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Organic Photo-Electrochemical Transistor-Based Biosensor:
A Proof-of-Concept Study toward Highly Sensitive DNA

Detection

Jiajun Song, Peng Lin,* Yi-Fan Ruan, Wei-Wei Zhao,* Weiwei Wei, Jin Hu, Shanming Ke,
Xierong Zeng, Jing-Juan Xu, Hong-Yuan Chen, Wei Ren, and Feng Yan*

Organic bioelectronics have shown promising applications for various
sensing purposes due to their significant advantages in term of high
flexibility, portability, easy fabrication, and biocompatibility. Here, a new
type of organic device, organic photo-electrochemical transistor (OPECT), is
reported, which is the combination of an organic electrochemical transistor
and a photo-electrochemical gate electrode modified with CdS quantum dots
(QDs). Thanks to the inherent amplification function of the transistor, the
OPECT-based biosensor exhibits much higher sensitivity than that of

a traditional biosensor. The sensing mechanism of the OPECT is attributed
to the charge transfer between the photosensitive semiconductor CdS QDs
and the gate electrode. In an OPECT-based DNA sensor, target DNA is
labeled with Au nanoparticles (NPs) and captured on the gate electrode,
which can influence the charge transfer on the gate caused by the exciton—
plasmon interactions between CdS QDs and Au NPs. Consequently, a highly
sensitive and selective DNA sensor with a detection limit of around

years, organic electrochemical transistors
(OECTs) have been widely investigated
for different Dbiosensing applications,
such as enzymatic sensing®’ DNA
detection, ¥ immunoassay,'!! and cell-
based analysis,['#13l due to their desirable
advantages including high sensitivity, low
cost, low working voltage (<1 V), mecha-
nical flexibility, and biocompatibility.!'+1]
Moreover, microsized OECT arrays have
been successfully prepared by special
photolithography technique, making it
possible to use OECTSs for micro and high-
throughput bioanalysis.[®17]
Photo-electrochemical (PEC) bioanal-
ysis is a newly emerged biomolecular
detection technique that has promptly
become a subject of hot research interest

1 X 107"° wm is realized. It is expected that OPECTs can be developed as a
high-performance platform for numerous biological detections in the future.

Biosensors have attracted considerable research interest due
to their important applications in disease diagnosis, medi-
cine research, food safety, and environmental monitoring.l'-3!
Enormous efforts among the community have been devoted
to developing innovative biosensors with advanced properties
such as rapid response and high sensitivity.*7] Over the past

due to its attractive potential in future
bioassays.'®2% In a typical PEC system,
light is utilized to excite photosensitive
species on the working electrode, which
would lead to charge transfer and thus a
photocurrent as an electrical detection signal. The photocur-
rent is sensitive to a biorecognition event when it has inter-
actions with the photosensitive species on the electrode,
resulting in the operation of a PEC-based biosensor.?!] Due
to the use of two separate signals for optical excitation and
electrical detection, PEC bioanalysis has reduced background
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Figure 1. a) Schematic of an OPECT-based biosensor. b) Schematic of the charge transfer between CdS QDs and ITO gate electrode. c) Transfer
characteristics (Ips ~V, Vs = 0.1 V) of an OPECT measured in AA solution before and after the light irradiation. d) The modulation of gate voltage
applied on an OPECT due to the photovoltage Vyhoo induced by the light irradiation.

noise and thus possesses high sensitivity and low detec-
tion limit.?223] Recently, PEC biosensors have demonstrated
considerable progress in enzymatic analysis,**?%! immuno-
assay,??7] and DNA sensing.[?$2°]

In this paper, considering that charge transfer on the gate
electrode of an OECT can lead to the change of the effective
gate voltage and thus the response of the channel current,*”
we integrate a PEC active gate electrode in an OECT to achieve
a novel organic photo-electrochemical transistor (OPECT) and
use it as a DNA sensor. Thanks to the amplification function
of the transistor, the OPECT-based sensor demonstrates much
higher sensitivity than that of traditional PEC bioanalysis. The
device can detect the concentration of target DNA down to
1 x 107" m with good selectivity, which paves a way for ultra-
sensitive nucleic acid detection.!]

