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Hydrogel-Enabled Transfer-Printing of Conducting Polymer

Films for Soft Organic Bioelectronics
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Martin C. Hartel, Xiang Meng, Kanglu Lee, Junmin Lee, Wujin Sun, Haisong Lin,
Sam Emaminejad, Samad Ahadian, Nureddin Ashammakhi, Mehmet R. Dokmeci,

and Ali Khademhosseini*

The use of conducting polymers such as poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) for the development of soft organic
bioelectronic devices, such as organic electrochemical transistors (OECTs), is
rapidly increasing. However, directly manipulating conducting polymer thin
films on soft substrates remains challenging, which hinders the development
of conformable organic bioelectronic devices. A facile transfer-printing of
conducting polymer thin films from conventional rigid substrates to flex-

ible substrates offers an alternative solution. In this work, it is reported that
PEDOT:PSS thin films on glass substrates, once mixed with surfactants, can
be delaminated with hydrogels and thereafter be transferred to soft sub-
strates without any further treatments. The proposed method allows easy,
fast, and reliable transferring of patterned PEDOT:PSS thin films from glass
substrates onto various soft substrates, facilitating their application in soft
organic bioelectronics. By taking advantage of this method, skin-attachable
tattoo-OECTs are demonstrated, relevant for conformable, imperceptible, and
wearable organic biosensing.

1. Introduction

Since its development in the 1990s, solu-
tion-processable  conducting  polymer
poly(3,4-ethylenedioxythiophene) poly-
styrene  sulfonate (PEDOT:PSS) has
gained great success due to its high con-
ductivity, optical transparency, as well as
stable films properties in both air and
water environments.'3] These unique
properties of PEDOT:PSS have enabled
the development of numerous advanced
organic electronic devices including solar
cells,*3 light-emitting diodes,® transis-
tors,’/")1 memristors, and artificial syn-
apses for neuromorphic computing.[1-13]
Recently, with the rising research trend
in flexible electronics,'*2% which have
offered unprecedented opportunities
in revolutionizing our understanding
of electronic devices,?'2 PEDOT:PSS
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has extended its important role in developing various flexible
organic electronic devices such as organic electrochemical
transistors (OECTS),>?] an emerging tool for biosensing.[26-]
However, directly manipulating and patterning PEDOT:PSS
thin films on flexible substrates remain challenging because of
difficulties in obtaining uniform and continuous films on soft
substrates such as plastics and elastomers due to their hydro-
phobic nature.?¥ This challenge has been hindering the wide
applications of PEDOT:PSS in flexible electronics,* particu-
larly for epidermal electronics*® and conformable OECTs.

Transfer-printing PEDOT:PSS films from glass to flexible
substrates offers an alternative solution to circumvent this issue.
Thus, several efforts have been dedicated to transfer print
PEDOT:PSS onto soft substrates.3441#2] Greco et al. proposed a
method in which PEDOT:PSS films were deposited on plasma-
treated polydimethylsiloxane (PDMS).*'#3] They successfully
realized the transfer of PEDOT:PSS ultrathin films to soft
substrates by taking advantage of the degradation of adhesion
forces between PEDOT:PSS and PDMS over time. Bihar et al.
reported PEDOT:PSS application on skin by transferring inkjet-
printed PEDOT:PSS films on a tattoo paper.* Kim at al.,[*’!
and Yan et al.?®¥ have independently demonstrated the transfer-
printing of PEDOT:PSS onto flexible substrates by using acid to
treat PEDOT:PSS films before the transferring process. Despite
these results, each method has certain limitations preventing
its versatile application: patterning of PEDOT:PSS films on
PDMS suffers from low yield; inkjet printing has limited reso-
lution; and acid treatment involves non-ecofriendly steps which
may hinder their use in biological applications.

Here, we present an easy and versatile transfer-printing method
to obtain PEDOT:PSS thin films on various soft substrates, encour-
aging their use in soft organic bioelectronics. These thin films
were first processed and patterned on a glass substrate by mixing
PEDOT:PSS suspension with surfactants, such as dodecylbenzene
sulfonic acid (DBSA). We observed that the addition of surfactant
significantly decreased the adhesion forces between PEDOT:PSS
films and the glass substrates, which enabled their transfer onto
various soft substrates with hydrogel due to the stronger adhe-
sion between PEDOT:PSS and the hydrogel. We discuss in detail
how the composition and baking temperature of PEDOT:PSS
films affect the efficacy of the transfer. Skin-attachable and ultra-
conformable OECTS are finally demonstrated on a tattoo paper by
taking advantage of this technique. These skin-attachable OECTs
show high performance in terms of sensitivity (transconductance)
and ON/OFF ratios, both of which are comparable to their silicon
counterparts. In addition, they show stable performance under
mechanical deformation on skin. A portable electronic readout
system is further developed and integrated with our skin-attach-
able OECTs, enabling their direct communication with mobile
electronic devices. Finally, we demonstrate that our skin-attachable
tattoo-OECTS is an ideal platform for monitoring glucose concen-
trations, relevant for wearable and point-of-care monitoring appli-
cations in healthcare.

