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Rational utilization of rich interplay between light and materials taking place in an organic electrochemical
transistor (OECT) is emerging and gaining more interest from the scientific community. Light modulation is
expected to realize the advanced organic photoelectrochemical transistor (OPECT) with better
performance. A tear holds great potential for biodetection as it contains many biomarkers of physiological
importance. In this work, we introduce a novel OPECT towards detection of a tear biomarker, which is
demonstrated by assembling CdS quantum dots (QDs) onto a metallic Ti wire followed by assembly of
specific aptamers toward a model target of lysozyme. Upon light illumination, the alternation of the
potential drop at the CdS QDs/Ti gate electrode surface induced by biorecognition could intimately
change the doping/de-doping status of the poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS), resulting in amplified channel current signals for sensitive lysozyme detection. This work
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Introduction

Photoelectrochemical (PEC) bioanalysis, established upon the
photon-to-electricity conversion of various semiconductive
materials, represents an actively developing technology for
advanced bioanalytics."® The separation and the different
energy forms of the input (light) and the output (electricity)
make this methodology have reduced background and higher
sensitivity. To date, numerous materials and signaling
strategies have been exploited in this field,”** and the as-
developed biosensors have been widely applied ranging from
macroscopic in vitro detection to nanoscopic in vivo
measurement.”*™*® For example, Zhang et al designed
photonic-plasmonic synergistic resonators in the second near-
infrared window for PEC biodetection."® Our group developed
an integrated PEC nanotool for single-cell drug delivery and
assessment of the corresponding treatment effect.'*

Organic electrochemical transistors (OECTs),"*>* involving
electrochemical doping/de-doping, represent another rapidly
developing detection technology due to their attractive
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provides a new and simple platform for detection of a tear biomarker and beyond.

properties, e.g, miniaturized structure, intrinsic signal
amplification, and compatibility for aqueous operation, which
are necessary for biodetection. A typical OECT consists of a thin
organic semiconductor, e.g., conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
coated on the channel (C) between the drain (D) electrode and
the source (S) electrode, and a gate (G) electrode immersed with
an electrolyte (E). Principally, any small potential change at an
interface can cause a considerable change of the channel
current, making the OECT highly sensitive in transducing
biochemical species. Targeting clinically relevant analytes, to
date, OECT biosensors have been used for sensing in breath,*
sweat,?® saliva,” urine,*® and blood,*® and, nevertheless, have
not been applied for tears.

Based upon the elegant synergy between the OECT and PEC
bioanalyses, the concept of an organic photoelectrochemical
transistor (OPECT) has recently been proposed.** On the basis
of the interaction between light and a photoactive G-electrode,
the physicochemical rationale of an OPECT is that the light-
induced potential change at the G/E interface can regulate the
doping/de-doping status of C and thus lead to the potential
change at the C/E interface for amplified signaling. Inheriting
the advantages of both the PEC and OECT sides, our recent
study has revealed the sensitive OPECT biodetection at zero gate
bias.*" Given the merits of non-contact light stimuli and rich
light-matter interplay, much remains to be learned and done.

A tear, produced by lacrimal glands, contains many
biospecies of physiological significance, e.g., potassium,
lactate, glucose and proteins. Compared with blood, it offers
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a rather clean background and thus holds great potential for
simple and fast detection. Current commercial techniques
established for tear biomarkers include the enzyme-linked
immunosorbent assay (ELISA),*> Advanced Tear Diagnostic
Test Kit** and InflammaDry.** Although every approach has
obvious advantages, each also suffers from its own
limitations such as specialized equipment, high cost or
complicated procedures.”® Hence, new cost-effective and
user-friendly technologies towards tear detection are still of
urgent need. Given the potential of the OPECT, we envision
that it could serve as a new platform for tear detection, which
might be helpful in future diagnosis of ocular and other
diseases.

With these motivations, herein we describe the OPECT
detection of a tear biomarker, which to our knowledge has
not been reported. Fig. 1a and b schematically illustrate a
PEDOT:PSS-based device and a G-electrode of a titanium (Ti)
wire functionalized with CdS quantum dots (QDs) and a
specific aptamer towards a model target of lysozyme, a
natural antibacterial protein existing in various body fluids
and also a representative tear biomarker of chronic dry eye
syndrome. In the detection, the aptamer would confine the
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target onto the gate surface, leading to a change of surface
potential and the de-doping status of the C and ultimately
the amplified signal alternation. This protocol is
demonstrated to be both simple and accurate while achieving
a sensitive and rapid responsiveness. The detailed
fabrication, characterization, performance characteristics,
and corresponding mechanism explanation of the OPECT
biosensor are described in the following sections.

