma was
found to be superior, in terms of protein binding efficiency,
compared with reactive ion etching oxygen plasma, inductively
coupled oxygen plasma, and piranha solution, mainly; this
was confirmed by fluorescence observation and enzyme-linked
immunosorbent assays (ELISAs).

When organosilanes are introduced onto the transducer
surface, stable transducer-O-Si bonds are formed, leaving
specific terminal groups for the subsequent linking. One
needs to properly choose the exposed terminal groups of orga-
nosilanes, because the terminal groups should be able to
bond with the molecules introduced subsequently. There are
two popular terminal groups used for surface biofunctionaliza-
tion of HI-nitrides: amine group (-NH,; as in the case of
APTMS and APTES) and thiol group (-SH; as in the case of
MPTMS) (Fig. 2). Different bonding mechanisms related to
each of the two terminal groups will be explained later in this
section.

A -OH + APTMS GA + amine-terminal

probe moleclue

L0

—gssi

AR P2 —0

—Q>Si

e \_\‘ —
H2

B -OH + APTMS

—OH

—R

gold nanoparticle conjugated with
thiol-terminal probe molecule

—OH
& —Bssi R
1 —— 0" S
o §C
H2 S S/R
C -OH + MPTMS thiol-terminal probe molecule
—OH

—0
—O0=Si

AR M Il \_\
o :

=" S-S
R

SH

Fig. 2 Typical chemical processes of organosilane-based biofunctiona-
lization. In the schematics, “R" represents probe molecules or other
functional molecules.
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Besides providing linkers for molecular conjugation, the
introduction of organosilane may also alter the physical pro-
perties of IlI-nitride nanomaterials. In electrochemical charac-
terization of working electrodes made from GaN NWs, wide
potential windows, low background current density levels and
high oxidation current peaks were registered with the MPTMS
modification.’® However, the existence of MPTMS hinders
efficient transfer of electrons from the analyte to the NWs,
leading to slow kinetics in electrochemical biosensing. In
optical characterization, concentration-dependent effects of
the organosilane layer were observed with GaN NWs upon
MPTMS functionalization.”” Surface treatment using low-
concentration MPTMS generated blue shift, increased intensity
and narrower emission linewidth in PL tests. However,
excessive treatment with MPTMS resulted in a reversed
effect which increased the bandwidth and decreased the
emission intensity, because MPTMS also absorbed photons.*”
It should be noted that the surface properties of the
III-nitride material affect the quality of biofunctionalization.
Arranz et al. showed that through the same organosilane-
based biofunctionalization, p-type GaN ended up with a
monolayer of APTES at a coverage of up to 78%, whereas
n-type GaN was coated with approximately three layers thick
APTES.”" That was because the available hydroxyl group
density of n-type GaN after the hydroxylation step was lower
than that of p-type GaN. The low-density hydroxyl groups
could not allow all three ethoxy groups (-OCH;) of an APTES
molecule to form transducer-O-Si bonds directly on the
surface of GaN, and some groups of APTES molecules react
with each other to form Si-O-Si bonds, generating the thick
APTMS layers. The high coverage rate of the organosilane
monolayer is generally favorable for sensitivity enhancement
in electrical sensing, as it provides more bonding sites for
target markers and a shorter distance from the marker to the
transducer.

Following the immobilization of organosilane on the
II-nitride surface, probe molecules can be introduced (Fig. 2).
Probe molecules are typically antibody/antigen proteins or
single-stranded DNAs that are specific to the target bio-
markers, and the probe molecule could covalently bond with
the functional groups of the organosilane by either introdu-
cing a linker molecule in between or modifying the probe
molecules themselves before immobilization (e.g., adding
amine or thiol groups), and sometimes both are needed. For
the organosilanes terminating with amine groups (i.e., amino-
silanes), GA is widely used as the linker molecule because it
can readily bond, through the reductive amination, with the
amine groups of both aminosilane and probe molecule (e.g.,
proteins and amine-group-modified DNAs) (Fig. 2A).*>>7*
Another method to bond aminosilane with DNA is based on
electrostatic attraction between -NH;" of the aminosilane and
negatively charged gold nanoparticles (AuNPs), where thiolated
oligonucleotides were pre-conjugated with the AuNPs
(Fig. 2B).>® Besides these two common processes, researchers
utilized the bond between an amine group and a sulfonyl
group to tag luminescent Ru(u) polyazaheterocyclic (an oxygen
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indicator) with APTES.***° For organosilanes terminating with
thiol groups (i.e., thiolsilanes), S-S bonds could be established
between the thiol groups of both thiolsilane and thiol-modi-
fied DNAs (Fig. 2C).”° Besides aminosilanes and thiolsilanes,
researchers also succeeded in functionalizing GaN and AIN
with methyl-terminated organosilane that has a long alkyl
chain (octadecyltrimethoxysilane—ODTMS);>>”” thus, it is
possible to use the methyl functional group and the alkyl
chain to form lipid membranes.

A notable concern in biofunctionalization is the distance
between the immobilized probe molecules and the surface of
the transducer. Although short distance generally yields better
sensitivity because of the close interaction of the target marker
with the transducer surface, the bioactivity of the functional
molecules might be compromised due to steric hindrance,
which might lower the efficiency of capturing target bio-
markers. Cao et al investigated different spacers linking
organosilane with silicon wafer, for the interactions with
Escherichia coli (E. coli) and antibody molecules on the wafer
surface.”® Atomic force microscopy (AFM) revealed that the
strongest probe-analyte interaction was achieved using the
spacer Jeffamine® ED-600 (J600), and the conjugation
efficiency and bonding force could be adjusted by the length
of the spacer. This spacer was used in biofunctionalization on
the AIN surface in another report.>’

4.2.2 Alternative biofunctionalization methods. Although
organosilane-based biofunctionalization is widely used in bio-
sensing, its process is often extensive and the formation of
organosilane thin-films is prone to inconsistency, because the
water concentration largely affects the polymerization rate.®*®!
There are a number of other biofunctionalization methods
developed for IlI-nitrides, which complement the organo-
silane-based methods and could lead to more convenient bio-
functionalizaiton and higher performance of IlI-nitride-based
biosensing. We categorize these methods into three groups:
(i) replacing organosilanes with other chemicals to build the
bonds; (ii) directly introducing functional groups on the
IlI-nitride surfaces that bond with the probe molecules;
(iii) directly forming the probe layer on the III-nitride surfaces.
We introduce the reported techniques for each of the strategies
in this section.

