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Abstract

This report implements for the first time an alkyne-azide “click” chemistry to position dopamine-specific aptamer receptors on InGaznO (IGZ0) thin
film transistor (TFT) surfaces for sensitive and selective detection of dopamine. It incorporates catalytic attachment of an alkyne-terminated silane
to an azide-anchored aptamer that precludes the need of an intermediate molecular cross-linking bond. The TFTs demonstrate high-gain (~ 1000)
Schottky action in deep subthreshold regime achieved through high-quality metal-semiconductor contact engineering which enables almost unity
voltage operation. The aptamer is specifically synthesized for selectivity towards dopamine and volt-order-calibrated responses with empirical and

theoretical detection limits of 1 nM and 100 pM are achieved.

Introduction

Aptamer-based label-free detection of biomolecules is attract-
ing interest lately for their excellent reception with high
selectivity and specificity. The 3D structure of aptamers
coupled with short strand length when attached to a surface
facilitates recognition within the Debye—Hiickel limit. Real-
time dynamics of chemical messenger molecules in nerv-
ous systems, known as neurotransmitters (NTs), are crucial
to understand neuronal influences on brain functions, infor-
mation processing, and other neurochemical processes.['™*
Dopamine [2-(3,4-dihydroxyphenyl) ethylamine] is an impor-
tant catecholamine NT that plays a crucial role in the central
nervous (CNS), hormonal, renal, and cardiovascular system
and helps in the control of cognitive/motor and neuroendo-
crine functions. Imbalances in dopamine secretion can lead to
neurological disorders such as post-traumatic stress disorder,
Schizophrenia, Parkinson’s, and Alzheimer’s disease.l”"1 Such
small molecules must be detected with high sensitivity below
clinical concentrations, with minimal bio-toxicity levels and
high selectivity against interferants. The range of physiologi-
cal concentration of dopamine within the human blood-brain
barrier (CNS) varies between 4.8 + 1.5 nM in the ventral teg-
mental area (VTA) and 0.5 = 0.2 nM in the red nucleus with
10 pM—1 mM ranges in other peripheral components such as
adrenal glands, serum, and plasma.l!” ') Apart from in vivo
sampling, optical methods, nuclear imaging, and electrochemi-
cal detection of NTs, electronic field effect transistors (FETs)
offer a platform to transduce the change in charged aptamer
morphology on target binding into amplified electrical signals.

However, they need to be ultralow power and portable on flex-
ible substrates for seamless integration with micro-probes or
wearable devices. These features can be incorporated by the use
of amorphous oxide semiconductors, specifically ZnO-based
materials viz. IGZO, which demonstrate high mobility, low pro-
cess complexity, low thermal budgets, good flexibility, stability
in threshold voltage, and reduced leakage due to the wide band-
gap.['> 81 IGZO is a unipolar, stable three-cation quaternary
compound and wide bandgap semiconductor (3.25 to 3.3 eV)
that promises lower leakage.!'*"'®! Indium (In) increases oxy-
gen vacancies in the overall amorphous microstructure which
leads to an abundance of unbound metal atoms that leave more
electrons free to increase the carrier density. The mobility is
enhanced as the s orbital is isotropic and larger which leads
to better overlap between successive orbitals and, therefore,
highly mobile ns transport. However, binary oxides of In may
be unsafe above critical cytotoxicity levels, because among In,
Ga, and Zn, it is the only highly toxic material and, therefore,
a ternary combination makes more sense. Ga is known to sup-
press mobility to semiconductor levels as it bonds O strongly
than In or Zn, which creates a stable metal-O—metal structure.
Zn has a strong tendency to crystallize along with mobility
enhancement and exhibits small effective mass which decreases
the effective density of states and tends to suppress the electron
concentration to semiconductor levels. Ga, In, and especially
Zn may individually be easily etched by wet methods, but this
can be tackled by a ternary combination. The amorphous nature
of the material enables incorporation of standard deposition
methods compatible with CMOS back end of line (BEOL)
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processes and removes the need for channel layer doping for
contact formation. IGZO is also photosensitive which could
allow the integration of future optical modalities along with
optoelectronic detection. The flexible nature and easy process
flow that include printable and solution-processed methods
can soon allow simpler and cost-effective mass manufacture.
Whereas high drive current is an important criterion for [GZO
TFTs in display driver circuitries and was the fundamental
motivation, low-power operation, noise immunity, and high
sensitivity become important when it comes to new-found
biosensor applications.!'7>'1 IGZO TFTs have been predomi-
nantly explored at near-threshold conditions that require high
bias voltages. Interestingly, recent reports have investigated
Schottky barrier (SB) source/drain regions wherein the pres-
ence of a reverse-biased Schottky diode facilitates low-power
deep subthreshold operation due to gate-bias-induced modula-
tion of current injection or extraction through the modulation of
a depletion region.”>>41 Despite such advances, these charac-
teristics have not been utilized in the design of FET biosensors.
Furthermore, surface chemistry for aptamer immobilization has
scarcely evolved to prevent channel/device degradation. In this
paper, we report the integration of a direct alkyne-azide chem-
istry with high-gain Schottky barrier TFTs to achieve sensitive
and selective detection of dopamine and propose a biosensor
design framework.

