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Flexible organic integrated electronics for self-powered

multiplexed ocular monitoring
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Smart contact lens has drawn extensive research interests due to the noninvasive real-time detection of the human body to provide
biomedical information for health management. However, it has been difficult to accurately measure the physiological signals in
tears, and the use of external power source has also hindered the future applications. Here, we demonstrated an organic
electrochemical transistor based multiplexed sensors self-powered by the organic solar cells (OSCs). The integrated device was
fabricated via simple process including solution blade-coating and thermal evaporation. OSCs were optimized to provide optimal
operation voltage for the sensors that exhibit semilog-linear response to the glucose and calcium ions in tear fluids without any
peripheral circuits. The sensing signals can be transmitted to the laptop wirelessly through a near filed communication unit. This
integrated self-powered multiplexed sensing device will provide real-time monitoring of the biomarkers in tears, prospected to be
installed on the smart contact lens for the early detection and diagnosis of diabetes.
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INTRODUCTION

Bioelectronic devices capable of real-time monitoring health
status and biomedical information of human body have been
widely investigated over the past decades as a key of next-
generation wearable electronics'®. Numerous wearable devices
have been developed successfully in electrocardiography?®,
photoplethysmography, pulse oximetry'® and glucose monitor-
ing''"13, yet still limited by the rigid circuit, terminal connection
and power supply. Organic semiconducting devices, such as
organic electrochemical transistors (OECTs), organic photodetec-
tors (OPDs) and organic light emitting diodes (OLEDs), have
shown great potential in wearable devices due to their inherent
light-weight, flexibility, and biological compatibility’*'®. Great
progress has been made in in-vitro wearable devices by
integrating the OECTs and OPDs with biofuel cells'”=2°, lithium
batteries?'?2, and wireless communication units'*?3-%° to achieve
the monitoring of signals from sweat and other physiological
signals in the past years.

Among various wearable bioelectronics, smart contact lenses
have attracted commercial attention for in-vivo health monitor-
ing'#23:2426-30 Tears could serve as a convenient and noninvasive
object to monitor the physiological conditions in human body
which can be collected in the contact lens naturally and used to
assess various biomarkers such as glucose, sodium ions, potassium
ions>'33, Thus, a contact lens equipped with sensors provide a
noninvasive sensing method to monitor metabolites from in tears.
For numerous biomarkers, glucose is a characteristic signal for the
diagnosis and management of diabetes. Presently, for diabetes
patients, the finger prick method has to be used every day to
monitor the glucose level in blood. To achieve convenient and
painless detection, Google collaborated with Novartis proposed
the Google Lens for the diagnosis of diabetic patients in 2014.
However, this program has been terminated 2 years later since the
lens cannot establish the response to the blood glucose level

accurately. In addition to the concentration change of glucose,
many concurrent physiological components change in the body
fluids of patients. For example, calcium ions (Ca®") have been
reported to be related with the release of the insulin®3°, The
elevated Ca®" levels are associated with impaired glucose
metabolism, which means a higher risk of diabetes. Under this
consideration, developing multiplexed sensing of diverse biomar-
ker in tears could provide more precise early warning and
diagnosis of diseases. However, up to now, most of the
commercial ion detection instruments are based on the chroma-
tographic method that requires large volumes of liquids (about
10mL). Compared to the chromatographic methods, OECT
sensors combining ions selective membrane have been reported
widely*6-38 and succeeded in ion detection in small amount of
sweats, which provides the equipment foundation for ion
detection in tears.