Figure 1a shows the device design of an OPECT. Specifically,
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) is used as the active layer of the device, indium
tin oxide (ITO) glass modified with CdS quantum dots (QDs) is
employed as the gate electrode and phosphate-buffered saline
(PBS) solution containing 0.1 M ascorbic acid (AA) is used as
the electrolyte. Under 420 nm light illumination (intensity:
0.2 mW cm™), CdS QDs absorb photons with energies higher
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than that of its bandgap, resulting in the excitation of electrons
from the valence band (VB) to the conduction band (CB) and
thus the formation of electron-hole pairs. As AA is a strong
electron donor, the recombination of electron-hole pairs is
effectively inhibited, leading to the stable transfer of the CB
electrons to the ITO gate, as shown in Figure 1b.

Figure 1c shows the transfer curves
(Ips ~V¢, Vps = 0.1 V) of an OPECT device measured before
and after the light irradiation. It can be found that the transfer
curve shifts significantly to lower gate voltage under the irra-
diation of light, which can be attributed to the increase of the
effective gate voltage of the transistor. The sensing behavior
of the OPECT is quite similar to that of a previously reported
OECT sensitive to H,0,.5%

The sensing mechanism of the OPECT is presented in
Figure 1d. Since the electrolyte is conductive, the gate voltage
is actually applied on the two interfaces in the OPECT,
including gate/electrolyte and electrolyte/channel (organic
semiconductor) interfaces.?233 Each interface has an electric
double layer (EDL) that can be regarded as a capacitor. So the
two EDLs on the gate and channel have the capacitances of
Cg and C, respectively, which are connected in series in the
device. Without light illumination, the potential drop at the
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*— where y=C./ Co.P% Under
light illumination, the electron transfer from the CB of CdS
QDs to the ITO gate electrode can lead to the decrease of the
potential drop at the gate/electrolyte interface. Assuming the
changed value of the potential drop at the gate/electrolyte inter-
face caused by the light irradiation is Ve, the potential drop

electrolyte/channel interface is

. .. Vi
at the electrolyte/channel interface is increased to 1 ¢ + Vohoto
+y

under a fixed gate voltage V(;, which corresponds to the increase
of the effective gate voltage V" given by the following equation:

VE" = Ve + (14 7)Vihooo (1)

So the offset gate voltage is given by: Viger = (1 + %) Vohoto
Therefore, the shift of the transfer curve to a lower gate voltage
under light irradiation can be explained.

According to our previous experience,*? y of the OPECT
device can be characterized by changing the ion concentrations
of aqueous solutions used in device measurements (Figure S1,
Supporting Information). We can find that the transfer curve
of the device measured in a KCI solution shifts for 186.9 mV
when K* concentration is changed for one order of magni-
tude and thus the value of yis estimated to be 2.16. Since the
offset voltage Vg shown in Figure 1c is about 550 mV, the
photovoltage Vppo is calculated to be 174 mV for the device,
according to Equation (1). It is obvious that Vpj,, is dependent
on the photochemical property of the PEC gate. Therefore, a
novel OPECT biosensor based on the variation of Ve, can be
developed, in which biomolecules will be immobilized on the
gate electrode to change the photochemical property.

Figure 2a shows the transient behavior (Ipg ~ time) of the
OPECT under several repeated light on/off cycles measured
at constant working voltages (Vg = 0V, Vpg = 0.1 V). We can
find that Ipg decreases under light irradiation, which is con-
sistent with the shift of the transfer curve of the device shown
in Figure 1c. The channel current response (Igep) at a light on/
off cycle is given by the following equation:

Islep = I]gg _Ig; (2)

where IS and IS correspond to channel currents when light
is off and on, respectively. It is notable that the channel current
response shows excellent repeatability at several light on/off
cycles. Figure 2b shows time-dependent gate current (Ig) at
several light on/off cycles, which is measured simultaneously
with the channel current Ipg presented in Figure 2a. We can
find that I increases under the light irradiation, which can
be attributed to the electron transfer on the ITO gate electrode
(Faradaic contribution).?* For comparison, the same ITO elec-
trode modified with CdS QDs was characterized under the same
light irradiation in a traditional PEC bioanalysis (Figure S2,
Supporting Information). It is reasonable to find that the gate
current I is quite similar to the anodic photocurrent measured
in the traditional PEC bioanalysis. Both currents show similar
response at light on/off cycles with the magnitude of several pA.
It is worth noting that the channel current response is at the
order of several hundred pA, which is two orders of magnitude
higher than the traditional PEC response. Furthermore, the

Adv. Healthcare Mater. 2018, 1800536

1800536 (3 of 8)

www.advhealthmat.de

a
() 4oof light off
/o
300 -
<
= 200
_a
100 |
light on
0 100 200 300 400
Time (s)
(b) light on
251 L el
20t
<
=5
_o15¢
1.0 \ \
light off
0 100 200 300 400
Time (s)

Figure 2. a) Channel current (Ips) of an OPECT as a function of time
(Ips ~ time, Vg =0V, Vps = 0.1 V) at several repeated light on/off cycles.
b) The dependence of gate current (Ig) on time at several repeated light
on/off cycles.

channel current Ipg in an OPECT can be further amplified if
the width/length ratio of the transistor channel is increased,
indicating that the device can serve as both an amplifier and a
sensor.”®l Therefore, the OPECT-based biosensors are expected
to be much more sensitive than conventional PEC bioanalysis.
The above experiments indicate that the charge transfer
between the photosensitive semiconductor and the gate elec-
trode plays an important role in the device performance of an
OPECT-based sensor. To better understand the effect, another
photosensitive semiconductor called Polymer dots (Pdots) was
used in an OPECT for comparison, which was synthesized
by the reprecipitation method using photosensitizer tetrap-
henylporphyrin (TPP) and a conjugated polymer poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1",3}-thiadazole)]
(PFBT). The TPP-doped PFBT Pdots showed a cathodic photo-
current in traditional PEC bioanalysis (Figure S3d, Supporting
Information), which was reported in our previous work.’?l As
shown in Figure S3a in the Supporting Information, electrons
are transferred from the ITO electrode to TPP-doped PFBT
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Figure 3. Channel current Ips versus time (Vg =0V, Vps = 0.1 V) at several repeated light on/off cycles for an OPECT device measured in three
steps (Step 1: only CdS QDs, Step 2: immobilization of DNA, Step 3: hybridization of DNA). The concentration of the ssDNA probes is 1 x 107 m.
The concentration of the ssDNA targets is: a) 1 X 107 m; b) 1 X 1079 m; ¢) 1 X 107 m. d) Al// as a function of the concentration of ssDNA targets.
The detection limit of the OPECT-based DNA sensors is as low as 1 X 107'% m. The linear relationship can be obtained from 1 x 107 to 1 x10° m
(S =0.4855+0.0306logC, R? = 0.9662). Data are represented as mean + SD, n =3.

Pdots under the irradiation of 420 nm light, which is oppo-
site to the charge transfer direction on an electrode of ITO/
CdS QDs. As a result, the potential drop at the gate/electrolyte
interface in the OPECT increases (formation of negative Vjpq),
leading to the decrease of the effective gate voltage V' and the
shift of the transfer curve to a higher gate voltage (Figure S3b,c,
Supporting Information). Therefore, the two charge transfer
directions between the photosensitive semiconductor and the
gate electrode under light irradiation, corresponding to anodic
and cathodic photocurrent in traditional PEC bioanalysis, can
lead to different responses (negative or positive shift of transfer
curves) of OPECTs. We consider that both types of PEC elec-
trodes can be used in OPECTs for sensing applications.