Materials and methods

TFT fabrication

TFTs in inverted staggered structure, as shown in Fig. 1(a),
were fabricated on a 4" Si/SiO, wafer, including an IGZO post-
deposition anneal performed at 200°C to recover device prop-
erties, as described elsewhere.”*! No pre- or post-fabrication
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anneals were performed on the wafer such that virgin charac-
teristics were preserved and the maximum process temperature
used was only in atomic layer deposition. The device regions
were cleaved and electrically characterized in a Keithley 4200A
Semiconductor Characterization System (SCS) with a Cascade
Microtech MPS150 Probe Station at room temperature (RT) of
298 K under ambient environment.

Chemicals and reagents

Sylgard® 184 silicone elastomer base and curing agent were
purchased from Dow Corning Corporation for casting PDMS
wells to hold buffer and target solutions. Silane coupling
agent, 90% O-(propargyl)-N-(triethoxysilylpropyl) Carbamate
(C,3H,5NO,Si), which is an olefin functional trialkoxy silane
with an alkyne termination group and belongs to the organoeth-
oxysilane chemical family, was purchased from Gelest, Inc. in
the liquid form and refrigerated at 4°C. The following were pur-
chased from Sigma-Aldrich (now MilliporeSigma): (i) the cata-
lyst in cross-coupling reactions, 99.999% Copper (I) Bromide
(Cu(I)Br) in the powder form and stored at room temperature;
(i1) TRIS base (Trizma® base) ((2-amino-2-(hydroxymethyl)-
1,3-propanediol) (NH,C(CH,0H),) in the powder form and
used as the buffer solution for all major reactions; (iii) ultra-
pure Tris-EDTA (chemical formula C,,H,;N;0,;) buffer
solution with a composition of 10 mM Tris-HCI and 1 mM
disodium EDTA at pH 8.0 in the liquid form; (iv) aminogly-
coside antibiotic tobramycin, or O-[3-Amino-3-deoxy-a-D-
glucopyranosyl-(1—6)]-O-[2,6-diamino-2,3,6-trideoxy-a-
D-ribohexopyranosyl-(1—4)]-2-deoxy-D-streptamine target
(C,sH3,N50) without any purification in the powder form
and stored at 4°C; (v) synthetic dopamine hydrochloride or
2-(3,4-Dihydroxyphenyl)ethylamine hydrochloride target
((HO),C(¢H;CH,CH,NH, -H) without any purification in the

Ee

()

Figure 1. (a) Schematic representation of device setup. (b) Work functions of separate metal and semiconductors. (c) Band bending of the
M-S-M junction on combination. (d) Effect of gate bias in lowering initial barrier height for increase in TE and TFE. (e) Effect of small drain
bias on drain side forward biased Schottky diode that allows leakage and quasi-linear behavior. (f) Effect of large drain bias that lowers
the forward barrier such that carriers are collected through drift transport rather than barrier transport.
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powder form and stored at 4°C. Deionized (DI) water was
obtained from a Milli-Q Synthesis A10 system. A 57-nucleotide
synthetic 1pM dopamine DNA oligonucleotide with a 5" azide
(NHS Ester) modification was obtained from Integrated DNA
Technologies after dual-HPLC purification: 5’-azide-GT CTC
TGT GTG CGC CAG AGA CAC TGG GGC AGA TAT GGG
CCA GCA CAG AAT GAG GCC C-3".

Stock solutions

167.5 uL of procured TRIS-EDTA buffer solution was centri-
fuged at 10,000 rpm for 15 s before introduction of dopamine
aptamer. Thereafter, calculated amount of 33 nM 5’ azide-
modified oligonucleotide was dissolved in TRIS-EDTA buffer
without any purification in aliquots such that stock concentra-
tion was 0.2 mM (200 uM) of the aptamer and centrifuged
again. This stock solution was prepared at pH 8.0 and further
divided into aliquots of 10 vials x 2 pL, 3 vials x 20 pL, 1 vial
x 10 puL, and 1 vial x < 10 pL, which were stored in a — 20°C
freezer and are stable for a long time. The concentration and
purity were confirmed through their absorbance spectra on a
ThermoScientific BioMate™ 3S UV-Vis spectrophotometer
in a 10 mm path length cuvette. 500 mL of 20 mM TRIS buffer
was prepared from Trizma (TRIS) powder and DI water in a
container and sonicated for 3 min. The pH was adjusted to
a final value of 7.0. 250 mL Nalgene rapid-flow filters were
used to filter out the buffer solution in a container bottle under
vacuum and capped tightly for storage. Thereafter, the ionic
buffer was stored in room ambience for further use.