Power supply is one other key limiting factors of wearable
bioelectronics. Batteries have been used as the primary power
source for current vitro wearing devices which suffer from the risk
of insufficient long-term availability and uncomfortableness for
in vivo electronics. For next-generation bioelectronics, the self-
powering functionality should be equipped while the bulky
external power supplies and wirings should be avoided. So far,
numerous instances on the nanogenerators and biofuel cells have
been reported for wearable and implantable bioelectronic
devices'”'8394%  However, due to the low energy conversion
efficiency and unstable energy sources, these power supplies are
hard to satisfy the energy demand of complex sensing and signal
transmission system. By contrast, solar cells provide a higher
power output even under the indoor illumination conditions.
Among all the photovoltaic cells, organic solar cells (OSCs) have
exhibited advantages in output management and flexible devices
since the output voltage and current can be modulated readily by
photovoltaic materials modification and matching. Thus, the
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output of power sources can be controlled according to the
requirement of flexible biosensors to realize the high capability of
sensing and monitoring without the usage of resistance and other
circuit elements. However, to achieve controllable power supply of
0OSCs to the sensors, complicated processes such as photoetching
are needed. A scalable method for the easy realization of
integrated power sources should be developed.

To address these problems, here, we report a flexible and self-
powered integrated OECT sensor for multiplexed sensing of
glucose and Ca®* in tears. Poly(2,3-dihydrothieno-1,4-dioxin)-poly
(styrenesulfonate) (PEDOT:PSS) based OECT sensors with high
transconductance were optimized to enhance the response to the
biomarkers in tears. The output of OSCs were adjusted by the
photovoltaic material matching to meet the demands of glucose
and Ca2" sensors. The gate and drain electrodes of both sensors
are powered separately by four OSCs processed by patterned
sequential blade-coating methods. The integrated system works
well under normal LEDs illumination and displays nearly semilog-
linear response to the concentration of glucose and Ca®*.
Furthermore, by connecting with a commercial RFID board, the
information about the marker concentration can be transmitted to
the portable devices like laptops wirelessly. Finally, the integrated
multiplexed devices were implemented successfully to monitor
the level changes of glucose and Ca’* in tears, collected at
different time points in a day. This integrated device is expected to
be installed on the contact lens to achieve self-powered in-vivo
wearable devices.

RESULTS AND DISCUSSION

Electrical characterization and morphology optimization of
PEDOT:PSS based OECT sensors

Figure 1a illustrates the layout of the integrated system of the
0SCs-powered multiplexed sensing devices for glucose and Ca*
monitoring. This system consists of two parts, (i) two groups of
0OSCs including one inverted cell working as the power supply for
the gate electrode and one conventional cell powering for the
drain electrode while the bottom electrodes of OSCs are
connected to the source electrodes of sensors, and (ii) two
separated PEDOT:PSS based OECT (p-OECT) sensors. For Ca’*
selective monitoring, the Ca?" selective membrane is coated on
the PEDOT:PSS channel (Ca?* OECT, c-OECT); for glucose sensing,
the platinum gate is modified by the mixture of chitosan and
glucose oxidase (glucose OECT, g-OECT). Enzymes immobilized on
the gate electrode catalyze the glucose to produce peroxide
(H,0,) and the electrochemical oxidation of H,0, is catalyzed by
the platinum electrode when a positive bias is applied. The
oxidation process results in the transfer of electrons to the gate
electrode and changes the electrical double layer at the gate/
electrolyte interface, which reduces the voltage drop at the gate/
electrolyte interface and hence increases the potential that is
applied to the active channel and decrease the drain current.
Supplementary Fig. 1 provides the detailed structure parameters
of the integrated device and Supplementary Fig. 2 provides the
fabrication process of different functional layers.

We first optimized the PEDOT:PSS channel layer to obtain high
transconductance (g,,), a key parameter helps to capture the small
concertation change in biomarkers. The ethylene glycol (EG)
treatment*' is a commonly used method for fabricating p-OECTs
as it promotes the phase segregation of surplus PSS and improve
the film crystallization. As shown in Fig. 1b, with the content of EG
increasing to 5% volume fraction, g, enhances about twice
compared to the device without EG treatment. However, further
increasing EG content decreases g,,,. Thermal annealing is another
commonly used method to enhance the polymer crystallization*?.
As shown in Fig. 1¢, g, increases to about 10 mS with 90 °C
annealing treatment first and get decreased as the annealing
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temperature increases further. The transconductance difference of
the p-OECTs with various treatments are further investigated by
the grazing wide angle X-ray scattering (GIWAXS) measurement*>,
As shown in Fig. 1d and Supplementary Fig. 3, the PEDOT:PSS
films show peaks at q=1.38A"" (known as PSS halo) and
~1.78 A=" in the out-of-plane direction (m-m stacking in PEDOT)*'.
The coherence lengths (CL) of the corresponding peaks are
calculated by the Scherrer's equation and summarized in
Supplementary Table 1. The PEDOT:PSS film with 5% EG treatment
exhibits the largest CL value compared to other films while the
film with 90 °C annealing treatment also shows enhanced CL
value. The enhanced mn-m stacking in PEDOT is beneficial to the
charge transport in the film, corresponding to the transconduc-
tance of p-OECTs.