Replacing organosilanes with other chemicals to build the
linkages. One method is based on the well-studied thiol-Au
bonding. Gold thin-films can be deposited onto III-nitride sur-
faces, and then thiol-terminated organic molecules can be self-
assembled on the gold surface (Fig. 3A). For example, thioglyco-
lic acid was used as a linker between gold films and probe mole-
cules, because it features a thiol group and a carboxyl group
(-COOH), the latter of which can be converted into carboxylate
succinimidyl ester to further bond a ligand specific for prostate
specific antigen.®” It can also be linked with amine groups of
other antibodies.®*®® In another report, a chemical receptor,
where a boronic-acid-containing group and a thiol group were
bridged by an alkane chain, was synthesized and bonded to a
gold film on the AlGaN/GaN heterostructure, and the boronic
acid containing group is the probe for saccharides.®”

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Alternative biofunctionalization methods. In the schematics,
“R" represents probe molecules or other functional molecules.

Researchers have proposed organophosphonic acid (ie.,
octadecylphosphonic acid—OPDA) as another substitute to
organosilane, and it was formed on GaN and AlGaN as a
densely packed layer,®®* 7% after the surfaces were oxidized by
UV light exposure in ozone or air (Fig. 3B). Alternative hydro-
carbons with terminal groups like -COOH, -OH, -SH, and
-NH, were found to weakly attach to GaN surfaces, implying
that organosphonic acids may be used to introduce these
groups to IlI-nitride surfaces and leave these terminal groups
available for subsequent bonding with functional molecules.®®
Electrical analyses revealed that the AlGaN/GaN hetero-
structure retained its channel conductivity when organospho-
nic layers existed,”® but their desorption from the substrate
was observed in aqueous solution,®® especially when the solu-
tion was basic.®” In a subsequent study, UV-initiated polymer-
ization of layers of diacetylenic alkylphosphonic acids on GaN
and AlGaN surfaces was found to have better stability in NaOH
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solution, but with less uniform coverage due to light blockage
at the step edges and UV-induced degradation.”

Silicon tetrachloride (SiCl,) was used to replace organo-
silane, also generating a transducer-O-Si bond. Atomic layer
deposition (ALP) using water as the oxygen source was first
used to generate hydroxyl (-OH) groups on GaN NWs
(Fig. 3C).”> ALO;, TiO, and SiO, nano-films were formed by
ALP, and the hydroxyl group density obtained was several
times higher than that obtained through piranha solution
treatment. The reaction of ~-OH and SiCl, generated transdu-
cer-O-Si bonding, leaving Si-Cl available to bond with poly
(ethylene glycol)-biotin (PEG-biotin). High-efficiency strep-
tavidin capture (by biotin) was achieved subsequently.

Another competent linking group that could replace orga-
nosilane in II-nitride biofunctionalization is the alkene
group. One approach is to let alkene groups react with hydro-
gen on the GaN surface under 254 nm light. Researchers pre-
pared a so-called “TFAAD” molecule that has w-unsaturated
amine 10-aminodec-1-ene protected with the trifluoroacet-
amide functional group.”® This molecule, which has a alkene
terminal and a protected amine terminal, could bond to the
GaN surface, and the amine terminal was capable of linking
thiol-modified DNAs with the assistance of another linking
molecule (Fig. 3D). Another approach is to form alkene groups
on the GaN surface. Researchers have successfully function-
alized the (0001) surface of GaN by sequentially introducing
hydrogen, chlorine, and alkene groups.”* The alkene groups
were used to introduce functional groups (e.g., -COOH)
through olefin metathesis. Furthermore, hexylamine or a
peptide bound to -COOH.

Directly introducing linking groups on the IlI-nitride surface.
-NH, is often the key linking group to immobilize probe mole-
cules, and Stine et al. have directly generated -NH, on the GaN
surface upon humid air plasma treatment.®® Then, GA could
be used for protein binding, and the bulk conductivity of GaN
was only changed slightly after this treatment (Fig. 3E). The
possible origin of the directly formed amine groups is the
breakdown of Ga-N bonds followed by the formation of Ga-O
and N-H bonds. In theory, the upper limit of the amine group
coverage is 33% with humid plasma treatment,®® lower than
the up to 78% coverage reached in organosilane-based
approaches.>

Directly forming a probe layer on the IlI-nitride surface.
Research efforts have also been made to directly form probe
molecules on II-nitride surfaces and eliminate the tedious
biofunctionalization procedures. Lipid membranes can be de-
posited on oxidized AlGaN and GaN surfaces through incu-
bation, to form ion-selective channels for electrochemical
sensing.”®’®> Phage display was used to evolve a peptide
specific to GaN,”® and this peptide could be further function-
alized (e.g., through biotinylation) to specifically recognize
target biomolecules. DNAs have been successfully printed on
the cleaned AlGaN surface directly, and strong attachment was
achieved between the 5’ phosphate group of the DNAs and the
oxide layer of the AlGaN.”” Furthermore, Li et al. demonstrated
that the combination of a GaN affinitive peptide and a tumor
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specific DNA aptamer could generate a GaN-NW surface that
captures and releases cancer cells.”® Deoxyguanosine was used
for DNA binding on GaN quantum dot surfaces and was sup-
posed to provide some advantages because they share similar
optical properties.”® However, when shortening the linking dis-
tance by the above methods, one should consider possible
negative effects arising from the steric hindrance, as discussed
in the section “Organosilane-based biofunctionalizaiton”.

4.2.3 Patterning biofunctionalization. Patterning of func-
tional molecules is required for certain types of applications
such as multiplexed detection of several target markers in
selected regions of a sensor (usually on thin films).
Photolithography is one of the popular methods for molecule
patterning. With masks made from photoresist thin-films,
researchers patterned two organosilanes on the surface of AIN
through a lift-off process: APTMS (with -NH,) and octadecyltri-
chlorosilane (OTS; with ~CH,).>* Subsequently, they were able
to attach antibodies on the APTMS areas and leave the OTS
areas nude. Based on the phenomenon that organosilanes are
degraded upon illumination with UV light, photolithography
has also been applied to direct patterning of organosilanes
and thus the biomolecules.*>** Further study revealed that the
cleavage of the alkyl chain in octadecylsilane (ODS) could be
achieved with UV illumination at an energy level lower than
the ionization energy normally required in degradation.’” It
was speculated that this low-excitation-energy electron transfer
from organosilane to the substrate material happened only in
a certain energetic window defined by energy band positions
of the substrate and the organosilane.”” This UV photopattern-
ing strategy is also applicable to other aforementioned bio-
functional methods that involve UV light, such as the
formation of an organophosphonic acid layer and bonding of
the alkene group.”"”*®® In the cases where biomolecules or
linking molecules can be printed on III-nitrides, inkjet print-
ing can be used to readily pattern the biomolecules.””