Next, a highly sensitive and selective DNA sensor based on
OPECT has been investigated. Exciton—plasmon interactions
(EPIs) have been widely studied in optoelectronic devices due
to the interesting light-matter interplay between the exciton and
plasmon.’’-3 The EPI effect designed in traditional PEC bio-
analysis has been successfully utilized as a feasible approach
for biodetection.***2 Therefore, an OPECT-based biosensor
with the EPI effect between CdS QDs and Au nanoparticles
(NPs) was developed for DNA sensing in our lab. As shown
in Figure la, the ITO gate electrode was first modified with
CdS QDs. Single-stranded DNA probes were then immobi-
lized onto CdS QDs via the classic coupling reactions between
the NH, groups on ssDNA probes and COOH groups on CdS
QDs. Finally, the devices were used for the detection of com-
plementary ssDNA targets labeled with Au NPs, which were
prepared through the reactions of Au NPs with 5’-thiol-capped
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target DNA. The DNA sequences of 10 base pairs were used
first, as shown in Table S1 in the Supporting Information.
Figure 3a shows Ipg versus time (Vg =0V, Vpg = 0.1 V) at sev-
eral repeated light on/off cycles for an OPECT device measured
in three steps (Step 1: only CdS QDs, Step 2: immobilization
of DNA, Step 3: hybridization of DNA). The concentrations of
the ssDNA probes and targets are 1 X 107 m. It can be found
that Istep(lg‘;f —IS‘;) decreases after the immobilization of
ssDNA probes. After the hybridization of ssDNA probes with
ssDNA targets, Ige, is further decreased. Similar results can
be obtained for the measurements of ssDNA targets with dif-
ferent concentrations of 1 x 107°~1 x 107° m, in which the con-
centration of ssDNA probes is fixed at 1 X 107° m, as shown in
Figure 3b,c. Here we use AI/I to represent the signal response
due to the hybridization of DNA, which is given by the fol-
lowing equation:

AL IgM —Ig™ (3)

ssDNA
I Islep

where I50™ and I$;" correspond to current responses (Istep)
after the immobilization of ssDNA probes and the hybridi-
zation of ssDNA probes with ssDNA targets, respectively.
Figure 3d shows the dependence of AI/I on the concentration
of ssDNA targets. We can find that AI/I is decreased from 85%
to 3.7% when the concentration of ssDNA targets is decreased
from 1 x 10° to 1 x 107 M. As AI/I caused by pure PBS
solution (baseline noise) is only 1%, the detection limit (signal
response is three times higher than the baseline noise) of our
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Figure 4. a) Schematic of the EPIs between CdS QDs and Au NPs on the gate electrode of an OPECT. b) The UV-vis absorption spectrum of prepared
Au NPs and the PL spectrum of prepared CdS QDs. Insets are the TEM images of Au NPs (5 =1 nm) and CdS QDs (5 £ 1 nm), respectively. c) The
detection limit of the OPECT-based DNA sensors for the detection of ssDNA targets with sequence of 10, 20, 30, 40, and 50 base pairs. d) The selec-
tivity of the OPECT-based DNA sensor, which shows Al/I for the detection of complementary ssDNA targets, single-base mismatched ssDNA targets,
noncomplementary ssDNA targets (10 base pairs, 1 x 107® m), and pure PBS solution. Data are represented as mean £ SD, n = 3.

OPECT-based DNA sensor can reach 1 x 107" M, which is one
to two orders of magnitude better than that of traditional PEC
bioanalysis (Figure S4, Supporting Information). Moreover,
the detection limit of OPECT-based DNA sensor (1 x 107> m)
is four orders of magnitude better than that of OECT-based
DNA sensor (1 x 1071 wm) reported in our previous work.'% A
linear relationship can be obtained in the concentration region
from 1 x 107 to 1 x 107 m. The linear regression equation
is $=0.4855+0.0306logC (S is the signal response, C is the
concentration of ssDNA targets, R? = 0.9662).