Devices of g-OECT and c-OECT were fabricated to evaluate the
electroanalytical performance by measuring the change of drain
current when increasing the concentration of biomarkers.
According to literature, the concentration of glucose and Ca®"
in tears are in the range of 0.1-0.6 mM and 0.4-1.1 mM,
respectively®'33. The electrolyte concentration determines the
Nernst potential, which affects the effective gate voltage and the
consequent drain-source current. In addition, the response current
shows a semilog-linear relationship towards the electrolyte
concentration. The drain current response to the concentration
is exhibited in Supplementary Fig. 4. Both devices show dropped
drain current as the concentration increases while the g-OECT
responds slowly due to the complex glucose redox reaction. We
set the drain current measured at 0.1 MM condition as the
reference point. As shown in Fig. 1e, the normalized current
response (NCR) increases linearly with the exponential increase of
the glucose and Ca?* concentration. The fitted lines suggested
the semilog-linear relationship, corresponding to the reported
literatures. Compared to the g-OECT, the lower normalized current
response of c-OECT may be attributed to the double electrical
layers formed in the interface between the gold electrode and
electrolyte®~%’, which leads to the decrease of effective gate
voltage. Considering the interference of other positive ions in
tears, such as potassium and sodium, the selectivity and specificity
of the c-OECT is also evaluated. As shown in Fig. 1f and
Supplementary Fig. 5, the addition of interfering ions exerts
almost no effect on the drain current. Furthermore, the cross
detection of glucose and Ca®" is also assessed in the mixed
artificial liquids. As shown in Supplementary Fig. 6, only several
dozens of microamperes current variation can be observed.
Considering the milliampere-level current changes at different
concentrations, the addition of Ca?* does not affect the glucose
detection, nor does glucose for the Ca?* detection.

Output characteristics matching between OECT sensors and
0SCs

To maximize the response upon specific biomarkers, the sensors
should be worked under the optimal operation voltages. For
PEDOT:PSS-based OECTs at optimal working conditions, gate
voltage is usually positive whereas the drain is negative. Therefore,
we adopted OSCs with the inverted structure and normal
structure to power the gate and drain, respectively. By sequential
blade coating as shown in Fig. 2a, we achieved OSCs with different
structures on the same substrate.

We further investigated the doping mechanism to confirm the
suitable gate voltage. Time resolved UV-vis absorption spectra of
the channel layer are carried out (Fig. 2b and Supplementary Fig.
7). The thin film displays a dominant absorption peak centered
around 1000 nm at zero voltage bias, indicating the highly doped
PEDOT" polaron state. The absorption peaks beyond 1000 nm
indicates the presence of higher doped bipolaron state
(PEDOT?")*8, For glucose sensing OECT, the gate voltage must
be larger than 0.6 V due to the redox reaction threshold. At 0.6 V
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Fig. 1 Morphology optimization and electrical characterization. a Schematic of the integrated device and contact lens. The insets show the

modification of electrode for Ca?* and glucose sensor. b Transfer curves and related transconductance of the OECTs processed with different
ethylene glycol ratio. ¢ Transfer curves and related transconductance of the OECTs processed with different annealing temperature. The
channel size of OECTs is 3 x 0.1 mm, measurements were carried out with 0.1 mM CaCl, aqueous solution under —0.2 V drain bias. d One
dimensional GIWAXS line profiles of the corresponding processing conditions. e The normalized drain current response as a function of the
concentration of glucose and Ca2*. f The response of the calcium-selective OECT against sodium and potassium ions.

gate voltage, the bipolaronic states disappears with the emer-
gence of a dominant absorption peak centered at 650 nm,
corresponding to the neutral PEDOT® state, indicating PEDOT™
and PEDOT?" states are effectively de-doped, leading to large g,
and thus high sensitivity.