5. Biosensing mechanisms
5.1 Electrical biosensing

Electrical biosensing is the most popular signal detection
mechanism of nanomaterial-based biosensors, mainly because
it directly transforms the molecular phenomena into quanti-
tative electrical signals and is suitable for data processing and
storage. Electrical biosensing mechanisms of nanomaterial-
based biosensors can be generally divided into two categories.
One measures the change in conductance of the functional
nanomaterial, induced by the presence of target markers in
the proximity of the nanomaterial’s surface. The other, known
as electrochemical biosensing, uses electrodes decorated with
nanomaterials to measure the current, potential, or impedance
in an electrochemical system. Besides the common merits of
high surface-area-to-volume ratios and high surface energies
shared by many types of nanomaterials, the III-nitride nano-
materials possess high electron motility, surface-accumulated
charge carriers, extraordinary chemical stability, and selective
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interactions with specific anions, making them attractive can-
didates for electrical biosensors.

5.1.1 Biosensing based on conductance change. The con-
ductance-based biosensing mechanism has been adopted by a
majority of IlI-nitride based biosensors. The most commonly
used format of signal readout is the field-effect transistor
(FET), in which a III-nitride nanomaterial acts as the FET
channel to connect the drain and source electrodes. The
surface of the nanomaterial is usually biofunctionalized to
capture specific target molecules (Fig. 4A).%" Apparently, the
configuration of the FET channel is crucial, for which one
needs to select the proper material composition and
surface chemical treatment of the FET channel. A short dis-
tance between the captured molecule and the location of
electric phenomena occurring on the nanomaterial FET
channel usually enhances the sensitivity. For example, a
2DEG in GaAIN/GaN heterostructures was employed in many
conductance-based biosensors to amplify the electrical
changes,®”*>"% because the 2DEG is very sensitive to the pres-
ence of the target molecules in the proximity of the channel
surface. As the first sensing applications of III-nitride nano-
materials, gas sensing used different mechanisms of conduc-
tance change. For example, dipole and redox gas molecules
may affect Schottky barriers, and electric potential affects the
conduction channel. Since gas sensing is not typical in biosen-
sing, we do not discuss its detailed sensing mechanisms here.
Interested readers may refer to some previous reviews.®®%”
Most biologically relevant analytes are detected in solutions,
and they often accumulate or induce electrical charges on the
gate area of an FET. These target molecules could affect the
carrier distribution in III-nitride nanomaterials. This type of
biosensor could be categorised by the charge/potential source:
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ion-selective FETs (ISFETs), enzyme-modified FETs (EnFETs),
immunologically modified FETs (ImmunoFETs), and DNA-
modified FETs (DNAFETS).

ISFETS rely on the accumulation of ions on the surface of
gate area that generates electric potential to affect the carrier
distributions inside nanomaterials.®® They are often used to
measure the pH of a solution. The -OH amount on the oxi-
dized surface of II-nitride can be affected by the H' concen-
tration in the solution (protonated, neutralized, or deproto-
nated), and this exerts a potential on the gate area. Steinhoff
et al. have compared different III-nitride heterostructures for
pH measurements and similar sensitivities were achieved
from these structures.®® It was suggested that the naturally or
thermally oxidized layers of IlI-nitride heterostructures were
responsible for the sensing performance. As for detecting
other ions, InN nano-films were found to selectively
respond to anions (e.g., CI” and OH") rather than cations, as
the positively charged surface of InN attracts and interacts
with the negatively charged ions in solutions.’® In another
report, InN NF was deposited on AlGaN/GaN heterostructures
as the gate area to detect CI™.°! Instead of InN NF, a layer of
silver/silver chloride (Ag/AgCl) electrode can be used as the
gate area to detect Cl™, because the potential of the Ag/AgCl
changes with the concentration of CI~.%

EnFETs feature gate areas modified with enzymes that can
react with the target molecules (e.g., penicillinase and glucose
oxidase). The underlying mechanism here is that the sur-
rounding environment (e.g., pH or the amount of electrons) of
the gate area will be changed by the enzymatic reactions, thus
affecting the electrical properties of the III-nitride nano-
materials.”® The enzymes can be immobilized on surfaces of
AlGaN/GaN heterostructures through organosilane-based
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Fig. 4 Electrical biosensing mechanism. (A) Biosensor based on the change of conductance.®* The sensor had an FET format where 2DEG was
used to sense the existence of proteins (i), and the current was monitored, which showed changes due to the existence of proteins (biotin and strep-
tavidin) (ii). Reprinted and adapted with permission from ref. 81, Copyright 2005, AIP Publishing LLC. DOI: 10.1063/1.1994951. (B) Biosensor based
on the change of impedance.'® GaN NWs were used as the transducing material, and an organosilane-based biofunctionalization process was used
to immobilize probe DNA to capture the target DNA (iii). Nyquist plots demonstrated the phenomena from pristine GaN NWs, biofunctionalization
and target DNA capture (i). Electrical circuits were proposed to explain the EIS results, where the introduction of DNAs added extra interfaces and
consequently more target DNA capture (ii). “Cgp” and “Cps” denote the capacitances at the GaN/DNA interface and the DNA/electrolyte interface,
respectively. "Rgp” and “Rps” denote the resistances at the GaN/DNA interface and the DNA/electrolyte interface, respectively. “Rs" denotes the
resistance of the electrolyte solution. “CB” and “VB" denote the conduction band and valence band, respectively. “GD" and “DS" denote the interface
between GaN NWs and DNAs, and the interface between DNAs and the electrolyte solution, respectively. Reprinted and adapted with permission
from ref. 101, Copyright 2008, American Chemical Society. DOI: 10.1021/ac800986q.
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chemistries, as reported in a previous study for detecting
penicillin.*> Kang et al. have demonstrated the possibility of
selectively growing ZnO NWs on AlGaN/GaN for the sensing of
glucose.®* These one dimensional nanostructures on the gate
area extend the surface area, and ZnO NWs electrostatically
attract glucose oxidase for better immobilization. This method
might be used in other FET sensors.

