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It is challenging to integrate porous graphene foam (GF) and GF-based nanocomposites into microfluidic
channels and even create microfluidic structures within these materials. This is because their irregular inte-
rior pore shape and geometry, rough exterior surface, and relatively large material thickness make it difficult
to perform conventional photolithography and etching. This challenge has largely hindered the potential of
using GF-based materials in microfluidics-based sensors. Here we present a simple approach to create
well-defined flow-through channels within or across the GF-based materials, using a liquid-phase photo-
polymerization method. This method allows embedding of a nanocomposite-based scaffold of GF and tita-
nium nitride nanofibers (GF-TiN NFs) into a channel structure, to realize flow-through microfluidic electro-
chemical sensors for detecting nitrate ions in agricultural soils. The unique GF-TiIN nanocomposite
provides high electrochemical reactivity, high electron transfer rate, improved loading capacity of receptor
biomolecules, and large surface area, serving as an efficient electrochemical sensing interface with the help
of immobilized specific enzyme molecules. The microfluidic sensor provides an ultralow limit of detection
of 0.01 mg L%, a wide dynamic range from 0.01 to 442 mg L™, and a high sensitivity of 683.3 pA mg™ L
cm™2 for nitrate ions in real soil solution samples. The advantageous features of the GF-TiN nano-
composite, in conjunction with the in situ integration approach, will enable a promising microfluidic sensor
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Introduction

Microfluidic sensors provide many benefits such as high por-
tability, low consumption of agents and reagents, high sensi-
tivity, fast response, and process parallelization."* Integration
of nanostructured functional materials into microfluidic sen-
sors has demonstrated a potential to enhance biological and
chemical sensing capabilities.>* For example, carbon nano-
tubes (CNTs) and zinc oxide nanowires were integrated into
microfluidic electrochemical sensors for the detection of do-
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platform to monitor soil ions for nutrient management towards sustainable agriculture.

pamine, catechol, and environmental pH conditions® with
improved sensitivity and stability, owing to an increased sens-
ing surface area and electrochemical reactivity. A high-
performance sensing interface was also established by inte-
grating polyaniline-CNTs into microfluidic channels to quan-
tify physiochemical glucose and pH in biological tissues.” In
addition, introduction of nickel oxide nanowires into micro-
fluidic sensors led to an enhanced loading capacity of recep-
tor biomolecules and thus an improved sensitivity.°®

Notably, as an interconnected three-dimensional (3D) net-
work of graphene, graphene foam (GF) has recently been real-
ized by chemical vapor deposition of graphene on a metal
foam based template’ and has demonstrated to provide a
powerful platform for biochemical sensing,® water remedia-
tion,” and energy storage.'® In particular, the networked inte-
rior surfaces of GF provide a suitable environment to attract
functional nanomaterials via electrostatic interactions."" Con-
sequently, several GF-based composites have been developed
as electrochemical electrode materials'™'* via nitrogen dop-
ing"® and surface functionalization with various metal oxides
(e.g., cobalt oxide,"" copper oxide,'* manganese oxide,"” tita-
nium oxide,"” and silver nanowires).'® It is believed that the
composites of GF and nanomaterials are strong candidates
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for new-generation microfluidics-based electrochemical sen-
sors, owing to their fast transport of charge carriers, large
surface area, high electrical conductivity and mechanical
strength, and ease of functionalization with receptor
biomolecules.'*™*” However, GF and GF-based composites ap-
pear porous with irregular pore shapes and rough external
surfaces that are unfavorable for photolithography; in addi-
tion, they are relatively thick on the millimeter (mm) or sub-
mm scale with networked scaffold structures”'® that are un-
favorable for directional deep etching. Therefore, direct pat-
terning of GF and GF-based composites or creation of micro-
fluidic structures inside the materials is challenging to
achieve by conventional photolithography and etching tech-
niques. This has significantly limited their applications in
microfluidic sensors and other devices. Recently, we have
manually assembled a GF-based sensing material into a
microfluidic immunosensor through hole drilling, material
insertion, and epoxy glue application and curing.'” The man-
ual assembly process was relatively complex and had limited
control over the position of the patterns. In addition, the as-
sembled structure had relatively low robustness.

Functionalized nanofibers (NFs) can provide many excel-
lent properties suitable for chemical and biological sensor
applications,">*° including high aspect ratio, large surface
area, and high electrochemical reactivity.> For example,
NF-based titanium dioxide (TiO,) have received increasing
attention as an environmentally benign and structurally sta-
ble electrode material for the detection of relative humid-
ity,>> blood cholesterol,>® and cancer biomarkers.”® How-
ever, when functionalized with biomolecules,
electrochemical conductivity of TiO, NFs significantly re-
duces, owing to the presence of oxygen vacancies and Ti-O
bonds that restricts electron transfer.>® To overcome this is-
sue, researchers have recently developed nanostructured ti-
tanium nitride (TiN) by replacing the oxygen in TiO, with
nitrogen®*>® to achieve improved electrical conductivity,
electron transport rate, and chemical stability. However,
TiN NFs have little been explored in the area of electro-
chemical based biochemical sensors.