For powering the gate electrode, since the gate current in
OECTs is only several microamperes, much smaller than the short-
circuit current of OSCs (100-200 pA), OSCs powering for gate
electrode should work under nearly open-circuit circumstance.
Therefore, OSCs with approximate 0.6 V open-circuit voltage (Voc)
under indoor illumination matches the gate power supply
requirement. Here we select the PTB7-Th:TIC* system with an
inverted structure (ITO or PEDOT:PSS PH1000/ ZnO nanocrystals/
PTB7-Th:ITIC/M0oO,/ Al) as the gate power source. The J-V curves of
PTB7-Th:TIC system under simulator and LED illumination are
shown in Fig. 2c and Supplementary Fig. 8. The open-circuit
voltages dependent on the illumination power density are
summarized in Fig. 2d. The open-circuit voltages are approaching
to 0.6 V when the light density deceases to the indoor illumination
density (500-2000 lux, the spectrum of the LED lamp is shown in
Supplementary Fig. 9).

For powering the drain electrode, we first took the output
characteristics of OSCs and p-OECTs into consideration. As shown
in Fig. 2e, the operation voltage is decided by both the current of
OECTs and OSCs. Since the gate voltage is set to be 0.6V, or even
larger, if the intersection is located at close to the V¢ point, the
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potential between gate and drain electrode will be larger than 1V,
which would cause water electrolysis and is detrimental to glucose
test and may also cause eye decease. Although the Vo of OSCs
could be modulated to be less than 0.4 V using the interfacial layer
with mismatched work-function, the ‘S’ shape /-V output
characteristic may result in nonlinear current response to various
concentrations. Under this consideration, the operation voltage
should be modulated at the low voltage region. In this case, a
rapid decrease of OSC current may contribute to the high current
response in OECT sensors, contrary to the intuition that OSCs with
good fill factor is more advantageous. As shown in Fig. 2e and
Supplementary Table 2, larger current variation can be observed
in P3HT:PCBM®® system compared to the highly-efficient
PM6:BTP4CI-C24 system. Sensors powered by these two OSC
systems are fabricated to further verify this inference. The current
responses to different Ca?* concentrations are exhibited in
Supplementary Fig. 10 and the normalized current responses are
displayed in Fig. 2f. As expected, a higher normalized current
response values for sensor powered by P3HT:PCBM can be
observed. The slope near the short-circuit current point in the J-V
curve is related to the geminate recombination of OSC, which can
be regulated by the film thickness. As shown in Fig. 2g, the current
response can be enhanced by increasing the film thickness to
200 nm. However, further increase of film thickness cannot keep
improving the current response. The relative current change for
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Fig.2 Power output matching between OECT sensors and OSCs. a Chemical structures of the materials used for photovoltaic powering and
the schematic of layer-by-layer blade coating. b Time resolved UV-vis absorption contour of the PEDOT:PSS channel with applied bias. ¢ J-V
curves of the gate OSCs under simulator and 1000 lux illumination. d The open circuit voltage of PTB7-Th: ITIC OSCs for gate powering under

different light densities. The orange part is measured under LED ill

umination while the yellow part is measured under solar simulator

illumination. e The output curves of p-OECT under 0.6 V gate voltage and the /-V curves of various OSCs under 1 sun light illumination. The /y is

the intersection of the output curve of 0.1 mM and the current-voltage

curve of OSC while Al is calculated by the intersections of 0.1 mM and

10 mM output curves. f The normalized current response to the Ca®* concentration of p-OECTs powered by different drain OSCs. g The output

characteristic curves of OECTs with different Ca®>* concentrations and

300 nm device (0.052) decreases slightly compared to that of
200 nm device (0.054).