Aptamer immobilization

The devices were cleaned with ethanol, isopropyl alcohol, and
DI water, followed by N, drying before silanization. Alkyne-
terminated IGZO hybrid interfaces were prepared by chemi-
cal treatment of the hydroxylated surfaces via undiluted 90%
O-(propargyl)-N-(triethoxysilylpropyl) Carbamate drop casted
on the devices and laid in a petridish for approximately 16 h
overnight reaction. Drops of ethanol were placed around the
petridish to prevent drying of the surface. The hydrolyzable
group attaches to the hydroxyl-terminated IGZO surface via
the covalent Si—O bonds and thus provides a handle for the 5’
azide-terminated non-thiolated DNA to attach. Thereafter, the
surface was rinsed again with ethanol and DI water. Cu(I)Br is
a coarse amorphous powder and was used as the catalyst for the
“click” reaction on IGZO surface. To form a 10 mM strength of
aptamer buffer solution, calculated amount of Cu(I)Br crystal
was added to 5 mL 20 mM TRIS buffer in a volumetric flask
and vortexed for a minute. The 2 pL. DNA stock aliquots were
centrifuged at 10,000 rpm for 15 s. The reduction of 200 uM
aptamer stock to 200 nM concentrations for aptamer immobi-
lization was implemented through a 1000-fold dilution. Entire
2 uL aliquot of 200 uM aptamer stock was mixed with 2 mL
of 10 mM Cu(I)Br/TRIS solution as above and vortexed for
a minute. This final aptamer solution was then dropcasted on
the relevant silanized devices with a cap of DI water present in
the petridish so that evaporation is minimal at room ambient

temperature. The incubation was varied between 10 min and 18
h and stable data were observed from 10 min incubated devices.
Thereafter, 10 min was fixed as the standard incubation time
for the rest of the experiments followed by an ethanol/DI water
rinse and N, drying.

Target preparation

Dopamine target is photo-unstable and, therefore, needs to be
prepared just before target conjugation to aptamers for char-
acterization studies. To activate dopamine, it was dissolved in
0.1 M HCI (pH ~ 1.14). 100 mL final volume of 0.1 M HCI
solution in DI water was prepared from 12.1 M HCI original
solution and vortexed for a minute. To prepare a 1 mM stock
concentration of dopamine target (molecular weight 189.64 g/
mol), dopamine hydrochloride was dissolved in 20 mL 0.1 M
HCI solution prepared above and vortexed again. Three target
concentrations of 1 nM, 10 nM, and 100 nM for target detec-
tion were then prepared in 20 mM TRIS buffer through serial
dilution for electrical tests with rinse dry cycling. Similarly,
the tobramycin target was directly prepared in 20 mM (0.1x)
of TRIS buffer at concentrations of 1 nM, 10 nM, and 100 nM
for real-time electrical cycling tests.[%)

Results

High-gain Schottky behavior

The nature of metal contacts at the source and drain for any
TFT dictates the injection or extraction of charge carriers to an
extent, along with other factors like control of oxygen vacan-
cies and carrier density. Low resistance ohmic contacts, which
are formed when low work function metals are used, can lead
to linear behavior, high conductivity, and high mobility in semi-
conducting carrier concentration oxides (< 10'® cm™ carrier
density), but may come at the cost of switching control loss,
high gate leakage and subsequently, and high off current in
high carrier concentrations (> 10'7 cm™ carrier density).>* 2]
In such channels, Schottky barriers can be effectively used
instead for a tighter conduction modulation due to their non-
linear behavior and leakage suppression. This non-ideal inter-
face can be formed under the source/drain contacts by two main
approaches. Commonly, the carrier concentration is brought to
semiconducting levels at the deposition stage itself by altering
the oxygen vacancies through adjustment of the oxygen par-
tial pressure and post-deposition or post-fabrication anneals.*”]
The other approach is to use a high work function metal that
is abundantly different from the semiconductor work func-
tion and, therefore, can form inherent Schottky barriers at the
metal-semiconductor—-metal (M—S—M) junctions without any
adjustment of deposition conditions.

In a M-S combination with an initially high work func-
tion difference, the Fermi levels align when they are combined
(Fig. 1(b)—(f)). The high work function difference and chan-
nel carrier density governs the Schottky barrier height @y,
forming a depletion width (W, and Wpg,) which dictates the
thermionic emission (TE) over, and thermionic field emission
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(TFE) through the barrier. If both source and drain contacts
form this interface, then at any point, the transport is dictated
by the interplay between the forward- and reverse-biased
Schottky barriers. When a positive gate voltage is applied with-
out any drain bias, an accumulation layer of majority carriers
is formed that reduces W, and Wpg, and aids TE and TFE.
With this fixed gate voltage, and a small bias on the drain ter-
minal, the drain Schottky diode is forward biased and initially
governs the leakage and quasi-linear/non-linear transport. This
continues until a large drain bias is applied; in which case,
the drain carrier collection becomes a drift phenomenon, and
source becomes reverse biased. Thus, the saturation current
is governed by the reverse saturation transport of this source
diode at any given Vq. Hence, there is a gradual transition of
the drain barrier limitation to a source limitation with a fixed
gate bias and increase in drain bias until the source Schottky
barrier concretely dominates the transport.