Here we report on an in situ integration method to
seamlessly assemble a novel nanocomposite of GF-TiN NFs
and a microfluidic channel together to realize a high-
performance electrochemical soil nutrient sensor. A liquid-
phase polymerization process**° is employed to overcome
the difficulty of assembling any GF or GF-based composites
into microfluidic devices associated with the porous and
irregular-shaped interior structure, poor surface morphol-
ogy, and large thickness of these porous materials. We
demonstrate the in situ formation of microfluidic channels
within or across the GF-TiN scaffolds. This makes it conve-
nient to realize a microfluidic sensor using the GF-TiN NFs
as an electrochemical electrode material. In addition, from
a material perspective, carbon doped TiN NFs are devel-
oped to modify the GF scaffolds; the combination of TiN
NFs and GF generates a new hierarchical 3D composite
electrode that has an improved electrochemical reactivity,
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heterogeneous electron transfer rate, and loading capacity
of receptor biomolecules specific to target analytes. Analyte
solutions can flow through and strongly interact with recep-
tor biomolecules immobilized at the surfaces of GF-TiN
scaffolds for biochemical sensing.

While the GF-TiN NF composite can be tailored to de-
tect a variety of biochemical molecules through appropriate
surface functionalization, we present a microfluidic nitrate
sensor (Fig. 1a and b) by immobilizing a nitrate reductase
(NaR) enzyme onto the embedded GF-TiN NF composite to
form NaR/GF-TiN NF based bio-scaffolds. This is owing to
emerging global interest in sustainable agriculture and en-
vironment, where nitrogen (N) is one of the most important
macronutrients for crop production in agriculture.>'*> The
precise and timely measurement of the availability of plant
nutrients in soil can enable a precise nutrient application
in farming. By monitoring soil nitrate dynamics,> ™’
farmers can optimize the N fertilizer inputs to enhance
crop production. Managing nitrate input to agricultural
soils can result in substantial economic return for farmers.
Remarkably, our nitrate sensor has demonstrated an ex-
tremely low limit of detection (LOD) of 0.01 mg L™ to ac-
curately and rapidly detect nitrate concentrations in real
samples extracted from agricultural soils. The high sensitiv-
ity of this sensor is ensured by an enhanced loading capac-
ity of NaR enzyme molecules immobilized on the 3D matrix
of the GF-TiN NF composite embedded in the microfluidic
channel (Fig. 1c-f). The efficient surface functionalization
allows sufficient conversion of nitrate to nitrite ions pro-
ducing electrons.

Materials and methods
Chemicals

1.1 mm-thick GF with 99% carbon content (mutilayered;
density: 4.0 mg cm™; mean pore size: 580 um) was
obtained from Graphene-Supermarket (Calverton, NY, USA).
Titanium isopropoxide (Ti(OiPr),;; molecular weight: 284.2 g
mol™), PVP, N-hydroxysuccinimide (NHS), N-ethyl-Ny-(3-
dimethylaminopropyl)carbodiimide (EDC), and lyophilized
powder (=300 units per g) of nitrate reductase (NAD[P]H)
isolated from Aspergillus niger were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Potassium nitrate (KNOj3), po-
tassium hydroxide (KOH), sodium chloride (NaCl), sodium
bicarbonate (NaHCOj;), sodium sulfate (Na,SO,-10H,0) and
pyridine were obtained from Fisher Scientific (Hampton,
NH, USA). Deionized (DI) water (resistivity: 18.2 MQ cm)
was homemade using a DI water generator (Millipore, Bil-
lerica, MA, USA). All chemicals utilized in this work were of
analytical grade and used as obtained without any
purification.

Synthesis of TiN NFs

To obtain TiN NFs, TiO, NFs were synthesized by an
electrospinning technique using a Ti(OiPr), precursor mate-
rial.>®> In this step, PVP (0.9 g) was mixed with ethanol
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Fig. 1 (a) Photograph of a microfluidic device for detection of nitrate ions. Two sensors are formed in a channel. (b) Schematic representation of
the sensor using embedded GO-TiN NFs as a working electrode. The GO-TiN NFs are functionalized with NaR enzyme molecules to realize specific
detection of nitrate ions. Upper panel: schematic top view of the device. Lower panel: schematic cross-sectional view of the device at section A-
A'. (c) Fluorescence image showing in situ integration of a GO-TiIN NF based electrode into a channel using a liquid-phase photopolymerization
process. The channel is built across the porous electrode. Field emission scanning electron microscopy (FESEM) images of the GF-TiN NF compos-
ite (d), details of the GF scaffolds modified by TiN NFs (e), and a close-up of TiN NFs (f).

