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ABSTRACT: Nature makes use of molecular charges to operate specific biological
synthesis and reactions. Targeting advanced opto-bioelectronic sensors, organic photo-
electrochemical transistors (OPECTs), taking advantage of the light fuel substituting an
external gate potential, is now debuting and expected to serve as a universal platform for
studying the rich light—biomatter interplay for new bioanalytics. Given the ubiquity of
charged biomolecules in nature, molecular charge manipulation should underpin a generic
route for innovative OPECT regulation and operation, which nevertheless has remained
unachieved. Herein, this work manifests the biological tuning of surface charge toward the
OPECT biosensor, which was exemplified by a light-sensitive CdS quantum dot (QD) gate
electrode interfaced by a smart DNA superstructure with adenosine triphosphate (ATP)
responsiveness. Highly negative-charged supramolecular DNA concatemers were self-
assembled via sequential hybridization, and the ATP-triggered disassembly of the DNA
concatemers would cause a tandem change of the effective gate voltage and transfer
characteristics with significantly improved resolution. The present opto-bioelectronic
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device translates the events of charged molecules into amplified electrical signals and outlines a generic format for the future
exploitation of rich biological tunability and light—biomatter interplay for innovative bioanalytics and beyond.
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hotoelectrochemical (PEC) bioanalytics have been shown
to possess desirable advantages in terms of reduced
background and thus high sensitivity due to the totally
separated energy forms of the input (photons) and output
(electrons) signals."”” To date, numerous PEC biosensors have
been developed for purpose-specific applications ranging from
in vivo to in vitro detection at either nanoscopic or
macroscopic levels.”™"" Nevertheless, to amplify the signals,
PEC biosensors lack the essential amplification capability like
transistors. That is why current PEC biosensors generally
resort to various enzymatic or nucleic acid amplifications." ™"
Organic electrochemical transistors (OECTs), based on the
modulation of channel conductivity by volumetric ionic
injection from the electrolyte, have evolved as a powerful
platform for advanced bioelectronics, circuits, memory, and
neuromorphic devices.”’”>* Toward biosensory systems, due
to its intrinsic amplification function, any bio-induced small
variation of the surface potential could be magnified by the
integrated potentiometric transducer into a substantially
changed channel current.”*™>> Nevertheless, in addition to
drain voltage (Vp,), conventional OECT necessitates the
prolonged application of gate voltage (V) that is disadvanta-
geous for many vulnerable biomolecules® and could not
realize the desirable photonic operation.””**
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In this scenario, we have pioneered the technique of organic
photoelectrochemical transistors (OPECTs) based on the
fusion between PEC and OECTs.”” Replacement of the
electrical input by light as the fuel could not only principally
save the power supply to make the device structurally
simplified but also permit the low-background, zero-gate-
biased, remote-controlled, and even self-powered operation in
a noncontact way."”*" Our recent studies further indicated the
versatility of this methodology to study various light—
biomatter interplays toward new opto-logic*” and immuno-
assay applications.” Despite these progresses, the research in
this arena, for example, the operation mechanism, is still quite
limited due to its very short development time, and much
remains to be explored.

Nature has optimized biomolecules and biosystems bearing
specific charges that are capable of exquisite biological
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Figure 1. Illustration of (a) gate photoanode with DNA supersandwich assemblies. (b) Operation rationale of the system with target-tuning surface

charges.
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Figure 2. (a) TEM image of CdS QDs. Inset: Schematic of the exciton transfer route of CdS QDs upon light illumination. (b) Gel electrophoresis
of seven channels corresponding to 0# (control), 1# (D1, 1.0 uM), 2# (D2, 1.0 uM), 3# (D3, 1.0 uM), 4# (D2 and D3, 1.0 uM), S# (D1, D2, and
D3, 1.0 M), and 6# (D1, D2, D3, and ATP, with 1.0 nM ATP), respectively. (c) EIS and (d) photocurrent responses of the stepwise modification
of ITO electrode: (curve I) CdS QDs/ITO electrode, (curve II) after D1 modification, (curve III) after MEA blocking, (curve IV) after D2/D3
modification, and (curve V) after treatment by 1.0 nM ATP. (e) Photocurrent responses of the as-developed electrode (orange curve) before and
(green curve) after treatment by 1.0 uM ATP for 20 light off/on cycles over 400 s. (f) Long-duration stability of the transfer curves of the
PEDOT:PSS device using Ag/AgCl as the gate electrode. Inset: the output curves of the device with different V.

functions. For example, positively charged stretches interact
with the negatively charged ribosome walls and slow down the
translation during protein expression.”* Also, the charges of
amino acids are the important driving force for tridimensional
protein folding toward certain biological functions. Beyond
proteins, DNA molecules are also optimized by evolution to
bear negative charges, to store the genetic information, and to
guide life development.*> Inspired by the ubiquity of
biomolecular charges and the relevant surface potential, we

hypothesize that the rational manipulation of the charged
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supramolecules could underpin unique routes for OPECT-
interrogating biological systems.