ImmunoFETs have been widely used for detecting a variety
of protein biomarkers (i.e., antigens and antibodies), and are
based on the immunoreaction between a target biomarker
and a capture probe on the surface of a IlI-nitride gate area.
These probe molecules immobilized on the gate area bind
with the specific target protein markers through immunologi-
cal recognition. The target protein molecules are normally
electrically charged under physiological pH conditions; thus
they generate an electric potential on the gate area, affecting
the conductance of the II-nitride nanomaterial underneath
the gate area. A majority of the III-nitride ImmunoFETs
reported so far used AlGaN/GaN heterostructures that have
2DEG layers (Fig. 4A).6%63:81,94.95

If the gate area of a Ill-nitride FET is biofunctionalized
with DNAs instead of proteins, it could be used for DNA detec-
tion and thus becomes a DNAFET. In this case, single-stranded
probe DNA molecules, immobilized on the surface of the gate
area, bind with single-stranded target DNA molecules through
hybridization. The negatively charged sugar-phosphate back-
bones of the target DNA molecules impose a potential on the
gate area of the FET and change its conductance. AlIGaN/GaN
heterostructures have been used as the gate materials in pre-
viously reported DNAFETs.%*¢

Besides the aforementioned types of FET biosensors invol-
ving IlI-nitride nanomaterials, there are two additional types
of FET-based biosensors that are worth noting here. One is the
non-enzyme detection of saccharide using AlGaN/GaN hetero-
structures, where the interaction of boronic acid (immobilized
on the AlGaN/GaN surface) and saccharide generates an elec-
tric effect on the 2DEG of the AlGaN/GaN heterostructures.®”
The other one is the recording of cell electric activities on an
AlGaN/GaN electrolyte gate FET (cell-FET), where electrogenic
cells (e.g., cardiac myocytes®”) could be directly grown on the
AlGaN/GaN heterostructures because of the heterostructures’
good biocompatibility, and ion fluxes through the cellular
membranes generate electric potentials that affect the conduc-
tance of the FET.””

5.1.2 Electrochemical biosensing. Unlike the FET sensors
where III-nitride nanomaterials are used as the gate areas,
electrochemical biosensors use IlI-nitride nanomaterials as
the working electrodes (WEs) of electrochemical cells.
Electrochemical biosensing could measure electric potential
(potentiometric biosensor), current (amperometric bio-
sensor), or impedance (impedimetric or conductrometric bio-
sensor) as the readout signal, which is produced or affected
by chemical reactions involving the target analytes. An in-
depth discussion of the working principles and device archi-
tectures of existing electrochemical biosensors can be found
in a recent review.”® The main factor in electrochemical bio-
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sensor design is the configuration of the working electrode,
including its material composition, size, surface morphology
and treatment.

A potentiometric anion sensor that integrated a GaN thin-
film WE and an Ag/AgCl reference electrode (RE) was develo-
ped in earlier reports.””' The voltage between the WE and
RE decreased with the concentrations of different target
anions. The voltage change was induced by the interaction of
the target anion and the electron-deficient Ga atoms (caused
by the binding of Ga and N). The native GaN electrode showed
no response to cations, but could be used in cation sensing
after a cation selective membrane was deposited. InN thin
films were used in a similar fashion for anion detection,
taking advantage of their high surface charge densities and
positively charged surface donor states.”®

The voltammetric detection was implemented on surface-
functionalized GaN NW electrodes for DNA hybridization.>
The target DNA molecules hybridized with the DNA probe
immobilized on NW surfaces, and the purine bases (i.e.,
adenine and guanine) of the hybridized DNAs were oxidized
via cyclic voltammetry (CV) to generate current outputs. The
voltammetric DNA sensing consumes the DNAs on the elec-
trode and is thus irreversible, and the current response only
exists in the first CV scan. In contrast, impedimetric DNA
detection relies on molecular biorecognition on sensing elec-
trodes and requires relatively low voltages which do not
provoke oxidation of DNA purines (Fig. 4B)."°’ Chen et al.
investigated the use of GaN NWs for electrochemical impe-
dance spectroscopy (EIS) based detection of DNAs.'”" An equi-
valent circuit model was proposed to interpret the EIS
measurement data (Nyquist plots), which considered both the
interfaces of GaN/DNA and DNA/electrolyte (in series) and
thus fit well the Nyquist data. It was found that the negatively
charged DNAs, captured on the GaN NWs, marginally
increased the electron transfer resistance of the DNA/electro-
Iyte interface but significantly reduced the electron transfer
resistance of the GaN/DNA interface (by flattening the surface
band bending of the GaN NWs), which reduced the overall
impedance between the WE and CE of the device.'*!

5.2 Mechanical biosensing

Micro and nanoscale mechanical sensing often reaches extra-
ordinarily high resolution and is particularly suitable for
measuring ultralow masses of micro- and nano-objects (e.g.,
cells and molecules) and studying the forces or strains/stresses
induced by chemical and biological molecules.'®® Existing
mechanical biosensing mechanisms generally fall into quasi-
static and dynamic modes. A majority of mechanical bio-
sensors are constructed from micro and nano-beams,%*%*
while there are also surface acoustic wave (SAW) struc-
tures.'%>'%® Several factors may affect the performance of
mechanical biosensors, including mechanical properties and
electromechanical coupling coefficients of the transducer
materials. The environment could also be a crucial factor, for
example, the viscosity of the surrounding fluid of the transdu-
cer structure affects damping of the dynamic sensor.
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II-nitrides possess high stiffness, which leads to high sensi-
tivity in resonant biosensors. AlN, in particular, has the merits
of high stiffness, strong piezoelectric effect, high electromecha-
nical coupling coefficient and rapid surface acoustic propa-
gation, all beneficial to SAW biosensing.'®*° The 2DEG in an
AlGaN/GaN heterostructure is induced by both spontaneous
and piezoelectric polarizations,'®” and is thus sensitive to any
stress/strain applied to the heterostructure. III-nitride mech-
anical sensors have been developed based on mechanically-
induced conductivity change of the AlGaN/AIN cantilever,'*®
the AIN resonator,'®® and so forth. However, mechanical bio-
sensing reports with III-nitride nanomaterials have been rela-
tively rare so far. An AIN bridge resonator has been used to
detect picogram mass, where the resonance was invoked by a
magnetomotive mechanism."'® Thanks to the good biocom-
patibility of AIN, Chinese hamster ovary (CHO-K1) cells readily
adhered to the resonating beam without special surface treat-
ment, and a drastic shift in the resonant frequency of the AIN
bridge was observed upon cell adhesion (Fig. 5A)."'° In
another report, it has been demonstrated that a SAW biosensor
made from an AIN thin-film was capable of detecting DNAs
after organosilane-based biofunctionalization (Fig. 5B).> An
interesting study utilized the high electromechanical coupling
coefficient and high propagation velocity of SAW in the AlGaN
top layer of an AlGaN/GaN heterostructure, and patterned 2DEG
in the AlGaN/GaN heterostructure.'**