solution (15 mL) and stirred for 5 min. Separately, Ti(OiPr),
(3.0 g) was added into a mixture of ethanol and acetic acid
at a volume ratio of 1:1 and stirred thoroughly. Subse-
quently, the PVP solution was mixed with the Ti(OiPr), so-
lution. A 30 mL solution of the obtained electrospinning
precursor solution was stirred for an hour and immediately
loaded into a syringe having a stainless steel needle (26
gauges). A 15 kV high-voltage power supply (Gamma High
Voltage, High Bridge, NJ, USA) was applied to the needle.
The feed rate of the precursor solution was controlled
using a syringe pump (Harvard Apparatus, Holliston, MA,
USA). Electrospun TiO, NFs were collected with the help of
a rotating drum wrapped with an aluminium foil and hori-
zontally positioned at a 5 cm distance to the needle. The
PVP/Ti(OiPr), composite NFs were kept overnight in air and
calcined at 400 °C for 2 h (2 °C min™* ramp rate) in order
to remove the polymer. After that, the as-synthesized TiO,
NFs were subjected to heat treatment under an inert argon
gas and ammonia atmosphere at 950 °C for 2 h. The car-
bonization occurred to the residual carbon from the
unburned PVP polymer, and ammonia gas started the con-
version of TiO, to the titanium oxynitride (TiOxN,) phase by
doping N into the TiO, system.>® Subsequently, the argon
flow was removed and only NH; was exposed to 1050 °C,
at which the TiO, NFs were completely converted into TiN
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NFs. Also a small amount of carbon was present in TiN
NFs which could bind with NaR enzyme molecules via co-
valent interactions. The synthesis steps for TiN NFs are
schematically given in Fig. S1 (ESIY).

Sensor fabrication process

Fig. 2 shows the process flow for fabricating the micro-
fluidic nitrate sensor. First, gold (Au, counter) and silver/
silver chloride (Ag/AgCl, reference) electrodes are patterned
on a silicon dioxide (SiO,) layer grown on a silicon wafer.
In this step, e-beam evaporation was used to deposit an
80 nm-thick Au layer on the Si/SiO, substrate and conven-
tional photolithography was used to form the patterns of
Au electrodes through a photomask printed on a transpar-
ency film (Fineline Imaging, Colorado Springs, CO, USA).
Next, the Au layer was selectively etched using the Au
etchant (GE-8148; Transene, Danvers, MA) to form
counterelectrodes. Subsequently, similar procedures were
adopted for the fabrication of Ag electrodes, where a 700
nm-thick Ag layer was selectively etched using the Ag
etchant (Silver Etchant TFS; Transene, Danvers, MA). The
Ag electrodes were treated with KCl (0.1 M) for 2 min to
form the Ag/AgCl reference electrode. The gap between
the Au and Ag/AgCl electrodes is 5.6 mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Schematic representation of the main fabrication processes for
the sensor. (a and b) Patterning of Au and Ag/Ag/Cl electrodes. (c)
Formation of a cavity with GF-TiN NFs between a top glass slide and a
silicon substrate. (d) In situ liquid-phase photopolymerization with a
photomask and UV-sensitive precursor polymer solutions. (e) Forma-
tion of the channel and embedding of GF within the channel.

Second, a composite of GF-TiN NFs (4 mm X 2.4 mm X 1.1
mm) was formed. In this step, the synthesized TiN NFs were
fragmented and dispersed in an ethanol solution (2 mg
mL™") using a stirrer. The dispersion solution (50 pL) was
drop coated at a pre-cut GF and then rested for 2 h to form a
composite of GF-TiN NFs. The composite was washed with
DI water and air-dried.

Third, a liquid-phase photopolymerization process was
used to integrate the GF-TiN NF composite into a micro-
fluidic channel on the substrate containing both the Au and
Ag/AgCl electrodes. In this step, the composite was treated
with oxygen plasma using a FEMTO Plasma Cleaner (power:
100 watts; time: 10 s; Diener Electronic, Ebhausen, Germany).
Due to the large mean pore size (~580 pm) and high porosity
(>90%) of GF, oxygen plasma could easily penetrate and
modify the scaffolds of the composite. This would allow ef-
fective immobilization of nitrate reductase enzyme molecules
on both the exterior and interior surfaces of the composite
(the immobilization process will be described later). The oxy-
gen plasma treated composite was then positioned between
the Ag/AgCl and Au electrodes. Following that, 1.1 mm-thick
polydimethylsiloxane spacers (with the same thickness as
that of the GF-TiN NF composite) were emplaced between
the device substrate and a 1 mm-thick top glass slide to form
an air cavity. The top glass slide was pre-punched to form
two through-holes as an inlet and an inlet of a channel using
a conventional milling machine with a 1 mm-diameter dia-
mond drill bit. Separately, a photopatternable precursor solu-
tion was prepared by mixing a monomer, isobornyl acrylate
(IBA), a crosslinker, tetraethylene glycol dimethacrylate

This journal is © The Royal Society of Chemistry 2017
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(TeGDMA), and a  photoinitiator,  2,2-dimethoxy-2-
phenylacetophenone (DMPA), at a weight ratio of 31.66:1.66:
1.0.>*%8 The precursor solution was injected into the cavity
using a conventional plastic pipette. Note that the precursor
solution could easily penetrate the interior of the GF-TiN
composite to fill the whole cavity. After that, a transparency
film based photomask (Fineline Imaging, Colorado Springs,
CO, USA) was placed on top of the glass slide. The device was
exposed under ultraviolet (UV) light (intensity: 12 mW cm™)
for 95 s through the photomask. The UV exposed solution
was polymerized. The channel was formed by rinsing the de-
vice with ethanol (Sigma-Aldrich, St. Louis, MO, USA) for 5
min to remove the unpolymerized precursor solution. The de-
vice was baked on a hotplate at 60 °C for 1 h to remove sol-
vents. Therefore, the in situ assembly of the GF-TiN NFs into
the microfluidic channel was realized.