The Schottky behavior in these long channel devices (W/L =
1625 um/250 um) is evident from the linear scale current—volt-
age trends of the M—S—M layer without any gate bias (Fig. 2(a)
and insets). A high resistivity of the channel layer to charge
transport was observed. From the reverse-biased Schottky
trend, we extracted the effective zero bias barrier height and the

ideality factor of the contacts as 0.81 eV and 1.33, respectively.
For almost unity operation voltages of these devices, a deep
subthreshold region between 10 pA and 1 nA was extracted
from the conventional transfer characteristics (Fig. 2(b)). The
gate voltage limits were then obtained between Vg, = 0.9
V and Vg gy = 1.4 'V for this deep subthreshold region next to
the device off state. Our objective is to operate the biosensor at
some point within this regime. To achieve low voltage opera-
tion with gate leakage suppression at high gate capacitance
and higher accumulation of charge density, HfO, high-k gate
dielectric was chosen.”®! With a 25-nm-thin HfO, insulator
layer, the gate leakage was below the pA range. Within this
below subthreshold regime, the devices achieved early satu-
ration with the largest drain source transition voltage around
Vps.te = 0.26 V at the highest gate voltage of 1.4 V (Fig. 2(c)).
Such early transition enables the operation of biosensors in
the saturation region around unity voltages so that measured
signals do not drift. Almost flat characteristics were obtained
in the saturation region which indicated extremely high output
resistance. Vg 1, Was the drain voltage at which drain side bar-
rier lowering allowed the transport to change from a leakage to
a quasi-linear behavior (Fig. 2(d)). Vpg_1, Was the drain voltage
at which the drain side barrier was lowered to a point where
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Figure 2. (a) M-S-M current-voltage characteristics that depict the Schottky nature of the barrier and extraction of initial barrier height
and contact ideality (insets). (b) Transfer behavior at Vpg = 0.3 V and 0.5 V to extract a deep subthreshold regime with low gate leakage.
(c) Output behavior within the deep subthreshold regime (Vgg., 10 Vg 1) to obtain the output conductance and resistance for intrinsic
gain determination. (d) Variation of the leakage-quasi-linear and quasi-linear-saturation voltages (Vpg_ , and Vpg 1) to indicate transition
between drain forward biased to source reverse-biased Schottky transport. (e) Variation of the transconductance (g,,) and output con-
ductance (resistance ry) for extraction of intrinsic gain A;. (f) Uniform intrinsic gain across the deep subthreshold regime that is approxi-

mately two orders of magnitude higher than ohmic TFTs.
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the transport changed from a quasi-linear to a saturation one,
and therefore, only the reverse-biased source side limited the
current. Vg1, and Vpg 1, remain relatively unchanged between
Vis1o and Vg - Output resistance from output trends and
transconductance from transfer curves were obtained within
the below subthreshold regime at two drain biases of 0.3 V
(Fig. 2(e)) and 0.5 V (not shown). Both parameters had com-
plementary behavior with increments in gate bias. The intrin-
sic gain for these devices was extracted from the product of
the transconductance and the output resistance (Fig. 2(f)). We
determined highly stable intrinsic gains (~ 1000) for the device
at 0.3 V at such large device dimensions, about an order of
magnitude higher than other reported works with much smaller
devices. Although the intrinsic gain remained constant through
the deep subthreshold regime at Vg = 0.3 V, the highest gain
was obtained at gate and drain voltages of 1.3 V and 0.5V,
respectively (not shown). Initial sampling data (not shown) at
the noise floor and other voltages (Vgg=13V, Vpg=03V
or 0.5 V) within this deep subthreshold region exhibited high
stability and similar trends for short time periods of approxi-
mately 20 min, which is encouraging for sensor operation, as
most temporal resolutions for biomolecule detection lie within
this domain. If we consider that our highest transition voltage
Vbs.te Wwas 0.26 V, then Vg = 0.3 V may be reliably chosen as
the drain bias for stable saturation operation, together with Vg
= 1.3 V where we observed the highest gain, for the extrac-
tion of sensor metrics. In this way, we define the operational
regime of these biosensors, contrary to other reports, where
such values are chosen arbitrarily. This also blends into the idea
that low drain biases (< 1 V) should be chosen to stay within
the electrochemical window of buffer solutions applied on the
IGZO back channel to prevent any local work function change
of the source/drain contacts and to sample the target analyte at
regular intervals for real-time data.