5.3 Optical biosensing

Optical biosensing relies on optical adsorption by accumulated
target molecules on a material surface, or a change in the
optical characteristics of a transducer structure due to the exist-
ence of the molecules, both of which can be quantified via PL
and Raman spectroscopy. We will not discuss the detailed
working principles of different optical biosensing mechanisms,
and readers may refer to other related reviews.">'"

Localized surface plasmon resonance (LSPR), which typi-
cally happens at the interface of metal nanoparticles and
dielectric materials or environments, generates an intense
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optical signal. The LSPR signal is highly sensitive to the nano-
particle composition, size, and environment, enabling LSPR-
based biosensing. By depositing Ag nanoparticles on AIN
nanorods (NRs), Chattopadhyay et al. have demonstrated
surface-enhanced Raman spectrometry (SERS) based mole-
cular sensing.'** Another study achieved very stable and repro-
ducible SERS detection of amino acid and bovine serum
albumin (BSA) on GaN nanopillars coated with Au.'*®> With 111~
nitride alone, Chen et al. demonstrated the quenching effect
in the band-edge PL emission due to coverage of DNAs on GaN
NWs as a sensing mechanism (Fig. 6A)."°" In another report,
Wallys et al. showed that PL intensities of GaN and InGaN
NWs changed with pH conditions (Fig. 6B), and the perform-
ance was enhanced with the application of a bias voltage."'®

6. Biosensor fabrication

To successfully construct III-nitride nanosensors, the nano-
material often needs to be grown or assembled on a substrate,
and microfabrication techniques may also be employed to
integrate the III-nitride nanomaterial with electrodes for elec-
trical measurements. In the prevalent electrical biosensors,
Ohmic or Schottky contacts between the nanomaterial and the
electrodes are needed to quantify the nanomaterial’s electrical
response, whereas electrical passivation of the electrodes can
protect them against the interference with the fluidic environ-
ment. Here we summarize existing device fabrication tech-
niques for constructing biosensors involving III-nitride
nanomaterials.

6.1 Growth and assembly of nanomaterials

Synthesis technologies for III-nitride nanomaterials have been
greatly improved over the past few decades, and readers may
refer to reviews dedicated to Ill-nitride synthesis.'®'" Here we
discuss some important issues related to biosensor construc-
tion. Growth of III-nitride nanomaterials often requires sub-
strates with matching lattice structures and thermal pro-
perties. In existing biosensors with III-nitride nanomaterials,
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Fig. 6 Optical sensing mechanism. (A) Biosensor based on PL.**” The UV intensity of the GaN-NW biosensor changed with the target DNA concen-
tration. Reprinted and adapted with permission from ref. 137, Copyright 2008, American Chemical Society. DOI: 10.1021/ac800986q. (B) Biosensor
based on PL under biased voltage.'>* Well-aligned GaN NWs were used as the transducing material (i). The characterization setup included both
electrochemical and optical systems (ii). The PL intensity changed with varied pH values of phosphate buffered saline solution (top) and changed
with varied cathodic bias at pH 7.05 (bottom) (iii). Reprinted and adapted with permission from ref. 154, Copyright 2012, American Chemical Society.
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the most commonly used substrate is silicon wafer,”>"*”!"8

Sapphire (Al,03) is another popular choice as the device sub-
strate, which is transparent and stable at high tempera-
ture.®>'1%12% Byt it has unsatisfactory thermal and structural
matching with III-nitrides. On the top of the substrate, a
buffering layer (e.g., AIN) is sometimes necessary before
growing the transducer material, in order to obtain a particu-
lar polarity or better growth quality.'*""'**> For the assembly of
NWs, two strategies have been developed. One is assembly
after growth, which requires the transfer of NWs from a growth
substrate to a device substrate. This kind of assembly techniques
for NWs including IlI-nitrides typically utilize a fluid flow,'** an
electric field,"**'*> a mechanical shear force,'*® and so forth
(Fig. 7A)."*"'*® The second strategy is in-situ guided growth,
which utilizes the crystal and the graphoepitaxial effect on the
surface of growth substrates (Fig. 7B)."*>"*° 1t allows horizontal
growth of NWs on a device substrate, and avoids the transfer
process. An assembled array of NWs, combined with microfluidic
channels (for solution delivery), can achieve high efficiency in
multiplexed biosensing."*"

6.2 Microfabrication of nanomaterials

Microfabrication for selective material removal (e.g:, etching) is
sometimes needed, mostly for patterning IlI-nitride nano-films.
Because of their extraordinary chemical stability, conventional
wet etching, often, cannot effectively remove II-nitrides. The
effective etching technologies for the wide bandgap semi-
conductor materials including II-nitrides are mainly plasma-
based dry etching, such as reactive ion etching, electron cyclo-
tron resonance, and inductively coupled plasma etching."** In
order to form free-standing IIl-nitrides, two strategies are
optional. One is to selectively etch the III-nitrides and the sub-
strate materials together after growth, and the other one is to
selectively pattern the substrate with conventional micromachin-
ing before growth of Ill-nitrides on them, which allows selective
growth of Ill-nitrides.'® The latter one is comparatively con-
venient. Upon designing a microfabrication process, one should
note that the process might induce some modification in the
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Fig. 7 Lateral alignment of NWs. (A) Assembly of Ga NWs on micro-
fabricated electrodes via dielectrophoretic alignment under alternating
current.’®* Reprinted and adapted with permission from ref. 164,
Copyright 2006, IOP Publishing. DOI: 10.1088/0957-4484/17/14/009.
(B) Laterally aligned GaN NWs obtained by guided growth on quartz.*®°
Reprinted and adapted with permission from ref. 169, Copyright 2014,
American Chemical Society. DOI: 10.1021/nn4066523.

properties of IlI-nitride nanomaterials. Readers may refer to pre-
vious studies on the impact of the fabrication process on surface
properties, electrical performance and biocompatibility.****?