Finally, the embedded GF-TiN NF composite was func-
tionalized with NaR enzyme molecules. In this step, the
NaR solution (3.5 mg mL™") was mixed with a 50 uL EDC-
NHS solution (EDC: 0.2 M; NHS: 0.05 M; mixing volume ra-
tio of 1:1) and then injected into the channel of the de-
vice.***8 After that, the device was kept in a humid cham-
ber for 4 h at 23 °C and another 12 h at 4 °C. Here, the
water-soluble EDC reacted with carboxylic acid groups pres-
ent in the GF-TiN NF composite to form an intermediate
O-acylisourea which was unstable in aqueous solutions (Fig.
S2 in the ESIf), while the NHS solution improved the effi-
ciency of covalent interactions by creating an intermediate
amine-reactive NHS ester. The NHS ester was more stable
compared to O-acylisourea, allowing for efficient conjuga-
tion with primary amines of NaR enzyme molecules via for-
mation of covalent amide bonds (Fig. S2 in the ESI}).
Lastly, a phosphate buffered saline (PBS) solution (pH 7.4)
was used for removing any unbound enzyme molecules
from the electrode surface. Therefore, the microfluidic sen-
sor was formed.

Instrumentation

FESEM (Supra 400VP Gemini, Jena, Germany) and TEM
(Tecnai™ G2, OR, USA) measurements were conducted to
investigate the morphologies of the synthesized TiN NFs
and GF-TiN NFs. XRD measurements were conducted to
study nanocrystallization, nitrogen doping, and carbon
traces in TiN NFs using the X'Pert PRO MRD system
(PANalytical, Almelo, the Netherlands) with Cu Ko radiation
(1 = 1.54 A). Raman spectroscopy was performed using the
WiTec alpha-300 system (WiTec, Ulm, Germany) with a 532
nm-wavelength laser. Further, Brunauer-Emmett-Teller
(BET, Quantachrome Instruments, Florida, USA) measure-
ments were conducted to investigate the specific surface
area, average pore diameter and pore volume of TiN NFs.
The formation of an amide bond between the enzyme and
GF-TiN NFs was confirmed by XPS (Kratos Amicus/ESCA
3400 instrument, Manchester, UK). The samples exposed to
240 W unmonochromated Mg Ko X-rays and photoelectrons
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emitted at 0° from the surface normal were analyzed using
the DuPont analyzer. The pass energy level was set at 75 eV
and the Shirley baseline was removed from all reported
spectra. All electrochemical measurements were performed
using an electrochemical workstation (DY2100; Digi-Ivy, TX,
USA) in PBS solution (pH 7.4) containing an equimolar
concentration (5 mM) for both [Fe(CN)s]>” and [Fe(CN)e]*
as redox mediators.

Synthetic and real sample preparation

To prepare synthetic test samples with different concentra-
tions of nitrate ions, a stock solution of KNO; is prepared in

(a)

Loading precursor
solution

Filling cavity

Removing unpolymerized
solution

UV exposure

View Article Online
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PBS solution (pH 7.4). This solution is then diluted to several
nitrate concentrations from 442 mg L™ to 0.01 mg L' for
electrochemical measurements. The preparation procedures
and the concentration calibration of real samples extracted
from agricultural soils are described in Fig. S3 (ESIY).

Results and discussion

In situ integration of microfluidic channels and GF-based
materials

Fig. 3a shows the schematic of the liquid-phase photo-
polymerization process for integrating a channel and a GF-
TiN NF based composite together. Microfluidic channels with

(b)

Fig. 3 (a) Schematic representation of the main steps for integrating GF-TiN and a microfluidic channel together. No Au or Ag/AgCl electrodes
are made on the same substrate. (b) Fluorescence image showing a channel across an embedded GF-TiN electrode. (c) Close-up of the assembled
structure in (b) showing the spatial transition from the non-GF to GF regions. (d-f) Optical images showing the microfluidic channels embedded
within GF-TiN. (h-j) Fluorescence images corresponding to (d)-(f). (g and k) SEM images showing a close-up of the serpentine microfluidic channel
in (f) and (j). The structure above the channel in (g) is opened for imaging the embedded GF-TiN.
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various shapes and dimensions are created directly within or
across the GF using different photomasks (Fig. 3b-k). Due to
the networked and porous interior structures of the GF, the
normal incident UV light may be reflected and scattered at
the interior surfaces of the scaffolds on the light path. This
allows photopolymerization of the filled precursor solution in
the shadow of the scaffolds. The channels in Fig. 3d-k are
well defined inside the GF, even though the channel width is
less than the mean pore size of the GF (~580 um). These
formed “porous” channels allow liquids to flow through
along a defined flow path. It should be noted that the edges
of the embedded channels are a little jagged because of the
light scattering during the photopolymerization process, as
shown in a close-up of the embedded 200 um-wide micro-
fluidic channel (Fig. 3i).