Herein, biologically tuning the surface charges of the
OPECT biosystem was accomplished with significantly
improved signal resolution, which was exemplified by a CdS
quantum dot (QD)/indium tin oxide (ITO) gate electrode
interfaced by flexible polyanion DNA chains with adenosine
triphosphate (ATP) responsiveness (see Supporting Informa-
tion for the experimental details). As depicted schematically in
Figure 1, a supramolecular DNA structure, with high negative
charges, was initially established on the CdS QDs/ITO gate
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electrode through the functionalization of 5’-aminated DNA 1
(ATP aptamers, denoted as D1) onto the carboxylated CdS
QDs via amidation and the subsequent DNA self-assembly
containing repeated sequences of DNA 2 (denoted as D2) and
DNA 3 (ATP aptamers, denoted as D3) that were partially
recognized on specific regions. The corresponding sequences
are summarized in Table S1. The ATP treatment would
disassemble the concatenated DNA chains and release D2 and
D3, largely reducing the negative charge densities and
alternating the responses of a poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS) channel with well-resolved transfer characteristics
under light illumination. This representative system not only
accomplished the target-dependent tuning of the opto-
bioelectronic interface toward the model ATP detection with
a low limit but also would develop as an extensible format for
future OPECT regulation and operation.

B RESULTS AND DISCUSSION

As shown in Figure 2a, TEM characterization revealed that the
sizes of the as-fabricated CdS QDs corresponded to ca. 3 nm,
and the homogeneous distribution of the sizes would be
advantageous to the development of superior photoanodes
with photoexcited charge transfer, as illustrated in Figure 2a
inset. Upon light illumination, CdS QDs would absorb
photons with energies higher than that of their band gaps,
and the corresponding photovoltaic effect stemming from the
transfer of the conduction band (CB) electrons and valence
band (VB) holes, respectively, to ITO and the electron donor
of ascorbic acid (AA) would be equivalent to the addition of
extra positive potential to Vg within the configuration of
OPECT.” Then, gel electrophoresis was implemented to
study the formation of the DNA supersandwich structures,
with seven channels that corresponded to 0# (control), 1#
(D1), 2# (D2), 3# (D3), 4# (D2 and D3), 5# (D1, D2, and
D3), and 6# (D1, D2, D3, and ATP), respectively. As shown in
Figure 2b, three single ladders appeared in the channels 1#—
3#, indicating the similar molecular weights of aptamers D1
and D3 and the different one of D2. The appearance of many
ladders in 4# and S# indicated the presence of various
supersandwich DNA structures with different molecular
weights, whereas the three ladders in 6# validated the
disassembly of the supersandwich DNA structures by treat-
ment with ATP.*

Figure 2c shows the stepwise change of electrochemical
impedance spectroscopy (EIS) of the ITO electrode with five
different modification states for the biosensor development. As
shown, with the sequential modification of CdS QDs (curve I),
D1 (curve II), monoethanolamine (MEA) (curve III), and
sandwich DNA formation (curve IV), the gradual increase of
the resistance (R,) indicated the successful stepwise
modification. Further, the enhanced R, value could be
attributed to the nonconductive properties of DNA with
negative charges, obstructing the diffusion of the negativelg
charged electrochemical probe to the electrode surface.*
However, the ATP-triggered disassembly of the DNA
superstructures induced the decrease of resistance (curve V),
which matched well with gel electrophoresis. The development
procedure was further characterized by the PEC technique. As
displayed in Figure 2d, the pristine CdS QDs/ITO electrode
exhibited a high photocurrent intensity of ca. 4.2 yA (curve I),
which exhibited a gradual decrease to ca. 2.4 yA (curve II), ca.
2.2 A (curve III), and finally to ca. 0.6 uA (curve IV) due to
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the formation of the DNA layer on the electrode. As expected,
the treatment by 1.0 nM ATP induced the recovery of the
photocurrent to ca. 1.7 gA (curve V). Under an optimized
time of 60 min for ATP-stimulated release, as shown in Figure
S1, the evolution of photocurrent in ATP detection was then
recorded. Figure 2e shows the photocurrent responses of the
as-developed electrode before (orange curve) and after (green
curve) treatment by 1.0 uM ATP for 20 light off/on cycles
over 400 s, and the barely changed signaling indicated good
stability.