6.3 Electrical contact and passivation

Ti/Al/Ni/Au is a widely used combination of electrode
materials for building Ohmic contacts with III-nitrides. Thin
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Fig. 8 Schematic of the electrical contact and passivation layout on
Ill-nitride nanobiosensors.**° “S” denotes source, and “D” denotes drain.
Reprinted and adapted with permission from ref. 130, Copyright 2010,
John Wiley and Sons. DOI: 10.1002/pssc.200983531.

films of Ti/Al/Ni/Au are usually deposited sequentially
through electron-beam evaporation and then thermally
annealed.*”"** Other similar electrode compositions that
generate Ohmic contact with IlI-nitrides include Ti/Au,"*?
Ti/Al/Mo/Au,"*® and Ti/Al/Pt/Au.®" Deposition of some metals
(e.g., Pt"*” and Pd"**) could form Schottky contact, as we
mentioned in the section on electrical biosensing. In most
biosensing applications, the device needs to handle fluids,
and it is mandatory to ensure that only the transducer
II-nitride nanomaterial contacts the fluids while the electro-
des are protected from the fluids by an insulating layer
(passivation). This will guarantee that the electrical signal
induced by the molecular sensing process would not be
disturbed by the fluid-induced noises (from the electrodes),
and that the electrodes would not be damaged by the fluid.
The passivation can be achieved by coating the electrodes
with a thin film of Si;N,®' or polymethyl methacrylate
(PMMA).®>®* A schematic of the typical contact and passiva-
tion layout on III-nitride nanobiosensors is shown in
Fig. 8.%°

7. Biosensing applications

Detection of gases, ions, proteins and DNAs cover a vast
majority of applications of II-nitride nanobiosensors. To
ensure the specificity and sensitivity, the detection of a specific
category of target molecules utilizes a corresponding reco-
gnition system: a gas-selective layer for gas sensing; an ion-
selective membrane for ion sensing; antibody-antigen immuno-
recognition for protein sensing; and DNA hybridization for
DNA sensing (Fig. 9). In this section, we describe the typical
biosensing targets, the corresponding III-nitride nanobiosen-
sors reported so far, and the important design considerations
of biosensors for specific targets. The key information on the
biosensing targets and the performance of the reported
III-nitride nanobiosensors is summarised in Table 1.
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Fig. 9 Typical biosensing molecules targeted by Ill-nitride nanobio-

sensors. Gases (A), ions (B), proteins (C), and DNAs (D) are detected as
biosensing targets through their own specific recognition systems.

7.1 Gases

The first major category of molecular sensing with III-nitride
nanomaterials is gas sensing. Some gases (e.g., H,) are less
biologically or clinically relevant, while some others are impor-
tant physiological markers such as carbon monoxide (CO),
carbon peroxide (CO,) and oxygen (Oy).

CO is a common toxic molecule and causes cellular
asphyxia at high concentrations, but it also confers cytoprotec-
tion at low concentrations during ischemia/reperfusion or
inflammation-induced tissue injury.”*° In the report by Lo
et al., ZnO NRs were grown on the gate area of the GaAIN/GaN
heterostructure, and CO was detected with increased sensi-
tivity at high temperature."*® The working principle of this
sensor is that CO comes to react with O, absorbed on ZnO-NR
surfaces to generate CO,. The electrons formerly captured by
O, are set free to generate a larger negative potential, which
counters the 2DEG in the GaAIN/GaN hetetrostructure. In a
later study, ZnO NWs were coated on the AlGaN/GaN hetero-
structure for CO detection utilizing a similar working prin-
ciple."*"'*> These reported sensors responded to the presence
of CO at room temperature, while conventional III-nitride gas
sensors in a diode format typically require high temperature. So
these sensors may have better potential in real-world biomedical
applications.

The detection of CO, is also relevant to biological and
medical applications, because its concentration in the
patient’s exhaled air is an important index in ventilation and
circulation monitoring. In addition, CO, sensing is necessary
in cell culture incubators or bioreactors to regulate the pH
level of culture medium. Polyethyleneimine (PEI)/starch was
spin-coated on the gate of the AlGaN/GaN heterostructure, as a
specific carbon dioxide recognition layer.'** The function of
the sensor relies on the reaction between the amino group of
PEI and CO, with water and starch, which generates OCOOH™
ions affecting the surface electric potential of the AlIGaN/GaN
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heterostructure. However, the sensor was tested at tempera-
tures from 46 to 220 °C, which might constrain its biomedical
applications.

0O, has been detected with an InZnO film, and the AlGaN/
GaN structure was arranged underneath the InZnO film to
amplify the sensing signal."** The source-drain current of the
sensor decreases in O, ambience, because the O, molecule
comes to react with oxygen vacancies of the InZnO film,
causing a potential change that affects the AlIGaN/GaN hetero-
structure. The sensor showed no response at room tempera-
ture, and generated high-quality sensing signals at the temp-
erature of 120 °C.'** Lopez-Gejo reported oxygen sensing
achieved with luminescent Ru(u) complexes bonded on p-GaN,
based on the optical sensing mechanism.*®*® Its function
relies on the quenching effect of the oxygen molecule on the
Ru(u) complex luminescence. GaN was used not only as a sub-
strate but also as an excitation source, reducing the sensor
structure size.