Because the photosensitive precursor solution has low
viscosity and high transparency, it can easily fill in the
irregular-shaped interior structures of porous materials
during the liquid-phase photopolymerization process.>?***%
Generally, the liquid-phase photopolymerization method re-
quires a polymer precursor solution, consisting of a mono-
mer, a cross-linker, and a photoinitiator, for forming
microfluidic channels. Besides the mixture of IBA,
TeGDMA, and DMPA utilized here, many other precursor
solutions can be employed to create channels inside GF-
based materials using the same method, such as a
prepolymer mixture of 2-hydroxyethylmethacrylate (mono-
mer), ethylene glycol dimethacrylate (cross-linker), 2,2-
dimethoxy-2-phenylacetophenone (photo-initiator) and wa-
ter’® and another mixture of IBA, TeGDMA, and Irgacure
651.>° Due to the fluid nature and high porosity of the
GF-based materials, the unpolymerized precursor solution
can be easily removed by flushing the channel with water
or ethanol, provided that the channel is high enough not
to be blocked by individual scaffolding materials (note:
100-150 pm-thick nickel was used as the base scaffolding
material of GF). In addition, due to the light scattering at
the GF scaffold, overcut patterns of the channels were ob-
served and the minimum channel width was found to be
200 + 120 pm, as shown in Fig. 3i. The spatial resolution
of the channels may be improved by fine-tuning the
photopolymerization conditions and optimizing the shapes
and dimensions of the scaffolding materials to minimize
the light scattering effect. In addition, it is worthwhile to
point out that this integration method does not utilize
any spinning or casting of photosensitive materials,
wherein self-planarization of the rough external surfaces of
the GF can be achieved. The whole process of integrating
channels and GF and GF-based composites requires only
about a couple of minutes, eliminating complex and inac-
curate manual assembly steps.

Characterization of the GF-TiN NF based composite

The synthesis of TiN NFs involves the formation of TiO, NFs
using an electrospinning technique and subsequent replace-

This journal is © The Royal Society of Chemistry 2017
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ment of the oxygen in TiO, NFs with nitrogen under an argon
and ammonia gas atmosphere at a high temperature.”® De-
tailed descriptions of the material synthesis are described in
the materials and methods section.

First, X-ray diffraction (XRD) is conducted to investigate
the nanocrystallinity of TiN NFs converted from TiO, NFs.
The XRD pattern in Fig. S4a (ESIt) demonstrates the for-
mation of major crystallographic planes associated with
the cubic crystal structure of anatase TiN,'® along with
other planes for Ti,N, TiON and rutile TiO,. A small
amount of residual carbon is found remaining in TiN
NFs. This is because of the incomplete removal of the car-
rier polymer polyvinylpyrrolidone (PVP) during calcination
which later is converted to carbon during the heat treat-
ment (as described in the materials and methods section).
In addition, Raman spectroscopy studies in Fig. S4b (ESIt)
also show that TiN NFs have mixed rutile and anatase
phases®’ where the well-defined disorder (D) and graphitic
(G) bands exist due to the formation of amorphous car-
bon in TiN NFs. More detailed explanations of the results
from XRD and Raman measurements are described in the
ESLT

Next, X-ray spectroscopy (XPS) studies are performed to in-
vestigate the nitrogen doping and carbon contents in TiN
NFs alone (without GF) and to confirm the immobilization of
NaR enzyme molecules on the surface of the GF-TiN NF com-
posite. The 2p;/, peak at 463.8 eV in the XPS spectra (Fig. S5,
ESIt) are ascribed to Ti-O bonds. The nitrogen doping to
TiO, NFs causes the binding energy of the 2p,/, peak to shift
to 3.9 eV, due to the formation of Ti-N bonds. The N1s spec-
tra shown in Fig. S6a (ESIf) further demonstrate successful
nitrogen doping and a trace amount of C-OH groups in TiN
NFs.”®

Fig. 4 shows the deconvolution peaks of C1s and Nis for
GF-TiN NF and NaR/GF-TiN NF electrodes, respectively. The
XPS peaks at binding energies of 284.0 eV and 284.9 eV in
GF-TiN NFs correspond to the core level of carbon, due to
sp>-carbon (non-oxygenated C in the C-C bond) and sp*-car-
bon (oxygenated C in the C-O bond), respectively (Fig. 4a).
Two additional peaks at 285.4 eV and 298.1 eV in GF-TiN
NFs are assigned to C—=O and carboxylic groups (O-C=0),
respectively, arising due to the oxygen plasma treatment to
the GF-TiN NF composite before NaR immobilization. The
presence of O-C=O groups in GF-TiN NFs can facilitate
binding with NH, groups in NaR via covalent amide (C-N)
bonds. The in situ immobilization of NaR on the scaffolds of
GF-TiN NFs results in an additional peak at 287 eV, due to
the formation of N-C=0O bonds between the NaR and GF-
TiN NFs. The N 1s core-level spectra of GF-TiN NFs before
and after the NaR immobilization confirm the presence of ni-
trogen atoms (Fig. 4b). After the NaR immobilization, two
peaks appear at 399.9 eV and 400.8 eV, which are assigned to
the core-level spectra of N 1s (-N=) and the amide bond
(C=0-NH) between NaR and GF-TiN NFs, respectively.
Therefore, the in situ NaR immobilization is confirmed by
the observed strong covalent bond (i.e., C-N) on the bio-
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Fig. 4 (a and b) XPS spectra of C 1s (a) and N 1s (b) for mesoporous GF-TiN NF composites before and after the surface immobilization of NaR
enzyme molecules. (c-e) TEM images for TiN NFs. (f) Electron diffraction pattern of TiN NFs.

scaffolds of NaR/GF-TiN NFs, which can lead to high stability
and selectivity for the nitrate sensor.