“Click” chemistry

Nucleic acid aptamers are low molecular weight 3D short
chains (20 to 100 nucleotides) of single-stranded DNA or RNA
oligonucleotides that can recognize or bind various biomol-
ecules through primary to secondary conformational changes
with high affinity (can bind with targets multivalently) and
specificity (can recognize single point targets or isomers) due
to their predilection to form complementary bonds.l”? Tradi-
tionally, the immobilization of aptamers has been mostly a
3-step process with amine-terminated silanization with or
without a high-temperature curing procedure, an amine to
sulfhydryl/carboxyl group crosslinker or coupling agent that
includes ester and maleimide/carbodiimide at opposite ends
such as m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester
(Sulfo-MBS) or 1-ethyl-3-(3-dimethylaminopropyl)carbodiim-
ide hydrochloride (EDC), and aptamer functionalization to this
crosslinker with its own set of chemicals and protocols.[® 7]
This may be harmful to the fragile and sensitive IGZO layer.
In fact, devices from our previous ZnO research were dam-
aged due to the lengthened silanization/aptamer immobilization

times.[®) We observed surface degradation even under mild

solutions, as was used in the buffer or reagent preparation of
our previous chemistry, specifically acetonitrile (pH 10.0),
crosslinker amine Sulfo-MBS (requires reaction pH 6.5-7.5),
NaCl (pH 7.0), MgCl, (pH 6.0-7.0), and Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) (pH 7.0).

To prevent such an issue, we adopted a method called
“click” chemistry, which Sharpless et al. defined as the family
of reactions characterized by modular and thermodynamically
driven addition of small molecules that enable hetero-atom
C-X—C links preferentially over C—C bonds.[*’- **] Essentially,
the reaction should meet a set of stringent conditions such as
stereospecific nature, high selectivity, singular trajectory to
generate a single reaction product, proportionate high yields,
generate only easily removeable non-toxic byproducts, and ide-
ally insensitive to water and oxygen that corresponds to use of
no or benign solvents. Of many such reaction families, we spe-
cifically take the approach of a Cu(I)-catalyzed Azide-Alkyne
Cycloaddition (CuAAC) “click” chemistry, in which case, there
is high probability of the generation of only the 1,4-isomer
reaction product. We chose the reagents such that the dopa-
mine aptamer linked to the rest of the phosphodiester chain
through an azide bond, and on the other hand, the silane reagent
included an alkyne termination. The main attraction is that this
is now reduced to a 2-step process that removes cross-linkers
and other harmful chemicals from the equation. Reactions
such as 0,(g) + e~ — 0, (s) and H,0(s) + h* — H,0™(s) from
the surrounding oxygen and adsorbed moisture environment
can lead to the formation of predominantly surface hydroxyls
(~OH) on unpassivated IGZO back channels.”*’! The alkyne-
terminated carbamate silane reacts with surface —OH groups
to form Si—O covalent bonds that now anchor the silane after
a 16 h incubation period (Fig. 3(a)). Ideally, a uniform self-
assembled monolayer (SAM) of silane should be created after
this condensation reaction.’”! Thereafter, 5'-azide-terminated
57-nt dopamine aptamer was introduced to this Silanized chan-
nel for 10 min as mentioned previously. We expect the alkyne
and azide groups to conjugate or “click” under the influence of
Cu(I) as the catalyst without the need for any other intermediate
bond molecules or cross-linkers, which would mean a stable
bond, higher surface coverage, and lower steric hindrance.

Figure 3(d)—(1) present the atomic force microscopy (AFM)
height and phase topographs and scanning electron microscopy
(SEM) micrographs after such physical characterization of the
device microstructures at each stage of the 2-step immobiliza-
tion process to confirm the reaction on the surface. These tests
were performed on the pristine device surface, after silanization
and after aptamer immobilization on a FEI SCIOS Dual-Beam
SEM with T2 imaging detector at 25 pA current, 2 kV energy,
magnification of 50,000x, 45° tilt, and 0.1 nA/10 kV current/
energy with a collection time of 100 s for energy-dispersive
X-ray spectroscopy (EDX) elemental analysis and a Digital
Instruments Veeco Dimension 3100 AFM in tapping mode on
identical areas. Contrast changes were observed on the surface
in SEM images with an increase in granular morphology as
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Figure 3. (a) “Click” chemistry-based surface aptamer immobilization sequence. (b) Sessile CA analysis with 1 yL DI water of the pristine
device, after undiluted silanization and after alkyne-azide-based aptamer functionalization. (c) ATR-FTIR spectra of the respective sur-
faces in a wide range between 400 and 4000 cm™". (d-f) AFM height and surface roughness topographs. (g-i) AFM phase topographs. (j-I)
SEM images at a tilt of 45° to observe visual changes.
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consecutive steps were performed. EDX spectra and quantita-
tive analysis shows borderline changes in some elements like
C, Si, and O, and appearance of new elements like N after
silanization and P after aptamer functionalization without
any impurity species (Table I). C and Si varied withina o ~ +
0.13% and + 0.84% of weight, respectively, across the samples
and exhibited the highest intensity on addition of C and Si
rich silane. N, although comparatively minor, appears in the
silanized and aptamer-immobilized spectra due to the presence
of the 2° N-H bond on the carbamate silane and the alkyne-
azide bond, respectively. The phosphodiester deoxyribose in
the oligonucleotide allow P to vaguely appear in the final sam-
ple. However, at 10 kV, the detector probes through the entire
stack till Si, which is orders of magnitude thicker than a few
nanometers of surface aptamer chemistry and therefore, surface
variation may hide behind bulk elemental signatures and do not
correctly represent the reactions happening on top of the chan-
nel. Thus, a better fit for such surface analysis would be attenu-
ated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy performed on a Nicolet 6700 spectrometer with
a diamond crystal ATR in a Smart iTR™ accessory at an inci-
dent angle of 42°. Figure 3(c) depicts the ATR-FTIR spectra of
pristine IGZO surface and after subsequent functionalization at
the silanization step and after aptamer immobilization in a wide
range between 400 and 4000 cm™'. A broad peak is evident in
the 3000-3700 cm™' range due to the stretching vibration of
O-H surface hydroxyls.*' 3 There is a weak appearance of
symmetric and asymmetric C—H stretching vibrations in the
pristine surface from 2800 to 3000 cm™' which progressively
becomes stronger in the silanized and surface-anchored aptamer
surfaces due to the presence of C—H groups in the respective
constituents. In the silanized sample, a symmetric stretching
C-H alkyne peak which may be interspersed with a second-
ary N—H stretching peak appears in the range 3267-3350 cm™'
and a weak asymmetric stretching C=C alkyne peak appears
in a narrow range of 2190-2260 cm™'. The peak observed
around 1650-1800 cm™' is an asymmetric C=0 stretching