Experimental section
Reagents and materials

All the reagents were supplied from formal commercial
suppliers and were used without any further purification. For
the experimental details about the synthesis, fabrication and
data acquisition, please refer to the ESLf

Aptamer immobilization

The aptamers were immobilized onto a CdS QDs/Ti
G-electrode via an amide bond, and the amino groups on the
aptamer and carboxyl groups on CdS QDs were coupled.
Firstly, the solution containing 20 mg mL™" EDC and 10 mg
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Fig. 1 (a) Schematic of the proposed biosensor. (b) Schematic illustration of the CdS QDs/aptamer-functionalized G-electrode for lysozyme in tear

probing. (c) TEM images of the synthesized CdS QDs. Inset: The UV-vis absorption spectra (black curve) before and (red curve) after surface
modification of CdS QDs. (d) CD spectra of the aptamer before and after binding with lysozyme. (e) Electrochemical impedance spectroscopy (EIS)
of the Ti G-electrode with four different states (only Ti, modification of CdS QDs, immobilization of the aptamer, and combination of lysozyme),
which is measured in 0.1 M KCl containing a redox probe of a 5.0 mM Kz[Fe(CN)¢l/K4[Fe(CN)gl (1:1) mixture. The inset shows the corresponding

equivalent circuit.
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mL™' NHS was used to treat the as-prepared CdS QDs/Ti
G-electrode for 50 min at room temperature. After washing
with PBS carefully, 10 pL aptamer solution (0.1 pM
concentration) was added to a centrifuge tube with a capacity
of 200 pL, and then the CdS QDs/Ti G-electrode was soaked
in the aptamer solution and incubated at 4 °C for 12 h.
Subsequently, the G-electrode was cleaned with PBS solution
to remove the non-immobilized DNA probes. Then, the
excess carboxyl groups of CdS QDs were blocked by 1 mM
MEA at 4 °C for 2 h. Finally, PBS solution was employed to
rinse the G-electrode carefully.

Lysozyme detection

For the lysozyme detection, 10 pL lysozyme targets with
different concentrations were added to a centrifuge tube with
a capacity of 200 pL, and then the G-electrode which
immobilized the aptamer was immersed into the lysozyme
solution for 1 h incubation at 37 °C. Afterwards the
uncombined lysozyme targets should be washed away using
the PBS solution (3 times). To determine the specificity for
lysozyme detection, the aptamer/CdS QDs/Ti gate electrode
was incubated with 2 ug mL™" lysozyme and 100 pug mL™"
1gG, IgA, BSA, and HAS, respectively.

Results and discussion

To be used as a biosensor, the PEDOT:PSS-based device
should be very stable in electrolyte. The device was prepared
and then characterized in phosphate-buffered saline (PBS)
solution containing 0.1 M ascorbic acid for 2000 min to study
the device stability. Ag/AgCl is initially chosen as the
G-electrode since there is no capacitance associated with
faradic current at its interface.*® As shown in Fig. S1,f the
transfer characteristic curves measured from 5 min to 2000
min were quite consistent, indicating the excellent stability
of the as-fabricated OECT device. The subsequent
measurement of the output characteristic curves, as recorded
in Fig. S2,f reflected the sensitive response of the device
toward varying Vi values. Fig. S31 shows the operational
stability of the channel current response of the device upon
applying varying potential steps from 0.1 V to 0.5 V. As
shown, the current responses were recorded as the potential
was repeatedlty switched on and off more than 25 times over
1000 s, and the device generated reproducible signal
responses without any noticeable decrease within this period.
On the other hand, the CdS QDs/Ti electrode was also
fabricated and characterized. As shown in Fig. 1c, the size of
the as-prepared CdS QDs corresponded to ca. 5 + 1 nm as
shown by transmission electron microscopy (TEM)
measurements. The successful fabrication of the CdS QDs/Ti
G-electrode was verified using the UV-vis absorption
spectrum. As shown in the inset in Fig. 1c, the pristine Ti
electrode did not exhibit any absorption within the visible
range (black curve), whereas prominent absorption emerged
for the CdS QD-modified Ti electrode in the same range (red
curve). The stability of the CdS QDs/Ti G-electrode was then
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studied via time-based photocurrent response. As shown in
Fig. S4,t following the onset of light irradiation, the fast rise
of signal indicated the efficient charge excitation, separation,
and transfer and good electrical contact between the CdS
QDs and the Ti substrate as the current collector. The light-
controlled generation of reproducible photocurrent also
suggested its high photophysical stability.