Energy dispersive X-ray (EDX) spectroscopy (Fig. S7, ESI})
estimates the weight percentages of Ti (~90%), nitrogen
(~8.07%), and residual carbon (1.87%). The residual carbon
could prompt covalent interactions of TiN NFs with amide
groups of the enzyme molecules. Table S1f summarizes the
atomic percentages of each element (N, C, Ti and O) in the
original TiO, and converted TiN NFs.

FESEM reveals the morphological transitions from the
electrospun TiO, to TiN NFs. The electrospinning technique
produces continuous TiO, NFs with no beads (Fig. S8a,
ESIT). After the heat treatment under an ammonia atmo-
sphere (see details in the materials and methods section),
the obtained TiN NFs exhibit a truncated hexagonal shape
of the nanocrystals that connected to each other to form
bamboo-like continuous structures along the long axes of
NFs (Fig. S8b-d, ESIf). Fig. 1d shows the GF scaffolds
coated with the fragmented TiN NFs. The GF contains
micro-sized pores and interconnected graphitic backbones,
which allows TiN NFs to easily penetrate the interior of the
GF and to be densely coated and packed on the scaffolds.
Transmission electron microscopy (TEM) provides more de-
tailed structural information on TiN NFs (Fig. 4c-e). Inter-
estingly, the neighbouring hexagonal crystals of TiN share a
common plane for site specific interconnections. The se-
lected area electron diffraction (SAED) pattern (Fig. 4f) con-
firms the formation of various crystalline planes, (111),

280 | Lab Chip, 2017, 17, 274-285

(200), (220), (311) and (222), of TiN NFs, which agrees with
the XRD results above.

Sensor characterization and validation

First, to investigate the electrochemical redox properties of
the sensor, cyclic voltammetry (CV) studies are conducted on
the sensor with and without TiN NFs functionalized on the
GF scaffolds. The applied voltage potential ranges from —0.2
V to +0.8 V (Fig. 5a). The sensor using GO alone as the
electrode (without TiN NFs) shows an electrochemical current
of -14 pA at a potential of +0.2 V. The incorporation of TiN
NFs into the GF improves the current to -75 pA, perhaps
owing to improved redox reactivity and cycling performance,
ie., the discharge-charge rate,** of the composite electrode.
The electrochemical current (I), diffusion coefficient (D), sur-
face concentration (/), and heterogeneous electron transfer
rate constant (k) of the GF and GF-TiN NF electrodes and
NaR/GF-TiN NF bioelectrode for the ferro/ferricyanide redox
couple are determined using eqn S1-S3 and summarized in
Table S1 (ESIt). Compared to the GF electrode, the GF-TiN
NF composite provides a higher diffusion coefficient for
electrons generated from the ferro/ferricyanide redox reac-
tions, due to the utilization of TiN NFs as electron conduc-
tion channels to facilitate the interfacial electron-transfer
process across the electrode-electrolyte.”® In the case of the
enzyme incorporation into the GF-TiN NF composite, the dif-
fusion coefficient of NaR/GF-TiN NFs further increases,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) CV responses of the sensor using the GF and GF-TiN NF electrodes and NaR/GF-TiN NF bioelectrode at a scan rate of 50 mV s in the
presence of PBS (pH 7.4) containing an equimolar concentration (5 mM) of [Fe(CN)¢l*™ and [Fe(CN)¢l*™. (b) CV responses of the sensor with the
NaR/GF-TiN NF bioelectrode as a function of scan rate (20-200 mV s™%). (c) Anodic and cathodic currents versus the square root of the scan rates.
(d) Chronoamperometry responses of the sensors using GF and GF-TiN NF electrodes and NaR/GF-TiN NF bioelectrode at a potential of -0.2 V.

perhaps because the NaR enzyme molecules in TiN NFs may
appear in favorable orientations able to effectively activate
the active sites at the enzyme to accelerate electrons gener-
ated from the redox reaction.*>** In addition, the NaR/GF-
TiN NF bioelectrode gives maximum values of I" = 72.8 x 10™°
mol em™ and ks = 5.61 x 10 ¢cm s ', compared to the GF
and GF-TiN NF electrodes (Table S2t), suggesting that a
larger number of redox moieties are available at the bio-
electrode providing a higher faradic current.*®

Fig. 5b shows the CV responses of the NaR/GF-TiN NF
bioelectrode at a scan rate from 20 to 200 mV s™'. With in-
creasing scan rate, the peak-to-peak separation voltage for
the NaR/GF-TiN NF bioelectrode shifts toward higher poten-
tials. Because the anodic and cathodic peak currents are pro-
portional and inversely proportional with the square root of
the scan rates (Fig. 5¢), respectively, the NaR/GF-TiN NF bio-
electrode exhibits a surface-controlled process.*”

Chronoamperometry is a widely used amperometric
method to monitor the transient response of the working
electrode of the electrochemical sensor with a potential pulse
(versus the reference electrode). This method has a fast re-
sponse and a high signal-to-noise ratio, compared to other
amperometric techniques.*® For the present sensor, the
chronoamperometric current from the GF-TiN NF electrode

This journal is © The Royal Society of Chemistry 2017

is found to be higher (-131 pA) than that from the GF
electrode only (-33 pA), yielding a three-fold enhancement in
current (Fig. 5d). After the immobilization of the NaR enzyme
molecules, the output current of the sensor further increases
to =292 pA.