2. Results and Discussion

The procedure of our transfer-printing method for
PEDOT:PSS films is illustrated in Figure 1a. Prior to the transfer
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step, PEDOT:PSS films (doped with DBSA) were spin-coated on
glass substrates from suspension (Clevios PH 1000). Thermal
annealing may be utilized, depending on the composition of
the PEDOT:PSS film (discussed later). Then, a hydrogel carrier
(such as agarose, gelatin, and poly(lactic acid) (PVA)) was placed
directly on top of the PEDOT:PSS films. Due to the stronger
adhesion force between PEDOT:PSS and the hydrogel carrier
with respect to that between PEDOT:PSS and glass substrate,
detachment of the hydrogel carrier led to a seamless transfer of
the PEDOT:PSS films without any residues left on the glass sub-
strate (Video S1, Supporting Information). Next, the hydrogel-
carried PEDOT:PSS films were gently placed on target substrates.
Pressure was then applied to increase the adhesion at the inter-
face. When water soluble PVA hydrogel carrier was used, the
sample was simply immersed in water to dissolve the carrier,
thereby finalizing the transfer process onto the target substrate.
Significantly, this method proved to be effective in transferring
prepatterned PEDOT:PSS films from glass to various soft sub-
strates such as plastics (Figure 1b,c), elastomers (Figure 1d), and
human skin (Figure S1, Supporting Information). Given that pat-
terning PEDOT:PSS films on glass can be performed with better
established micropatterning technologies compared to soft sub-
strates, this method thus enables facile and rapid patterning of
PEDOT:PSS films on soft substrates with high yield.

To gain insight into the dynamic process of our method,
we monitored in situ resistance changes of the PEDOT:PSS
film during hydrogel stamp removal. We first bridged the
PEDOT:PSS-attached hydrogel carrier between pre-patterned
Au electrodes on glass. The sample was then immersed in
water to dissolve the hydrogel carrier. As shown in Figure 2a,
upon water immersion, the resistivity between the electrodes
gradually decreased and reached its lowest value after 2 min,
demonstrating the completion of the transfer process. A high
conductivity of 400 S cm™" was calculated for PEDOT:PSS films
transferred on the target substrates (Figure 2b), which was com-
parable to those values on glass.[*®l The conductivity showed a
slight decrease after water immersion (Figure 2c), which was
likely due to water absorption by the hydrophilic PSS~ chains,
similar to films deposited on glass substrates.*’]

Secondary-dopants are often used to tune the conductivity,
flexibility, and adhesion forces of PEDOT:PSS thin films.[24748]
Evaluating the efficacy of our transfer-printing method for films
of different compositions is essential towards ensuring its versatile
use. We investigated the feasibility of transfer-printing PEDOT:PSS
films processed with different secondary-dopants, including DBSA,
conductivity enhancer glycerol, plasticizer Capstone FS-30, and
crosslinker glycidoxypropyltrimethoxysilane (GOPS). We simul-
taneously investigated the effects of annealing on the transfer-
printing process. For the annealing process, films were baked at
120 °C for different times ranging from 10 s to 30 min. Figure 2d
summarizes the effect of different compositions of PEDOT:PSS
and annealing times on the transfer-printing. Figure 2e shows
the chemical structures of the various additives used in this study.
We summarized these results as follows: (i) longer baking time
increases adhesion between PEDOT:PSS and glass and thus is
not preferable for transfer-printing; (ii) the presence of DBSA in
the films promotes transfer-printing process; and (iii) addition
of the crosslinker into PEDOT:PSS hinders the transfer-printing.
For example, the pristine PEDOT:PSS could be transferred onto
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Figure 1. Transfer-printing procedure of PEDOT:PSS films (5 v/v% glycerol and 1 v/v% DBSA). a) Schematic image of the procedure for the transfer-
printing of DBSA-treated PEDOT:PSS films onto target substrates: (i) Spin-coating PEDOT:PSS on glass substrates; (ii) Baking the PEDOT:PSS
(w/ DBSA) on glass; (iii) PEDOT:PSS film peeling-off with hydrogel; (iv) laminating the PEDOT:PSS/hydrogel onto target soft substrates; (v) Removal of
the hydrogel carrier finalized the transfer of PEDOT:PSS films onto target substrates. Zoomed in diagram hypothesized an increased hydrogen-bonding
between PEDOT:PSS and hydrogel (green), and decreased adhesion force between DBSA-treated PEDOT:PSS and glass (dotted green); b,c) flexible
PEDOT:PSS films transferred onto plastic; and d) stretchable PEDOT:PSS film transferred onto PDMS.

the hydrogel before baking was performed, but failure occurred
immediately after baking for 30 s. Significantly, after adding
DBSA, films could be successfully transferred even after baking
for 30 min, as long as GOPS was not presented, suggesting the
effectiveness of DBSA in facilitating the peeling-off of PEDOT:PSS
from donor substrates (Figure S2, Supporting Information). These
exciting results point to a key contribution of this work: the combi-
nation of DBSA-doped PEDOT:PSS and hydrogel stamps enables
the efficient transfer-printing of PEDOT:PSS films without the use
of any other chemicals or complicated surface treatments. Our
approach is therefore superior to other transfer-printing methods
that rely on hydrophobic interfaces, acid treatments, or strong
oxidants (Summarized in Table 1).