Testing of the self-powered integrated devices

The sensors and OSCs are then integrated into one self-powered
electronics for further evaluation. Figure 3a shows the photo of
the real device and the circuit model of the integrated device. The
bottom electrodes of the OSCs are connected to the source
electrodes of OECT sensors while the top electrodes are
connected to gate and drain electrodes, respectively. Different
from the reported self-powered OSCs/OECT devices*®°'>2, here
both the gate and drain electrode are self-powered. As shown in
Supplementary Fig. 11, the gate current of the self-powered
system is merely about 20 nA, which is much smaller than the
photocurrent at all illumination conditions, ensuring that the gate
OSC works under the circumstance close to the open-circuit. Due
to the weak current of OSC under indoor illumination, the
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current-voltage curves of OSCs with different film thickness.

measured drain current is only about several dozens of micro-
amps, which is the same order of magnitude as the reported OECT
devices powered by solar cells®®. The inset in Fig. 3b shows the
stability of gate voltage, which keeps almost as a constant with
trifling spike mutations derived from the environmental shock
possibly. The drain current of the PEDOT-OECT remains 98.5% of
the initial values after continuous measurement for 30 min in air
without any encapsulation, indicating decent stability of the
integrated devices. The devices also show good stability over a
span of time. After being tested daily for 7 days, the drain current
remains over 92% of the initial values (shown in Supplementary
Fig. 12). Furthermore, the test stability is evaluated by switching
the LED lamp on and off repeatedly to simulate eyes opening and
closing. The spectra of the LED light for integrated device
illumination is shown in Supplementary Fig. 13. Since three
different output light density can be tuned by the lamp, we can
observe three response current as the light density changes. As
shown in Supplementary Fig. 14, the measured drain current

Published in partnership with Nanjing Tech University
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Fig.3 Testing of the self-powered integrated devices. a The image of the self-powered integrated device and the equivalent circuit diagram
of the integrated device. b The stability of the normalized output drain-current powered by OSC. The inset shows the stability of the gate
voltage powered by OSCs. ¢ The concentration-dependent drain current response of the glucose OECT powered by OSCs. d The
concentration-dependent drain current response of the Ca?* OECT powered by OSCs. e The normalized drain current response of the self-
powered integrated device as a function of the concentration of glucose and Ca**.

under certain light density changes slightly, indicating good test
stability of our integrated device. The effect of different light
density on the normalized current response was also explored as
shown in Supplementary Fig. 15. The drain current increases as
the light density raises and semilog-linear relationship between
normalized current response and concentration can be observed
under different illumination densities. However, the response
values under light intensity are slightly larger than those under
high light intensities, probably due to the declined output of
PCBM based OSCs when exposing to strong light for long time.

The electrical performance of the self-powered OECT sensors is
further assessed. As shown in Fig. 3¢, the drain current of the
g-OECT drops from 19.5 to 17.2 pA as the glucose concentration
increases from 0.1 mM to 1 mM. Similarly, the drain current drops
from 1279 to 1102 pA as Ca?t concentration increases from
0.1 mM to 10 mM (Fig. 3d). The potential measured between the
gate and source also changes slightly as shown in Supplementary
Fig. 16. The measured gate voltages are closed to the open-circuit
voltage of gate OSCs, confirming our previous deduction that gate
OSCs work under nearly open-circuit circumstance. We set the
respective drain current measured at 0.1 mM as the reference
value again and calibrate the normalized current response. As
exhibited in Fig. 3e, both the self-powered sensors show a
semilog-linear response to the concentration variations. About
13% average current variation can be observed when the glucose
concentration changed by an order of magnitude. Similarly, about
15% average response drain current variation can be observed as
Ca%* concentration increased by two orders of magnitude. The
response sensitivity of our device is comparable to those reported
OECT sensors powered by source meter and biofuel cells'" '8,
Although the sensitivity and accuracy are inferior to AC coil
powered sensors based on the mutual inductance principle, our
self-powered device is more portable?. These results manifest
that our self-powered sensors can be potential wearable electro-
nics candidate for the long-term biomarker monitoring.