vibration. Asymmetric shoulder Si—-O-Si and Si-O vibra-
tions are distributed between 1000 and 1300 cm™' and only
appear in the silanized and aptamer-functionalized samples.
Distinct changes in the spectra can be observed on application
of surface-anchored aptamers wherein symmetric and asym-
metric PO, peaks from the phosphodiester deoxyribose back-
bone appear between 1075-1090 cm™' and 11401320 cm ™.
Another peak between 1400 and 1600 cm ™' can be ascribed to
—N=N- vibrations flanked by cytosine (1453 cm™'), adenine,
and/or thymine (15301550 cm™") from the DNA. FTIR data
suggest the confirmation of anchored oligonucleotide after an
alkyne-azide conjugation. The AFM topographs indicate an
initial pristine IGZO r.m.s. surface roughness (R,) of ~ 1.983
nm. Thereafter, a progressive roughness increase was observed
as more layers of silane and aptamer molecules were added
on top. The silane chain length is ~ 0.5 nm, and AFM data at
this stage indicated a value of 2.413 nm that could validate the
formation of a SAM. With the addition of dopamine aptamer,
the surface roughness increased to expected values. The total
aptamer length is expected to be ~ 1 to 2 nm and was consist-
ent with AFM data of ~ 4.837 nm after immobilization. AFM
phase topographies have also been included to substantiate the
addition of the layers as phase is a function of cantilever oscil-
lations and/or derivative of the topography. Therefore, it can
be used to distinguish between different species with differ-
ent mechanical properties to affect the cantilever tip. High-
quality IGZO deposition ensures a smoother pristine phase due
to finer grains with multiple orientations. This changes to a
freckled phase morphology due to the addition of silane SAM
and becomes more agglomerated after aptamer adhesion. The
physical data together suggest that the surface morphology of
IGZO was altered in response to the immobilization protocols
that we adopted. Static contact angle (CA) analysis of 1 pL DI
water on the different samples was performed through a First
Ten Angstroms 1000 B Drop Shape Instrument within 5s to
understand surface receptivity to polar Newtonian fluids at the
three stages.**>% The CA of the pristine surface was 49.6°

Table . EDX elemental

o . Element Pristine surface On silanization Aptamer immobilized
composition spectra obtained surface
from different samples.
Weight% Atomic% Weight % Atomic% Weight % Atomic%

CK 3.33 10.9 3.52 11.24 3.18 10.59
OK 18.51 45.43 18.09 43.33 17.3 43.18
ZnL 10.67 6.41 9.54 5.59 10.61 6.48
GalL 4.21 2.37 3.79 2.08 4.48 2.57
Hf M 10.03 2.21 10.06 2.16 10.75 2.41
SiK 11.95 16.7 13.58 18.54 11.65 16.57
RulL 33.32 12.95 33.63 12.75 31.92 12.61
InL 7.33 2.51 6.35 2.12 7.71 2.68
TiK 0.65 0.53 0.91 0.73 1.84 1.53
NK - - 0.53 1.46 0.42 1.21
PK - - - - 0.14 0.17
Total 100 100 100 100 100 100
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that increased to 60.2° after silanization and decreased to 43.9°
after attachment of aptamer (Fig. 3(c)). As per Young’s surface
energy analysis, CA is inversely related to the surface energy,
and the increase in CA on silanization signifies a lower surface
energy which in turn establishes the existence of low energy
C, H species, and Si molecules that approach hydrophobicity
on the surface. Anchored aptamers caused a drop in the CA
below even pristine IGZO values due to the tethered negatively
charged phosphodiester DNA backbone that increases surface
energy and hence adhesion due to higher affinity towards polar
DI water molecules.