The sensing mechanism of the OPECT-based DNA sensor
is studied. As shown in Figure 4a, the hybridization of ssDNA
probes with Au NPs-labeled ssDNA targets can lead to the
adjacence of Au NPs with CdS QDs. Our UV-vis absorption
spectra clearly proved that Au NPs were well labeled in ssDNA
targets, as shown in Figure S5 in the Supporting Information.
Moreover, CdS QDs, ssDNA probes, and targets could be well
modified on the ITO gate electrodes by some commonly used
methods reported in our previous work (Experimental Sec-
tion, Supporting Information).*% So the EPI effect between
CdS QDs and Au NPs can be the main reason for the signal
change of the channel current of the OPECT device. To con-
firm it, ssDNA targets without Au NPs were also detected in
control experiments. Figure S6a in the Supporting Information
shows that AI/I is only 8.4% for the ssDNA targets without Au
NPs (10 base pairs, 1 x 107 m), which is much lower than the
value (85%) for Au NPs-labeled ssDNA targets. Meanwhile, the
detection limit for the ssDNA targets without labeling is only
1% 1078 m.
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Steric hindrance effect has been considered to be an impor-
tant issue in traditional PEC bioanalysis.**** Hence, electro-
chemical impedance spectroscopy (EIS) was used to characterize
the ITO electrode with the three different modification states
(only CdS QDs, immobilization of DNA, and hybridization of
DNA, Figure S6b, Supporting Information). The concentrations
of the ssDNA probes and targets are all 1 X 107° M. We can find
that the impedance curve changes very little after the hybridiza-
tion of DNA, which indicates that steric hindrance effect shows
little influence on the sensing performance of our OPECT-based
DNA sensors.

Therefore, Au NPs play an important role in the sensing
performance of OPECT-based DNA sensors. As shown in
Figure 4a, when the Au NPs-labeled ssDNA targets are hybrid-
ized with the ssDNA probes, the Au NPs are close to the CdS
QDs. The irradiation of 420 nm light (process 1) on CdS QDs
will lead to the excitation of electrons from the VB to the CB
(process 2) and generate electron-hole pairs. The existence
of strong electron donor AA (process 3) will then bring about
the stable charge transfer from CdS QDs to ITO gate electrode
(process 4), which results in the change of the potential drop
(formation of photovoltage Vi) at the gate/electrolyte inter-
face. At the same time, the recombination (process 5 or 6)
of electron-hole pairs occurs inevitably. The spontaneous emis-
sion of CdS QDs (process 7) caused by the radiative decay
(process 6) will excite surface plasmon resonance (SPR) of the
adjacent Au NPs, which creates local electric fields to enhance
the radiative decay rate and thus the recombination of elec-
tron-hole pairs conversely (process 8).1*¢ Figure 4b shows the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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typical UV-vis absorption spectrum of prepared Au NPs and
the photoluminescence (PL) spectrum of prepared CdS QDs. It
is worth noting that the spectra overlap between the absorption
spectra of Au NPs and the emission spectra of CdS QDs is ben-
eficial to efficient excitation of the SPR. On the other hand, the
exciton energy transfer (EET) from CdS QDs to Au NPs (pro-
cess 9) occurs simultaneously, accompanying with nonradiative
decay (process 5) and thus another route for the recombination
of electron-hole pairs.l*8l

For the EPI effect between CdS QDs and Au NPs, both SPR
and EET processes can enhance the recombination of electron—
hole pairs and work together cooperatively. As a result, the EPI
effect weakens the charge transfer from CdS QDs to ITO gate
electrode (process 4), leading to the decrease of photovoltage
Vohoto in the OPECT device. Therefore, in Figure 3a, Igep
decreases significantly after the hybridization of ssDNA probes
with Au NPs-labeled ssDNA targets. It should be emphasized
that the decrease of Iy, after the immobilization of ssDNA
probes could be mainly attributed to steric hindrance effect,
because the long-time treatment (12 h) for the DNA immobili-
zation may lead to the increase of surface impedance of the ITO
electrode, which has been confirmed by EIS result (Figure S6b,
Supporting Information).