With the excellent electrochemical performance of the
NaR/GF-TiN NF bioelectrode demonstrated above, we further
conduct chronoamperometric measurements for the sensor
with synthetic test samples having nitrate concentrations
ranging from 0.01 to 442 mg L™ mixed in a PBS solution (see
the sample preparation in the materials and methods sec-
tion). Analyte solutions are injected through the inlet of the
channel. Although the NaR/GF-TiN NF composite is embed-
ded in the channel, the analytes can easily pass through the
interior pores of the composite and exit at the outlet of the
channel. The sensing potential is maintained at —0.2 V dur-
ing the measurement, at which the immobilized NaR enzyme
molecules dominate the specific reductive reaction at the
electrode. Fig. 6a shows that the transient responses of the
sensor exposed to different nitrate concentrations. The cali-
bration curve of the sensor shown in Fig. 6b demonstrates
that the chronoamperometric current increases almost pro-
portional to the logarithm of nitrate concentration over the
whole range of concentrations tested. The sensitivity of the
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Fig. 6 (a) Chronoamperometric responses of the sensor with the NaR/GF-TiN NF bioelectrode as a function of nitrate concentration of the
synthetic samples. (b) Sensor calibration plot showing the output current versus nitrate concentration. The inset shows the relationship between
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(d) Comparison plots for chronoamperometric signals of the sensor responding to synthetic and real soil samples. The error bars are obtained by
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sensor is calculated to be 683.3 uA mg™' L cm™ based on the
calibration curve. Using the NaR/GF-TiN NF bioelectrode, the
sensor is capable of detecting minute concentrations of ni-
trate ions at 0.01 mg L.

Next, we validate the sensor with the NaR/GF-TiN NF bio-
electrode to detect nitrate concentrations of real solution
samples extracted from the soil collected from a Zea mays
farm field. The procedures for preparing the soil solution
samples are described in the ESL{ In this measurement, —0.2
V is used as a sensing potential and the soil solutions are
mixed with a PBS solution (pH = 7.4) containing [Fe(CN)s]* "+
and injected into the embedded channel. Fig. 6¢ presents the
chronoamperometric currents of the sensor responding to
different nitrate concentrations of soil solutions. As the con-
centration increases, the chronoamperometric current is
found to increase due to the catalytic reduction of nitrate
ions in the presence of NaR on the sensor surface (Fig. 6d).
The average relative standard deviation (RSD) for the output
current is less than +4% for the real samples with nitrate
concentrations of 2.21, 4.41, 8.84 and 22.1 mg L™; however,
the value of RSD decreases to even only +1% for 0.44, 0.88
and 44.2 mg L™ concentrations (Fig. 6d). Therefore, this sen-
sor demonstrates the considerable ability to quantify nitrate
concentrations in the soil solution samples.
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For the detection of nutrient ions in soil solutions,
common measurement practices include using ion chro-
matography,” spectrophotometry,”® ion-selective electrodes
(ISEs),”® and electrochemical sensors.*”**> Among these
practices, chromatography and spectrophotometry are lim-
ited to laboratories. The ISE-based and electrochemical
sensors are field deployable and can convert the activity
of a specific ion in a solution into an electrical signal.*®
Therefore, a number of chemically modified nitrate sensi-
tive electrodes have been developed,***> aiming at improv-
ing the performances of electrochemical nitrate sensors,
such as sensitivity, dynamic range, LOD and selectivity.
Table 1 compares the performances of our sensor with
other reported electrochemical nitrate sensors. Our sensor
provides a wide dynamic range of nitrate concentrations
from 0.01 to 442 mg L™'. The use of NaR/GF-TiN NF bio-
electrode results in a significantly increased sensitivity
(683.3 A mg' L cm?) and decreased LOD (note: the
lower the better) for the detection of nitrate, compared to
the sensors using other nanostructured materials, such as
reduced graphene oxide (GO),** 1-methyl-3-(pyrrol-1-
ylmethyl)pyridinium,** wrinkled GO,** carbon nanotube-
polypyrrole,>®  poly(3,4-ethylenedioxythiophene)-GO,>*  and
Ag@iron oxide.>> The improved performance of our sensor