Sensitivity and selectivity

As depicted in Fig. 1(a), the PDMS wells worked to define
the area of the TFT surface exposed to non-physiological
buffer, target analyte solutions, and prevent any crosstalk.
Devices were physically isolated from each other by sizeable
inter-TFT distances (> 5 mm) between them. Additionally,
the low gate leakage current negated any contribution to the
target signals from the vertical transport component between
the gate and the active channel. Some devices with no sur-
face functionalization (non-silanized, non-aptamer immobi-
lized) were exposed to polar solvents such as methanol and DI
water (18.2 MQ) through a 2 pL micropipette to understand

the response of IGZO channels to such solvents and how this
analysis may be used to distinguish solvent adhesion signals
from target-aptamer conjugation signals.?’! On bottom-gated
setups, we observed a negative shift in the threshold voltage
with hump behavior for both the solvents with a deterioration
of the subthreshold slope as shown in Fig. 4(a). The negative
threshold voltage shifts without any accompanying appreciable
Ipg increase points to the accumulation of extra majority car-
riers near the surface due to the adsorption of polar molecules.
In the case of methanol, these polar molecules are volatile,
and therefore, the surface accumulation is dependent on the
number of molecules present on the surface as the solution
evaporates. DI water molecules, due to its longer evaporation
time, may be chemisorbed on the channel surface and cause an
in-diffusion of H,O molecules that may require a special heat
step or dry step to diffuse out the molecules completely and
return the device to its original behavior. The hump behavior
can be explained by the sudden increase in surface interface
states (different from semiconductor-dielectric interface traps)
on solvent introduction, that trapped and released some major-
ity carriers. In all the cases, the devices almost recovered their
pristine behavior after a rinse and N, drying, albeit with a mar-
ginal increase in off current due to the presence of a parallel
back channel conduction path from incomplete out-diffusion of
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1074 10'71VDS=0‘3V
10°] j— Pristine devices 1074
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Figure 4. (a) Short-term reversible effect of polar solvents on non-silanized, non-aptamer-functionalized devices. (b) Effect of surface
chemistry steps on transfer behavior. (c) Dopamine target-concentration-dependent changes in transconductance against TRIS physi-
ological buffer baseline signals. (d) Calibrated response curve against device transconductance to quantify sensitivity of dopamine
detection in the order of volts. (e) Real-time dopamine target-concentration-dependent changes in device transconductance. (f) Real-time
selectivity of dopamine detection against tobramycin at different concentrations.
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solvent molecules. Therefore, DI water-based buffer solutions
may cause a short-term reversible modification of the chan-
nel surface, even though they cannot be completely ruled out
presently.

Similar transfer curves were again obtained in the standard
dry state from another set of silanized and aptamer-function-
alized devices as shown in Fig. 4(b) against pristine character-
istics to understand the effect of the addition of each of these
chemistries. Three sweeps were averaged for each curve and a
positive shift in the threshold voltage along with a correspond-
ing incremental decrease in drain current was observed at each
of those steps. Within the deep subthreshold regime (107! to
107 A), there was slight improvement of the subthreshold slope
along with a slight decrease in the off current. Essentially, on
silanization, the three alkoxy groups are hydrolyzed in an etha-
nol environment and then condense to bind through covalent
bonds to the IGZO hydroxyl groups. This prevents the H,O(s)
+ h" — H,0%(s) conversion and leads to fewer surface accu-
mulation charges that provide an alternate transport path. Thus,
a higher electric field is required to establish conduction that
leads to a higher threshold voltage with marginal decrease in
current. On aptamer functionalization, the aptamer is anchored
to the silane through the benzene 1,4 isomer. This introduces
the negatively charged phosphor-diester backbones of the DNA
aptamer to the channel surface, although with a primary con-
formational motif. By virtue of the presence of such negative
charges in the surrounding environment, there is a top-gating
effect which electrostatically repels the surface accumulation
charges and leads to the incremental positive threshold voltage
shift, although on/off conductance ratio are minimally affected.

Dopamine-specific aptamers were covalently attached
to the channel surfaces for electronic detection of synthetic
dopamine. The tests were performed in the below subthresh-
old regime to evaluate the amplification of signals due to
target-aptamer conjugation. The devices were tested with
only TRIS buffer initially to get the baseline signals. The
gate sweep modulated the current along with the salt ions
in the buffer that increased the transconductance one order
of magnitude higher than common solvents as can be com-
pared between Fig. 4(a) and (c) along with an increase in
the off current as well. On the introduction of target ana-
lytes to aptamer-tethered surfaces, the primary conforma-
tional arrangement of the oligonucleotides is reorganized to
a secondary arrangement. From Fig. 4(c), the signal evolu-
tion suggests a backbone that approaches the semiconduc-
tor spatially in incremental proximity with an increase in
dopamine ligand-specific reception such that the conduct-
ance is a function of the target concentration. Although
dopamine contains a positive charge on its amine group and
increased concentration should lead to higher amplification
of electronic response due to increased surface accumula-
tion of carriers, our data suggest that this proximal effect is
overwhelmed by the multitude of DNA phosphodiester nega-
tive charges and causes a drop in drain current. With each
increase in target concentration, more surface accumulation