7.2 Ions

Ion sensing forms a big part of biosensing, because the ionic
environment greatly affects biological activities, ionic concen-
trations can be used as indicators for biological activities, and
the ion sensing principles can be leveraged for detection of
other markers.®® ISFET is arguably the most popular type of
ion sensor mentioned above. In order to improve the sensing
performance in ion detection, one may refer to the model pro-
posed by Podolska et al., which has been validated through
experiments.'*®

A basic type of ion sensing is pH detection. Conventional
glass electrodes are widely used for pH sensing, but are fragile
and need calibration before use as their characteristics drift
after long-time use. II-nitrides, in contrast, are mechanically,
thermally and chemically stable, and are therefore excellent
substitutes for glass electrodes. According to the reports on
IlI-nitride-based pH sensing where different sensor formats
were utilized, specific sensing mechanisms were proposed.
One needs to understand the sensing mechanism before
improving the sensor performance. In typical ISFETs, pH
sensing performance has been found to be associated with the
gate oxide layer. Kang et al. compared different gate oxides,
and Sc,0; layers deposited by molecular beam epitaxy (MBE)
were found to give high pH sensing resolution.''” Another
improvement in ISFET was accomplished using an ultrathin
barrier layer in the AIN/GaN heterostructure with 2DEG,
which generated not only higher transconductance (reflected
by high source-drain current change), but also a smaller shift
of gate-drain voltage from zero. This means that this design
could provide good sensitivity without requiring an RE.'*® In
electrochemical pH sensors, the electrical response to pH
relies on the interaction between OH™ and GaN or InN, and
the positively charged surface state of InN could generate a
higher response.””'® As for optical pH sensing using GaN
and InGaN NWs, the pH condition regulates the PL intensity
of the III-nitride NWs. The PL intensity decreases with the pH-
induced surface recombination and hole transfer from NWs,
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and it was found that the device sensitivity could be further
improved by applying a proper external bias voltage.'*®

The detection of a wide range of other ions has also been
demonstrated with either ISFETs or electrochemical sensors
based on IlI-nitride materials, which rely on different working
principles to ensure their selectivity. In ISFETs for Cl~ sensing,
Hung et al. formed an Ag/AgCl layer through potentiostatic
anodization on the gate area of the AlGaN/GaN hetero-
structure, and the electric potential of this layer was altered due
to the existence of ClI™ ions. Furthermore, this potential change
affected the charge density inside the AlGaN/GaN hetero-
structure.”” InN NFs were also used in more than one sensor
design for anion sensing. The positive surface charge donors
of the InN NF can selectively absorb anions from solution,
which affects the electron distribution inside the NF. The InN
NFs were grown on an AIN buffer layer,"*” or an AlIGaN/GaN
heterostructure for Cl~ detection,”’ with which researchers
found cations had no impact on the detection. In the electro-
chemical ion sensor using Ill-nitrides, it was also found that
only anions selectively interact with electron-defective Ga
atoms®®'%° or the surface states on InN,’® and an ion selective
membrane may thus be needed to detect cations."*°

7.3 Proteins

Proteins are essential building blocks of living organisms,
representing a paramount type of biomarkers in biological
research and disease diagnostics. Most protein biosensors rely
on the immunological recognition between antibody and
antigen proteins, as introduced in section 5. The sensors
made from Ill-nitride nanomaterials can generate electrical
output signals in response to the presence of target protein
markers on the surface of the IlI-nitride nanomaterials. They
do not need any label (e.g., fluorescence tags in fluorescence
biosensing, or enzymes and substrates in ELISAs), and thus
allow label-free biosensing. A very important factor that affects
the biosensing performance is the biofunctionalization of the
transducer material. High coverage of probe proteins on the
sensor assures high capture efficiency, and proper chemical
linkage between the nanomaterial surface and the probe mole-
cules also facilitates the attainment of high accuracy and sensi-
tivity (as discussed in section 4.2).

Most of the existing protein sensors with III-nitride nano-
materials utilize the configuration of AlGaN/GaN hetero-
structure ImmunoFETSs, where electric current, conductance or
resistance is monitored as the signal output. Kang et al
demonstrated one of the first protein sensors with III-nitride
FET, where a decrease in the current of the ImmunoFET was
observed after the addition of biotin and the capture of strep-
tavidin in the sensing process.®’ Later, the protein targets
measured by III-nitride ImmunoFETs expanded to a variety of
applications. Most of the protein targets were associated with
specific diseases, including prostate specific antigen (PSA) as
the marker for prostate cancers,®>**® kidney injury molecule-1
for early kidney injury detection,® c-erbB-2 as a breast cancer
marker,” and more recently, C-reactive protein that reflects
inflammatory conditions.'*® Besides applications in disease
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diagnosis, InmunoFETs were also used to detect botulinum
toxin—a marker for biological weapons,'*® and Perkinsus
marinus—a protozoan pathogen that causes widespread
mortality in oyster populations.®® For environmental safety,
vitellogenin as an endocrine disrupter biomarker was
measured.”>"" In several recent reports, IIl-nitride
ImmunoFETs were used in biochemical and pharmaceutical
studies to analyze the binding affinity between anti-ferritin
heavy-chain antibody and a peptide,®® investigate the binding
sites between human immunodeficiency virus reverse tran-
scriptase (HIV-RT) and its inhibitor efavirenz,'”* and quantify
kinase amount for understanding the kinome activity.'

From a practical point of view, the LOD is an important
parameter of biosensing performance. Li et al. were able to
detect PSA with an LOD down to 0.1 pg ml™", the smallest one
reported so far.'>* In comparison with a previous IlI-nitride
ImmunoFET for PSA in which gold was deposited on the gate
region for biofunctionalization,®® the lower LOD in the report
by Li et al. might be a result of the smaller distance between
biomolecules and 2DEG. Another important feature of FET
sensors is a rapid response that allows real-time monitoring of
protein binding, and many of the IlI-nitride ImmunoFETs
were able to respond within 5 s and thus work in a real-time
fashion.®>%%%4

7.4 DNAs

DNAs carry genetic information that regulates the development
and physiology of living organic systems. DNA sensing mostly
relies on the hybridization of matched DNA strands to achieve
specificity, for which probe DNA strands are immobilized on
the nanomaterial surface through biofunctionalization.
Particular DNA sequences can be associated with biological or
medical purposes. For example, Sahoo et al detected the
sequence adopted from HIN1 Swine flu gene,'*® and Chen
detected the sequence corresponding to human p53 tumor-
suppressor gene. %!

II-nitride nanomaterials have also been used for label-free
detection of DNAs, and the reports on DNA sensing using I1I-
nitrides employed quite distinct working principles. DNA
sensing can be conducted with an AlGaN/GaN heterostructure
FET,* as the target DNAs bring negative charges to the nano-
structure surface. An interesting study connected the gate area
of a commercial FET to the GaN NWs which were functionalized
with probe DNA strands, and the charge rearrangement on the
GaN NWs, caused by the hybridization of DNAs, changed the
bias voltage on the gate.'*® This sensor design generates ultra-
high sensitivity, and is easy to assemble and handle compared
with single-NW devices. DNA sensing can also be performed
via electrochemical mechanisms, such as amperometric and
impedimetric measurements.’>'%" The latter is more desirable
as it does not consume the analyte. In addition, optical
sensing with GaN NWs (through PL measurements) and mech-
anical SAW with AIN nano-film were also developed for DNA
detection.”>"%!