This journal is © The Royal Society of Chemistry 2017
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Table 1 Performance comparison between our sensor and other typical existing nitrate sensors
Dynamic range  Sensitivity Limit of detection
Materials Methods (mg L) (MAmg'Lem™) (mgL™) Ref.
Reduced GO Amperometry 0.55-10.4 0.432 0.0625 33
1-Methyl-3-(pyrrol-1-ylmethyl)pyridinium ~ Amperometry Up to 6.25 1.248 0.335 34
Copper Linear sweep voltammograms Up to 12.1 1.0987 NA 35
Methyl viologen/Nafion Conductance 1.25-15.6 NA 0.312 36
Wrinkled GO Cyclic voltammetry 0.0625-6.25 3.6 0.0625 44
Silver@iron oxide Amperometry Up to 62.5 10.6 1.8 52
Poly(3,4-ethylenedioxy-thiophene)-GO Impedance 0.044-442 NA 0.135 54
CNT/polypyrrole Amperometry 27.5-90.6 0.0048 10.6 55
Polypyrrole Potentiometry 3.12-312.5 NA 0.625 56
Silver particle-polymethacrylic acid Cyclic voltammetry Up to 1250 2.08 31.2 57
GF-TiN NFs Amperometry 0.01-442 683.3 0.01 This work
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Fig. 7 (a) Chronoamperometric currents of the sensor responding to different interfering ions. The ion concentrations of Cl', K*, HCOs", and
SO,% are 127 mg L™, 512 mg L%, 1.63 mg L™, and 0.52 mg L™, respectively. These interfering ions are mixed with 442 mg L™ nitrate ions. (b)
Histogram plot showing the chronoamperometric currents of the sensor responding to different interfering ions. (c) Stability test conducted at a 5
day interval at a nitrate concentration of 442 mg L. The inset shows the plot of current versus number of days. (d) Reproducibility test conducted
at 8.84 mg L nitrate concentration for four sensors. The inset shows the histogram plot for the current outputs of the sensors.

may be due to the enhanced electrochemical reactivity of
the NaR/GF-TiN NF bioelectrode as it enables an im-
proved loading capacity of enzyme molecules for catalytic
reactions.

The effects of interfering ions for the GF-TiN NF based
sensor are also investigated (Fig. 7a and b). A few types of
interfering ions are included in the selectivity test, including

This journal is © The Royal Society of Chemistry 2017

sulfate (SO,>7, 50 uM concentration), potassium (K*, 200 pM),
chloride (CI', 450 puM), and bicarbonate (HCO; , 100 uM).
These ions are chosen because they are important anions
and cations in agricultural soils. The concentration of nitrate
ion is kept the same at 442 mg L™" for all the cases. The mea-
surements are conducted at a potential of —0.2 V (Fig. 7a). As
shown in the chronoamperometric responses of the sensor to
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these interfering ions (Fig. 7b), this sensor shows a good se-
lectivity in the presence of the aforementioned interfering
ions, as demonstrated by their RSD of +2.4% from the initial
values of the current. Because the immobilized NaR enzyme
molecules on the surface of the GF-TiN composite restrict
themselves from reducing oxo-compounds such as chloride,
sulfate, and nitrite, the influences of different interfering
ions are largely minimized for measuring complex real soil
samples.

Furthermore, the stability of the sensor is evaluated at a 5
day interval over 30 days. The stability test involves exposing
the sensor to the real soil solution sample (nitrate concentra-
tion: 8.84 mg L") and, when not in use, storing the sensor at
4 °C. The results in Fig. 7c indicate that the sensor perfor-
mance is considerably stable with a RSD value of +2% from
its initial response. In addition, for the reproducibility test
(Fig. 7d), four identical sensors are prepared and
chronoamperometric measurements are conducted with the
same concentration of nitrate (44.2 mg L"). A RSD of +5.3%
from the initial current signal demonstrates a good reproduc-
ibility of the sensor for the detection of nitrate ions.

Conclusions

In summary, we have demonstrated the in situ integration
of porous GF-TiN NF composites and microfluidic chan-
nels to realize high-performance microfluidic electro-
chemical sensors. The in situ assembly process utilizes the
simple liquid-phase photopolymerization process, which
enables convenient embedding of the GF-based electro-
chemical electrode into microfluidic channels or vice versa.
As a result, the embedded GF-TiN NF based scaffolds al-
low analyte solutions to flow through and interact with
the biomolecules covalently immobilized on the surface of
the scaffolds. In addition, the unique combination of TiN
NFs and GF produces synergy that results in the genera-
tion of a high-performance electrochemical electrode that
provides improved electrochemical reactivity, heterogeneous
electron transfer rate, and loading capacity of receptor bio-
molecules specific to target analytes. As an application
demonstration, we have applied the GF-TiN NF nano-
composite and the in situ assembly technique together to
form a microfluidic sensor for the detection of nitrate
ions in soil solutions. The sensor utilizes NaR enzyme
molecules to achieve high specificity to nitrate ions. The
sensor provides a high sensitivity of 683.3 pA mg™* L
em™, an extremely low LOD of 0.01 mg L', and good re-
producibility. This present sensor technology will be
adopted for the detection of different ionic nutrients in
soils such as phosphate, chloride and potassium ions, as
well as other target biomolecules in many other applica-
tions, by functionalizing the GF-TiN NF-based electrodes
with different specific molecules. It is believed that the
present approach will lay a firm foundation to facilitate
exploration of various GF-based microfluidic sensors for
many emerging applications.
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