Circular dichroism (CD) spectra were used to characterize
the structural changes of the aptamer and after incubation with
lysozyme. As depicted in Fig. 1d, the aptamer is a typical B-form
DNA, which has a positive long wavelength band around 260-
280 nm and a negative band at about 245 nm (blue curve).”’”
The shape of lysozyme is approximately elliptical, and its
conformation is complex;*® two negative bands near 208 and
222 nm are the key to determining the secondary structure of
lysozyme (black curve).*® After incubation with the aptamer, the
CD spectrum has significantly changed at ca. 208 and 222 nm,
implying the combination of the aptamer and lysozyme (red
curve). The developmental process of the aptamer/CdS QDs/Ti
G-electrode and its recognition with lysozyme were subsequently
monitored by electrochemical impedance spectroscopy (EIS),
which is an effective technique to characterize the interface
properties. In the Nyquist plot, an increase in the diameter of
the resistance circle means a decrease in the charge-transfer
ability between the electrode and solution. As shown in Fig. 1e,
both bare Ti and CdS QDs/Ti exhibited a small semicircle.
Subsequently, with the modification with the aptamer and
lysozyme, the diameter of the semicircle increased. The inset in
Fig. 1e shows the corresponding equivalent circuit. Incidentally,
as shown in Fig. S5;f the above-mentioned developmental
process was also confirmed using an atomic force microscope
(AFM), and the aptamer concentration was optimized to be 0.1
uM to modify the CdS QDs/Ti electrode for subsequent
application, as shown in Fig. S6.}

The PEDOT:PSS-based device was then assembled with the
aptamer/CdS QDs/Ti G-electrode to construct the proposed
device to detect the tear biomarker lysozyme. In the present
case, the light-induced electrochemical doping/de-doping of
the PEDOT film underpins the working mechanism of the
OECT.*° Specifically, the doping/de-doping process could be
described with the electrochemical reaction as follows:***!

n(PEDOT":PSS”) + M™" + ne” — nPEDOT’ + M"":nPSS™ (1)

where n is the number of charges of the cation, and M"" is the
cation in the electrolyte. When the gate voltage is applied, the
cation in the electrolyte will migrate to the PEDOT:PSS™ film
and thus lead to reduction from the high conductivity state
(PEDOT") to the neutral state (PEDOT®). Initially, the regulation
performance of the aptamer/CdS QDs/Ti G-electrode on the
transistor was studied. As shown in Fig. 2a, in the absence of
light illumination, the transfer characteristic curve of the
integrated device was measured (black dotted curve). In the
presence of light illumination, the transfer characteristic curve
moved obviously to lower voltages (red curve). As illustrated in
Fig. 2b, both solid-liquid interfaces have an electric double layer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The Ips ~ Vg curves of the biosensor measured in 0.1 M AA solution before (black dotted curve) and after (red curve) light illumination.

Vps = 0.1 V. (b) The variations in potential distribution of the gate voltage applied on the biosensor and the photovoltage Vpnoto induced by light
illumination. (c) The Ips ~ Vps curves of the biosensor measured in AA solution before (dotted curves) and after (solid curves) light illumination. Vg
=0V, 0.3V, and 0.5 V. (d) The time dependence of /g at three light off/on cycles. (e) The corresponding time dependence of Ips of the biosensor

with three light off/on cycles at zero gate bias. Vps = 0.1 V.

(EDL), which can be regarded as two capacitors in series.
Without the light illumination, the gate potential is distributed
to the two capacitors, ie., gate/electrolyte and electrolyte/
channel capacitors.*” Vi_¢ could be given by:

Vg

Vic=Vg—VgE =
E-C G~ VGE 11y

_ Cec
Co-E

(2)

14

where Vg_g and Vg ¢ are the potential distributed on the as-
mentioned two solid-liquid interfaces. Cg_g and Cg_¢ are the
corresponding capacitances of the two EDLs. By contrast,
under light illumination, as shown in Fig. S7,f the electron
on the conduction band (CB) of CdS QDs transferred to the
Ti G-electrode, which can lead to the decrease of the
potential drop of Cg_g, and Vphoro is defined as the value
where the potential drop varies.*® For the change in V¢
caused by light irradiation, which is Vi_¢, the effective gate
voltage V&' could be calculated using:

© 2022 The Author(s). Published by the Royal Society of Chemistry

V' = Vo + (1+9)Vphoto (3)
which well explained the shift of the transfer characteristic
curve under light irradiation.