Published in partnership with Nanjing Tech University

Remote monitoring and flexible integrated device

There have been lots of researches on the wireless communication
between the sensors and portable devices through Bluetooth and
the near filed communication (NFC) technique. Here we demon-
strated that the sensing signals of our self-powered multiplexed
device can be wireless communicated to the laptop as shown in
Fig. 4a and Supplementary Fig. 17. A Si-based logic die
(RF430FRK152H, Texas Instruments, USA) NFC chip together with
a commercial developing board (MSP-EXP430G2) are linked with
the self-powered OECT devices and resistors to digitize the
measured data and transmit the information to the laptop. Since
the NFC chip can only recognize the voltage signal. Resistors are
linked with the drain and source electrode in series to convert the
current signals into potential signals. The resistance values are
evaluated by the potential between drain and source electrode
and the drain current of respective OECT devices. Here the
resistors used for g-OECT and c-OECT sensor are 20 kQ and 3 kQ,
respectively. The radio frequency (RF) identification responses on
laptop to the biomarkers with various concentration are exhibited
in Supplementary Figs. 18-20. Due to the different potential
difference between drain and source electrode for the g-OECT and
c-OECT, a larger RF response value can be observed for c-OECT
compared to the g-OECT. The RF responses to the concentration
change are summarized in Fig. 4b and the semilog-linearly
relationship can be surveyed for both the glucose and Ca®*
sensors. This result indicates the self-powered multiplexed sensing
devices have great application potential in the next-generation
wearable bioelectronics for long-term wireless monitoring.

To evaluate the application prospects of our multiplex sensors
in ocular monitoring, tears were collected to measure the levels of
glucose and Ca%* in human bodies. We collected the tears from
one laboratory member under fasting state when waking up and
1.5 h after breakfast since the glucose variation of tears should be
behind than that of bloods. As shown in Fig. 4c and Supplemen-
tary Fig. 21, the concentration of glucose in tears is about
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device.

0.74+0.03mM and it raises up to about 0.97 £0.05 mM after
having breakfast. It has been reported that the glucose
concentration in tears is about 0.1-0.3 mM for normal people
and about 1mM for diabetics under fasting state®>™>°. The
concentration variation after meals should be less than 67% for
normal people. The detection concentrations by our device are on
the same order of magnitude as the literature reported
(0.1-0.6 mM). The slightly higher detection concentration may
be attributed to the tears collection method according to the
literatures. The contents of Ca®" are also tested from the same
tears and the calibrated results indicate that the Ca®" concentra-
tions are about 1.15+0.01 mM and 0.98 + 0.01 mM before and
after meals, respectively, which is on the same order of magnitude
as the literature reported (0.4-1.1 mM)>®=8, For normal people,
the concentration of Ca?t in tears decreases mildly at noon
compared to that in the morning. The detection errors possibly
come from the response current fluctuation and the calibration
error. The collection process and the small sampling size also limit
the detection accuracy since we did not measure in eyes directly.
In addition, the light density used for measurement as shown in
Supplementary Fig. 13 and device variation also contributes to the
detection errors. Nevertheless, these results have demonstrated
the potential application of the self-powered sensors in future
ophthalmic diagnosis.

After the demonstration of self-powered multiplex sensors on
the glass substrate, we further fabricated the flexible self-powered
devices. We used PH1000 on 200 um polydimethylsiloxane (PDMS)
substrate to replace the ITO/glass substrate. A photograph of the
flexible device is shown as the inset in the Fig. 4d. The sensing
signals towards different biomarkers concentration are shown in
Supplementary Fig. 22. Compared to the rigid devices, the drain
current response curves are more unstable and smaller. Based on
the results, similar normalized current responses are calculated as
shown in Fig. 4d. Due to the unstable current response, large error
bars can be observed which is disadvantageous to the detection.
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One of the reasons for the high noise in the flexible sensors is the
weak power supply from the flexible OSCs. In addition, the
deformation of the flexible sensors might also contribute to the
poor signal quality since the loose contact of the sensors will result
in electrical noises. To make the sensors work better, more flexible
circuit elements such as rectifying circuits should be integrated
into the overall biosensor systems in future works.