On the other hand, for a typical depletion-type PEDOT:PSS
device, exertion of a positive V5 would cause the de-doping of
the polymer channel and thus the decreased channel current
(Ip). To study the capability of V to regulate I, the transfer
characteristic was evaluated in phosphate-buffered saline
(PBS) solution for 1350 min with the use of an Ag/AgCl
gate. As shown in Figure 2f, good transfer characteristic was
demonstrated by the obviously decreased I, with the increase
of V. Moreover, the transfer curves exhibited no change from
0 to 1350 min, indicating the superior stability of the device.
Figure 2f inset shows the corresponding output curves with
variable Vj; steps of 0 to 0.6 V, revealing the Vg-controlled
responses of Ip. In addition, the time-dependent I signal
output study in Figure S2 illustrated its rapid response and
satisfactory signal output stability.

Next, the CdS QDs/ITO gate was coupled with the
PEDOT:PSS part to test the feasibility of the proposed device,
which was initially investigated by studying the transfer
characteristics in the absence and presence of light
illumination. As shown in Figure 3a and inset, in the dark
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Figure 3. Transfer curves of the OPECT system (a) in the dark and
(b) upon light illumination. (c) Corresponding output curves. (d)
Evolution of the potential distributions of the proposed OPECT
biosensor.

state, as compared to that of CdS QDs/ITO (black solid
curve), the transfer curve shifted slightly to a higher gate
voltage after the formation of the DNA superstructure (red
solid curve), while the one after ATP treatment (blue solid
curve) sat between the two curves due to the reduced DNA
amount on the electrode surface. Such a phenomenon agreed
with our previous observation in conventional OECT
configuration’” and should be attributed to the dipole
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Figure 4. (a) Time-dependent I, responses of three repeated light on/off cycles at Vi of 0 V. (b) Comparison of the transient I (red curve) and
Iy (black curve) of one light on/off cycle. (c) Corresponding current gain. (d) I, signals to ATP with various concentrations and (e) derived
calibration curves. (f) Selectivity study to ATP of 10 nM and GTP, UTP, and CTP of 100 nM. Error bars were derived from three repeated tests.

generated by the polyanion DNA,* which could be explained
by eqs 1 and 2:

eff
VG = VG + ‘/offset (1)

A‘/offset = Alﬂ (2)

Specifically, the effective gate voltage (V&) equated to the
sum of instrumental Vi; and the offset voltage (Vg.,), which
herein was equivalent to the potential change (Ay) at the gate
surface, where the assembly and disassembly of DNA
superstructures occurred, and (Ay) could be given by eq 3:

Ay = " tp

&£ 3)

where n represents the amount of DNA molecules, Qp
represents the pure charge of one DNA, & represents the
relative dielectric constant of the DNA layer, g, represents the
dielectric permittivity of the free space, and tp, is the DNA layer
thickness. Therefore, the observed behaviors can be attributed
to the alternation of Vg, that is controlled by the total
negative charges of DNA on the gate surface.

As shown in Figure 3b, light illumination had driven a
substantial move of the transfer characteristic curves, resulting
into ones with significantly improved resolution. The transfer
curves of pristine CdS QDs/ITO exhibited the most
prominent shift (black dotted curve), and the presence of
DNA superstructures induced an obvious shift to a higher level
(red dotted curve), which further decreased after ATP
treatment (blue dotted curve). Figure 3c shows the
corresponding output curves in the absence and presence of
light illumination, which matched well with the transfer curves.
Such results clearly showed the good resolution of the curves
recorded under the OPECT operation and strongly indicated
the possibility to perform relevant OPECT detection at zero
gate bias (Vg = 0 V).