Fig. 2c shows the output Ips at varying Vg values (0 V, 0.3 V
and 0.5 V) with light on and off. The I,s could be given by:***?

quptW

Ins =
DS Vs

)
(ve-ver 122 vos (vasilve- i)

qp,t
Gi

Vp:

ff _
Vg - VG + Voffset

(4)
where g, y and p, are the electronic charge, the hole mobility

and the initial hole density, respectively. ¢{, W and L are the
thickness, width and length of the OECT device channel
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organic semiconductor film, respectively; ¢; denotes the
effective capacitance per unit area of the transistor; Vp
indicates the pinch-off voltage. Ve is the offset voltage at
two capacitances. Together eqn (3) and (4) could easily
explain the decrease in Ips under light irradiation. Fig. 2d
shows the time-dependent gate current Is at several
intermittent light on/off cycles, with the simultaneous Ipg
behavior as shown in Fig. 2e. As shown in Fig. S8, the Ipg
responses of six aptamer/CdS QDs/Ti G-electrodes fabricated
in the same batch confirmed a good repeatability, with highly
identical current signals caused by light irradiation. The
change in the channel current value (Iycp) at a cycle of light
on and off could be calculated using:
Istep = I%fsf - I(I))Ié (5)
where I and 2% is the channel current value when light was
off and on, respectively. Note that the Iy, response is of
several hundred pA, and the corresponding I; response is of
only a few pA.
Fig. 3a recorded the stepwise Ipg responses during the
system development, i.e., the signals of the pristine CdS QD-
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modified Ti G-electrode (curve a), after modification with the
aptamer (curve b) and further combination with lysozyme
(curve c). It can be found that the CdS QD-modified Ti
G-electrode enabled the maximum Iy, which exhibited a
decrease after the immobilization of the aptamer. After
further combination of the aptamer with lysozyme, Ie.p
further decreased. AI/I was employed as the signal response,
which could be calculated using:

Iaptamer _ Ilysozome
_ ‘step step
AI/I - Iaptamer [6)
step
where E{;‘;mer and Iep”™ correspond to current responses

after the modification with the aptamer and the lysozyme
recognition, respectively. A linear relationship can be derived
for the measurement of lysozyme in the concentration region
from 2 x 10° to 2 x 10* g mL™", as shown in Fig. 3b. The
value of AI/I was 1.15%, which corresponded to pure PBS
(baseline noise), and hence the detection limit (the signal
response was three times higher than the baseline noise) can
reach 5.5 x 10*° ¢ mL™". In order to confirm the selectivity,
Fig. 3c shows the selectivity to three proteins, namely,
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Fig. 3 (a) Channel current Ips response of (curve a) the CdS QDs/Ti G-electrode and the electrode after (curve b) modification with the 0.1 uM

aptamer and blocked by 1 mM MEA and (curve c) combination with 2 ug mL™ lysozyme. Vg = 0 V, Vps = 0.1 V. (b) The corresponding derived
calibration curve. Al/l as a function of lysozyme concentration. (c) The selectivity of the prepared biosensor. The concentration of lysozyme and
other proteins are 2 ug mL™* and 100 pg mL™, respectively. (d) The Al/l response to the tears sampled by the same person in the morning, noon
and evening (the samples were diluted 10°-fold). (e) The Al/I response to the tears sampled by different people (the samples were diluted 10°-fold).
(f) Quantitative analysis of the concentration of lysozyme in tears sampled by different people through the biosensor and ELISA.
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immuno-globulin G (IgG), immune-globulin A (IgA) and
human serum albumin (HSA) that exist in tears and one
common protein, bovine serum albumin (BSA), as
interference to study. The concentrations of these four
interfering proteins were 50 times higher than that of
lysozyme, and the AI/I was very close to that of the blank test
in PBS, indicating the favourable selectivity. The analysis of
the real tear sample was then carried out. The tears sampled
by the same person in the morning, noon and evening were
detected using the biosensor, and as shown in Fig. 3d, the
results indicated that the concentrations of lysozyme varied
in different periods. Fig. 3e shows that different people have
different levels of lysozyme in tears, but most of the test
results were in the range of 1-3 mg mL™".>*>**** The accuracy
of this method was then compared with that of ELISA, and
the results were consistent with each other, as shown in
Fig. 3f and S9.f Together these results demonstrated the
potential of this method for practical tear biomarker
detection.

Conclusion

In short, we have engineered a new OPECT platform towards
detection of tear biomarkers. The sensing mechanism of the
device can be attributed to the target-dependent change of
the surface potential drop, influencing the doping/de-doping
status of PEDOT:PSS and thus the current responses. In the
lysozyme detection, the device exhibited high selectivity and
sensitivity due to the specificity of the aptamer and the
intrinsic signal amplification of the device. We expect that
this study has implications not only for the structural design
of light-sensitive OPECT devices, but also for development of
practical OPECT biosensors towards detection of other tear
biomarkers and beyond.
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