charges are electrostatically repelled due to the above action.
We observed a change in major parameters of the device on
dopamine reception viz. transconductance, on current, and
threshold voltage. With these parameters, a mean calibrated
response could be extracted from the individual average
responses against baseline values (I1gjs—/iyrge) and the cor-
responding mean transconductance g, of the device in the
deep subthreshold regime for which we designed these sen-
sors (Vgg=1.3V, Vg = 0.3 V) where g,, takes into account
the effect of capacitive gate bias coupling, charge transport
(mobility), and channel geometry (W/L) as follows:

Calibrated response (V) =

{AIDS (TRIS buffer) — AIDS (target concetration) } | Vgs=1.3V, Vpg=03V

gmlVgs=13V, Vps=03 V

The mean calibrated signals from three devices provided
us with the sensitivity plot Fig. 4(d). Calibrated signals in
the order of a few volts were determined compared to tradi-
tionally observed mV range of sensitivities, due to the deep
subthreshold high-gain design of these sensors. Dopamine
was successfully detected from 100 nM linearly down to 1
nM concentrations against TRIS ionic buffer as depicted, and
a theoretical limit of detection of 100 pM could be hypoth-
esized from the sensitivity plot. This range of detection is
sufficient for the detection of dopaminergic activity within
the CNS. However, further optimization of the “click” pro-
tocols is required to push these sensors to the fM limits of
detection which are observed beyond the brain-blood barrier
in the peripheral nervous system,'®! and are under investiga-
tion currently.

Real-time data were obtained from functionalized devices
with sequential alteration of target concentration to deter-
mine response time and reproducibility (Fig. 4(e)). The test
was initiated with a TRIS baseline and target solutions were
spiked into the wells at intervals. A drop in current response
was noticed at 100 nM with eventual average increase in
signals with 10 nM and 1 nM. The response time was in
the order of seconds; however, it took longer for solutions
to equilibrate on the surface and hence the non-saturated
response. Successive 10 nM target addition returned the
average conductance levels to previous states. The drops
at the end of each concentration conductance behavior can
be attributed to the crystallization/evaporation of the solu-
tion from the well given the fact that a small volume (2
uL) was used for each injection. On another set of identi-
cal devices, we obtained real-time data of dopamine (DA)
against tobramycin (TB) to evaluate the selectivity of our
sensor mechanism (Fig. 4(f)). Again, although the TRIS
baseline magnitudes are similar for both the targets, their
oligonucleotide-target conjugation signals are almost com-
plementary in nature. Ideally, no non-specific conjugation
should occur on device surface; however, unpassivated voids,
surface radicals, and physisorption of some molecules could
lead to certain steric hindrances such that the slope of such
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T
behavior is non-zero.*® The change in signals due to similar
concentrations of TB is incremental and different than similar
changes due to DA, although the percentage change for DA
is much higher than for TB. This suggests that our surface

chemistry could be specifically used for DA detection against
non-specific adsorption of TB.

Discussion and outlook

We described a TFT biomolecule detection mechanism through
aunique “click” reaction instead of the traditionally used 3-stage
procedure. A facile 2-step surface functionalization immobilizes
the dopamine-specific aptamers to the IGZO channel and pro-
vides a handle for the reception of target analytes to cause a
characteristic change in device behavior. Such a system bestows
several merits to the concept of sensitive detection such as the
use of high intrinsic gain (~ 1000) devices at almost unity opera-
tion voltages, which leads to calibrated responses which are
an order of magnitude higher than mV that are conventionally
observed and limits the exposure of inorganic channel surfaces
to undesirable reagents during the immobilization process
which may be detrimental to device performance. The motiva-
tion to choose the deep subthreshold regime resonated with this
theme to marry maximum sensitivity of target detection to low
operation voltages for weak-signal or battery-less operation on
a portable platform. The work demonstrates new possibilities
to simply tether receptors through a non-toxic, single isomer
alkyne-azide product on channel surfaces with high selectiv-
ity against other targets as shown against tobramycin. Such
a paradigm may play new roles in applications like real-time
neurotransmitter monitors, brain function under different cir-
cumstances, point-of-care pain detection, and diagnosis of neu-
rological disorders. Specifically, the ability to design aptamer
and silane chemistry with a simple conjugation allows for the
mix and match approach to tune the detection metrics of the
system. Future work will be directed towards functionalization
protocol optimization with improvements in device design for
even higher signal amplification to obtain lower limits of detec-
tion with high sensitivity on flexible platforms to bring it one
step closer to mass integration. Additionally, to establish these
devices as detection standards, there are opportunities for opti-
mization of selectivity against similar molecules, device passi-
vation, expanded physical characterization, benchmarks against
electrochemical tests, and modeling of such reception kinetics.
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