Then, we discuss the underlying rationale of this OPECT
biosystem. Figure 3d specifically depicts the evolution of

potential distribution of the device. According to the Bernards
model,* the two electric double layers (EDLs) associated with
the two solid/liquid interfaces (i.e., gate/electrolyte and
channel/electrolyte) could be treated as two series capacitors
(i.e., Cg and Cc). In the dark, the total applied potential of Vg
was shared by Cg and Cg, and the corresponding potential
drop of Vg and V5 was decided by their ratio y (y = C¢/
Cg) (red solid curve). Upon light illumination, for the n-type
CdS QDs, the light-induced generation of photovoltage (Vp)
was equivalent to the addition of an extra positive voltage,”"
leading to an increased V& ~ ! that is distributed across the two
interfaces according to y (red dotted curve). The subsequent
ATP-triggered release of DNA would decrease the surface
negative charges, further generating a higher V& ~2 (blue
dotted curve). More specifically, at V5 of 0 V and in the
absence of light illumination, PEDOT" in its oxidized state
guaranteed the high conductivity of the channel and thus the
high Ip. Light illumination would facilitate the injection of
cations into the channel and decrease its conductivity via the
reduction of PEDOT* to PEDOT® and thus decrease Ip.
Further decrease of the negative DNA charge would reduce the
channel conductivity more and lead to a more decreased Ip,.
In this context, varying the transition states from the ATP-
dependent disassembly of DNA superstructures could result in
varying residual negative charges and different V& the
OPECT biosensor could thus be achieved via tracking the I,
variation (Ip.gep), Which was defined as the variation of I,
between the absence and presence of light illumination. Note
that the light-fueled generation of Ip ., could be performed at
zero gate bias (Vg = 0 V) with a reduced background. Figure
4a records the corresponding stepwise transient photocurrent
responses upon the intermittent light irradiation. As shown, the
pristine CdS QDs/ITO electrode exhibited a high I ., of ca.
1164 pA (black curve), which significantly decreased to ca. 230
uA due to the formation of the DNA superstructure (red
curve). Treatment by 1.0 nM ATP induced the recovery of
Ip.gep to ca. 625 pA (blue curve), which agreed well with the
development of transfer curves. A relatively reproducible signal

2791 https://doi.org/10.1021/acssensors.2c01493

ACS Sens. 2022, 7, 2788-2794


https://pubs.acs.org/doi/10.1021/acssensors.2c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01493?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01493?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

could be observed after three cycles, suggesting the good
stability of the system. Figure 4b shows the I, value of ca.
680 uA and Ig.g, of ca. 0.459 uA upon treatment by 10 nM
ATP. As shown in Figure 4c, a high current gain (defined as
the ratio of Ip ., with respect to IG,SteP) of 3 orders of
magnitude was obtained. This current gain was similar to that
of our earlier reported hydrogel-based OPECT system,*’
which clearly indicated the high operation efliciency of this
system and exhibited its capability for amplifying the input
current.*’

The I, responses to ATP of different concentrations are
shown in Figure 4d, I, enhanced with the increasing ATP
concentrations, demonstrating the ATP-controlled release of
DNA and hence the enhanced de-doping of the channel, as
reflected by the increased Ip ., Figure 4e shows the
corresponding linear relationship between 0.1 pM and 1.0
uM (R* = 0.99), and the detection limit was determined as 0.1
pM, which was comparable to the results of many recent
reports, as listed in Table S2. The reproducibility was
investigated by studying three electrodes against 0.1 pM of
ATP, with RSD of 5.7%, indicating good reproducibility.
Figure 4f shows the selectivity study by testing interfering
species including guanosine 5’-triphosphate (GTP), uridine $'-
triphosphate (UTP), and cytidine S'-triphosphate (CTP), the
signals of which were all less than 9% of that of ATP,
suggesting the acceptable selectivity.

B CONCLUSIONS

Briefly, this study has presented a new mechanism for OPECT
operation based on the biological tuning of the surface charges
and the corresponding regulation of V& with well-resolved
signal resolution, which was exemplified by a PEDOT:PSS
device integrated with a CdS QD gate photoanode interfacing
a polyanion DNA superstructure with ATP responsiveness. In
this system, the ATP-triggered disassembly of the super-
molecular DNA concatemers could influence the surface
negative charge, inducing a tandem change of the surface
potential, the channel conductivity, and the I, response.
Significantly, as compared to those of conventional OECT,
well-resolved transfer characteristics were obtained in this
OPECT platform, and the as-developed device was successfully
applied toward the detection of the model target ATP with a
low limit. This study features tuning the biomolecular charges
for advanced OPECT bioanalytics. Given the ubiquity of
charged biomolecules in nature, this methodology is expected
to serve as a generic platform for OPECT, probing various
nucleic acid binding, protein recognition, or biocatalytic
events, provided that the change of surface potential is
appropriately induced. Future exploitation of the immense
biological tunability and rich light—biomatter interplay is
envisioned to yield innovative OPECT biosystems with
unknown characteristics and applications.
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