In conclusion, we demonstrated a flexible self-powered multi-
plexed OECT sensing device for monitoring the concentration of
glucose and Ca?" in tear fluids. The integrated device was
fabricated via simple process including solution blade-coating and
thermal evaporation, indicating great potential for batch produc-
tion. The morphology of the OECT channel layer and operation
voltage of the sensors are investigated to obtain sensitive
responses to the concentration variation of biomarkers under
large range of illumination conditions from sun light to indoor
light. To meet the powering requirements of OECT sensors, the
output of the OSCs is optimized by the matching of photovoltaic
active layers and selection of transport interfacial layers without
using other circuit elements such as resistors and capacitors. The
integrated device can work under the illumination indoor lights,
exhibiting good responses to the concentration change of glucose
and Ca?". The synergetic measurements of multiple biomarkers
will help to the monitoring and diagnosis of diabetes. The sensing
information can be transmitted to the portable devices wirelessly
by the integrated NFC unit. This self-powered multiplexed sensing
device is prospective to be equipped on the contact lens and pave
the wave of next-generation wearing bioelectronics for the long-
term noninvasive in vivo surveillance and diagnosis.

METHODS
Materials

PTB7-Th, ITIC, P3HT, PCBM, PM6, and PDINO are purchased from Solarmer
Materials Inc. Chlorobenzene (CB), 1-Chloronaphthalene (1-CN), ethylene
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glycol (EG) (3-glycidyloxypropyl) trimethoxysilane (GOPS), dodecylbenzene
sulfonic acid (DBSA), tetrahydrofuran (THF), calcium ionophore II (ETH 129),
bis(2-ethylhexyl) adipate, potassium tetrakis (4-chloropheny1) borate
(KT4CIPB), glucose oxidases (GOx), chitosan, isopropanol, dimethyl
sulfoxide (DMSO) and acetic acid are purchased from Sigma-Aldrich and
Aladdin. PEDOT:PSS AL4083 and PEDOT:PSS PH1000 are purchased from
Clevios. BTP4CI-C24 is synthesized by Kai Chen by changing the side chain
of BTP4Cl according to the literature. All chemicals used as received
without further purification.

Fabrication of the OSCs

The patterned ITO glass substrate was sequential cleaned by sonication in
detergent water, deionized water, acetone and isopropanol for 20 min of
each steps. After UVO treatment for 20 min, ZnO precursor was bladed-
coated on the cleaned ITO substrate to form a 20 nm thickness and 5 mm
width electron-transporting layer, followed by thermal annealing at 200 °C
for 30 min. The coating speed was 7mms~' on the 50°C substrate with
100 um gap. Then PEDOT:PSS AL4083 was coated also to form a 20 nm
thickness and 5 mm width hole-transporting layer, followed by thermal
annealing at 140°C for 10 min. The coating speed was 8 mms~' on the
60 °C substrate with 100 pm gap. For the active layer solution, PTB7-Th:ITIC
was prepared at a total concentration of 23 mgmL~" (donor: acceptor =
1:1.3 by weight) in CB solvent while P3HT:PCBM was prepared at a total
concentration of 30mgmL~" (donor: acceptor=1:1 by weight) in CB
solvent with 1.2vol% 1-CN. PM6:BTP4CI-C24 was prepared at a total
concentration of 20mgmL~" (donor: acceptor=1:1 by weight) in CB
solvent. Films are blade-coated on the 60 °C substrate to form a 100 nm
photovoltaic layer. Then the films are vacuum treated for 1 h to remove the
1-CN additive. After thermal annealing at 100°C for 10 min, the PDINO
layers was blade-coated on the room temperature substrate with 6 mms~'
speed and 50um gap. Finally, a 10nm MoOs; and 100 nm Al were
sequentially thermal deposited with masks below the vacuum level of
1x107* Pa.