It has been reported that the distance between the metal NPs
and the semiconductor QDs is critical to the EPI effect.[*>>% To
investigate this effect, DNA sequences of 10, 20, 30, 40, and
50 base pairs were then used to control interparticle distances.
As the length of three base pairs is about 1 nm, the maximum
interparticle distances for straight DNA chains are estimated to
be 3-17 nm (Table S1, Supporting Information). We can find
that the detection limit of DNA sensors becomes worse (from
1 x 107 to 1 x 10712 m) with the increase of DNA length, as
shown in Figure 4c. As EET is a short-range effect, the energy
transfer could be reduced with the increasing interparticle dis-
tance.P! In addition, SPR would be weakened as well when the
interparticle distance increases because of lower absorption of
Au NPs to the spontaneous emission of CdS QDs.P? Therefore,
the EPI effect between CdS QDs and Au NPs becomes weaker
with the increase of DNA length, which leads to the decrease
of the signal response and the sensitivity of the device. On the
other hand, with the increase of the DNA length, the weight
and volume of DNA increase. For the ssDNA targets without
Au NPs, the detection limit of DNA sensors is improved from
1x 10®%to 1 x 101! M when the DNA sequences are increased
from 10 to 50 base pairs (Figure S7, Supporting Information),
which means that the steric hindrance effect is more pro-
nounced for long DNAs. But even for the longest target DNA of
50 base pairs, the labeling of Au NPs can improve the detection
limit for one order of magnitude, indicating that EPI effect is
the major reason for the sensing performance.

It is worth noting that selectivity is also a very important
parameter in evaluating the performance of a biosensor. For
comparison, single-base mismatched ssDNA targets, non-
complementary ssDNA targets (10 base pairs, 1 x 107® m) and
a pure PBS solution were used to modify the PEC gates. The
responses (AI/I) of the three devices are 30.2%, 2.2%, and 1%,
respectively (Figure 4d and Figure S8, Supporting Informa-
tion). The control experiments indicate the good selectivity of
our OPECT-based DNA sensors.
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In the field of DNA sensing, various detection techniques
have been investigated, including dielectrophoretic, electropho-
resis, colorimetric, fluorescence, and electrochemical imped-
ance methods. Generally, the detection methods with optical
readout have high sensitivity, in which the detection limit of
1078-1071° M can be obtained.P3>-] However, optical methods
usually need large equipment. For example, fluorescence quan-
titative polymerase chain reaction method can obtain ultralow
detection limit of attomoles level due to the DNA replication
technique,P8 but the measurements are time consuming
and unportable. The detection methods based on electrochem-
ical processes are more convenient and portable, which show
the detection limit of about 1078~107"> m.>°! Notably, the detec-
tion limit of the OPECT-based DNA sensor is as low as 107%° m,
indicating that OPECT is one of the best electrochemical bio-
sensors for DNA detection. Although our OPECT-based DNA
sensors need labeling, the labeling process is very convenient
(Experimental Section, Supporting Information). More impor-
tantly, the detection limit reported in this work (107" wm)
is several orders of magnitude better than those of label-free
detection methods based on organic devices (109-10713 m).[0061]
Normally, DNA microarrays use oligonucleotide probes with
10-25 nucleotides for the detection and analysis of functional
genes and relative activities.0>% As the OPECT-based DNA
sensors exhibit sensitive detection of DNA hybridization
(10-20 base pairs), they are promising for applications in
genetic mutations, genotyping, and microbial pathogens.[6+%]
Based on the sensing platform of OPECTs, we will be able to
develop many other ultrasensitive biosensors for the detec-
tion of various biomoleculars, especially those biomarkers with
ultralow expression levels.[¢]

In summary, we have exploited a new type of organic tran-
sistor OPECT and used it as a novel high-performance DNA
sensor. The sensing mechanism of OPECTs is attributed to
the photovoltage at the gate/electrolyte interface under light
irradiation, which is induced by the charge transfer between
the photosensitive semiconductor and the gate electrode. The
DNA sensor based on OPECT exhibits very high sensitivity and
selectivity. The detection limit of the DNA sensor can reach to
1 x 107 m, which is several orders of magnitude better than
that of traditional PEC bioanalysis. As a new type of biosensor,
OPECT is expected to be a promising platform for various bio-
sensing applications, such as enzymatic sensors, immunosen-
sors, cell-based biosensors, and so on. This work also provides
a different technical perspective for the further development
and implementation of organic bioelectronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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