With regard to sensing performance, Espinosa et al. reached
an LOD of 107** M using the popular AlGaN/GaN hetero-
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structure.'>® More importantly, they carried out a theoretical
investigation to understand the sensing performance. Chen
et al. reported an ultralow LOD down to 107'®* M in the FET
format."'® More recently, Sahoo et al. achieved an LOD as low
as 107" M,'®> where the ultrasensitivity was partially due to
the impedimetric sensing mechanism.

7.5 Cells

Cells are the basic unit of living organisms, and their activities
involve many kinds of fascinating phenomena. As mentioned
before, some II-nitrides have very good biocompatibility, making
it possible to directly grow and monitor cells on devices. The
reports published so far typically utilized the AlIGaN/GaN hetero-
structures with cells directly grown on the gate area.

Steinhoff et al. monitored extracellular action potentials
from a confluent layer of rat heart muscle cells directly cul-
tured on a FET consisting of AlGaN/GaN, yielding a high
signal-to-noise ratio.”” Later studies recorded the activity of
cells in response to chemical environment changes like
calcium and inhibitor."””'*® Beyond simple electrical signals
of cell activity, AlGaN/GaN FET was also used to detect the
release of acetylcholine from neuronal tissue.'*® Witte et al.
demonstrated that high-frequency impedance measurements
at the interface between the FET gate area and the cultivated
cells can be used to analyse both static and dynamic character-
istics of the cells.*®°

7.6 Others

Enzymes, which are proteins, are used in III-nitride biosensors
for the detection of metabolic markers (e.g., glucose and uric
acid), and the origin of electrical signal in the enzymatic reac-
tions is often the change of pH in the gate area of the nano-
materials.”>'®! In a report, ZnO NRs were grown on the gate
area of the AlGaN/GaN heterostructure for enzymatic glucose
sensing.®* ZnO NRs are particularly suitable for immobilizing
the enzyme for glucose sensing (glucose oxidase), because
their surface charge state allows them to easily immobilize the
glucose oxidase via electrostatic absorption. In another report,
both physisorption and covalent bonding with organosilane
were employed to immobilize penicillinase, and the covalent
bonding was found to give more reproducible performance in
the detection of penicillin G.*> Apart from enzymatic sensing,
fructose, galactose and glucose were detected using boronic
acid receptor with a thiol-modified terminal.®”

7.7 Driving IlI-nitride nanobiosensors toward real
applications

Many previous studies on developing IlI-nitride nanobiosen-
sors have focused on proof-of-concept demonstrations, but
few of them has demonstrated the use of these promising
prototypes in real-world applications. Here, we highlight some
reports that have come closer to the practical uses of III-
nitride nanobiosensors, in the hope that these designs may
enlighten future efforts to push IlI-nitride nanobiosensors to
the real world. Besides, for real applications, it is preferred
that the sensors can directly detect molecules from untreated

This journal is © The Royal Society of Chemistry 2017
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or less treated biological samples, and Chu et al. have vali-
dated their III-nitride sensor in largemouth bass serum
samples.”® In a previous report, researchers connected silicon
wafer grown with GaN NWs to a commercial FET."” The use of
NW networks instead of single NWs and the design of con-
necting the GaN-NW network to a commercial FET signifi-
cantly simplified the device assembly, and meanwhile, main-
tained its high sensitivity. In another report, glucose and pH
detection in exhaled breath condensate was realized using the
AlGaN/GaN heterostructure, and the biosensor was integrated
on a wireless data transmission system.®” The real-time detec-
tion of both glucose and pH using this biosensor allowed
closer awareness of the glucose condition, because the glucose
oxidizer’s performance is affected by the pH level. The inte-
gration with a wireless system also enabled remote monitor-
ing. There is a growing trend of using cell-phone-based
diagnosis in telemedicine,'®>'®* and GaN-film-based LEDs
show the capability to act as microscale portable emission
sources for luminescent oxygen indicators,*®>® which may be
extended to other cell-phone-based optical sensors. When the
biosensor is activated, a cell-phone camera can be used to
capture the image, and the colorimetric output of the bio-
sensor can be analyzed by a phone application or sent to physi-
cians for remote analysis. To make the sensor portable and
stable against varied conditions (e.g., light and temperature),
Lee et al. have utilized a small Pt quasi-reference electrode and
integrated a non-functionalized reference sensor in a
II-nitride ImmunoFET."*’

8. Closing remarks

IlI-nitride nanomaterials hold great promise for biosensing
because of their preferable characteristics such as high chemi-
cal stability, biocompatibility, high surface carrier accumu-
lation, and unique electromechanical properties. The substan-
tial improvement of their growth and fabrication techniques
has allowed in-depth research of their applications in biosen-
sing. A variety of surface functionalization approaches and bio-
sensing mechanisms have been explored, demonstrating their
excellent performance including high accuracy, sensitivity and
specificity. Previous research has established a solid foun-
dation for future development of IlI-nitride nanobiosensors,
with the eventual goal of utilizing these devices in practical
applications and making a real impact on society. We antici-
pate that, with the further technological advancements in the
field, more and more IlI-nitride nanobiosensors will be deve-
loped to provide higher biosensing performance, higher
reliability, and better user-friendliness.

In the further development of more exciting III-nitride
biosensing technologies, we envision the following directions
to be explored. First, III-nitride nanomaterials still require
relatively sophisticated processes for material growth and
unconventional techniques for device fabrication. Future
explorations of their potential in biosensing will benefit from
the lowering of these technological barriers. Second, existing

This journal is © The Royal Society of Chemistry 2017
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biosensing applications of the Ill-nitride nanomaterials
mostly rely on electrical mechanisms, while their excellent
mechanical and optical properties have not been fully
leveraged. So the mechanical and optical mechanisms are
worth more research efforts. Furthermore, IlI-nitrides will
allow simultaneous multi-parameter detection in different
mechanisms as shown in the reports mentioned above.
Last, other important applications of III-nitrides can be inte-
grated with biosensors. For example, III-nitrides have been
studied for light emission for a long time, which might be
employed in biosensing. They can also be used as a photo-
detector, and the bandgap can be tuned for specific detection

purposes.'®
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