Fabrication of the OECT sensors

The OECT sensors were fabricated on the OSC device subsequently. A
10 nm of Cr layer as adhesion promoter and 80 nm Au layer were thermal
deposited. For the glucose sensor, the Au gate was replaced by 100 nm Pt
layer by magnetron sputtering on the Cr layer. PEDOT:PSS PH1000 was
mixed with EG (0 vol%, 1 vol%, 5 vol%, 10 vol%), GOPS (1 vol%) and DBSA
(0.1 vol%). After that, the mixed PH1000 solution was coated as the active
channel and follower by thermal annealing for 30 min. For the calcium ions
sensors, the ionically selective membranes were coated on the top of
PH1000 channel with the mixture of THF (2mL) containing a high-
molecular weight PVC (63 mg), calcium ionophore Il (ETH129, 4 mg), the bis
(2-ethylhexyl) plasticizing solvent mediator (120 pL) and the anion excluder
potassium tetrakis (4-chloropheny1) borate (4 mg). For glucose sensors,
GOx solution was prepared by dissolving 30 mg of GOx in 2mL of a PBS
solution. A chitosan solution was prepared by dissolving chitosan in an
acetic acid solution (0.05 M) followed by electromagnetic stirring for 1 h.
After that, The GOx solution was mixed with the chitosan solution with the
ratio of 1:1 followed by sonication for 30 min before use. The GOx-chitosan
mixture solution was drop casted onto the PT gate and dried in glove box
overnight. The device was rinsed in DI water to remove any non-
immobilized enzymes before testing.

Fabrication of the flexible devices

The purchased PDMS membranes with 200 um were first immersed in CB
solvent for 5 min followed by washing in isopropanol for 30s. Then the
membranes were pasted on the glass substrates to finish the coating steps.
PDMS membranes were plasma treated for 6 min. After that, the mixed
PH1000 solution containing 5% DMSO and 2% Dupont Zonyl FS300 was
coated to make the electrode on PDMS substrate. The mixed solution was
spin-coated at 3000 rpm twice and followed by thermal annealing at
140 °C for 20 min. Then the films were dipped in acetic acid for 6 min and
annealed on 80 °C hotplate for 15 min to remove residual acid to enhance
the conductivity. For OSCs fabrication, ZnO nanocrystals were used as the
interfacial layer to avoid annealing under high temperature. The remaining
process was the same as that of the rigid devices.
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Device characterizations

The J-V characteristics of OSCs were performed in N,-filled glovebox under
AM 1.5G (100mWcm~2) using a AAA solar simulator (SS-F5-3A, Enli
Technology CO., Ltd.) calibrated by a standard Si photovoltaic cell with a
KG5 filter. The measurements were recorded by a Keithley 2400 source
meter unit. For indoor lighting measurements, an indoor LED lamp with a
4000 K color temperature was used.

The I-V characteristics of OECTs were measured with a Keithley 2602B 22
Source/Measurement Unit (SMU) using two channels. One channel
powered the drain electrode and measured the source-drain current while
the other channel powered the gate electrode. For the OSC-powered
devices, only one channel was used as an ampere meter to measure the
Ips. All tests were done with analytes in PBS electrolytes or deionized water
electrolytes excepted the tear fluids, which were collected from humans
under the stimulus by lachrymator.

The response of the device to different calcium ions and glucose
concentrations was normalized. The average response results and standard
deviations were calculated from the last 20 s data of each measurements
and the response at 0.1 mM was set as lo. The normalized current response
(NCR) was determined by the following equation:

I—1o

0

NCR:‘ (1)

The RFID measurements was carried out by the open software RF430FRL
15xH Default Projects (Texas Instruments). The software was not further
developed by our lab. The reading value was dependent on the voltage on
the series resistor and each unit value on the RF reader was corresponding
to about 0.011V voltage on the series resistance. The resistor was
connected to the channel by wires.
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