The mechanism of our method in transfer-printing
PEDOT:PSS films is tentatively attributed to the hydrogen
bonding between the hydrogel and PSS (which contains hydro-
philic SO;™ groups), as well as decreased adhesion between
PEDOT:PSS and glass substrates due to the addition of DBSA.
The hydrogel contains a large amount of water, which, upon
contact with PEDOT:PSS, induces swelling of PEDOT:PSS
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films (Figure S3, Supporting Information) and eases the for-
mation of hydrogen bonding with PSS at the interface. This was
further confirmed by comparison experiments in which con-
ventional PDMS carriers (w/ or w/o plasma treatment) failed
to peel-off films from glass (Video S2, Supporting Information),
demonstrating their weaker adhesion forces compared to those
between PEDOT:PSS and the hydrogel. To clarify the role of
DBSA in decreasing the adhesion between PEDOT:PSS and
glass, we conducted a peeling experiment where all samples
were stretched at a constant rate using a tensile tester (Figure 3a).
We observed that samples with DBSA were delaminated
easily from the glass substrate to the hydrogel, while failures
occurred in all reference samples without DBSA (Figure 3b).
Meanwhile, a much lower adhesion force with glass was meas-
ured for films with DBSA (Figure 3c). This is because DBSA
is a surfactant (wettability enhancer) whose molecules contain
hydrophilic SO5™ tails, which can significantly increase the
water affinity of the resultant PEDOT:PSS films. This increase
could be visualized by the lower contact angles recorded for
films containing DBSA (Figure 3d). Furthermore, we surmise
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Figure 2. a) Dynamic resistivity change during transfer-printing of PEDOT:PSS films from glass onto a plastic PET substrate; b) Conductivity com-
parison of PEDOT:PSS film (5 v/v% glycerol and 1 v/v% DBSA) before and after transfer; c) Water stability of transferred PEDOT:PSS films on plastic;
d) Maximum baking time after which film delamination failure occurs. The numbers in the x axis refer to PEDOT:PSS with difference compositions:
(1) pristine PEDOT:PSS; (2) PEDOT:PSS: 5 v/v% glycerol; (3) PEDOT:PSS: 1 v/v% DBSA; (4) PEDOT:PSS: 1 v/v% Capstone; (5) PEDOT:PSS: 1 v/v%
DBSA: 1 v/v% GOPS. The baking temperature was 120 °C; e) Chemical structures of additives used in processing PEDOT:PSS films: DBSA, conductivity

enhancer glycerol, and crosslinker GOPS.

that DBSA molecules can facilitate water diffusion from the
hydrogel to PEDOT:PSS porous networks and their further
migration to the underlying glass substrate. Such migration
leads to the formation of a water boundary layer that decreases
adhesion at the PEODT:PSS—glass interface. According to the
tentative transfer-printing mechanism discussed above, other
surfactants which increase the film wettability should also
enable the PEDOT:PSS films to be peeled off with a hydrogel
carrier. To verify this assumption, we used Capstone FS-30, a
fluorinated surfactant with similar functionality as compared to
DBSA. In line with our expectations, films doped with capstone
FS-30 were successfully peeled-off using hydrogel, demon-
strating that the presence of surfactants is essential to decrease
the adhesion between PEDOT:PSS and glass, thereby enabling
the transfer-printing process.

Using our transfer-printing method, we were able to develop
functional flexible electronic devices based on PEDOT:PSS.

Specifically, it allowed us to develop skin-attachable OECTs
on tattoo paper (Figure 4) which could subsequently be
transferred onto human skin (Figure S4 and Video S3, Sup-
porting Information). We demonstrated skin-attachable
OECTs by first depositing and patterning source and drain
electrodes on a commercially available tattoo paper with a
laser-ablated shadow mask, followed by transfer-printing pat-
terned PEDOT:PSS thin films (with 5 v/v% glycerol and
0.5 v/v% DBSA) in between the electrodes (Figure 4a). The
obtained OECTs could be laminated directly onto the skin by
dissolving the supporting substrate of the tattoo paper with
water (Video S4, Supporting Information). Significantly, our
skin-attachable OECTs showed ultraconformable contact with
skin (Figure 4b; Video S5, Supporting Information) and no
delamination was observed even upon flushing with water
(Video S6, Supporting Information), suggesting its robust
adhesion on soft substrates and the potential for long-term use.

Table 1. Comparison of various transfer-printing technologies for PEDOT:PSS films.

References Donor substrates Required treatment Carrier Required post-treatment
[41,43] PDMS O, plasma PVA Not needed

[42] Glass Ethanol dropping Plastic plymethylpentene Ethanol dropping
[45] Glass H,SO, immersion PDMS Annealing needed
[38] Glass CH4SO;/H3;PO, immersion PDMS Annealing needed
This work Glass/Plastic/PDMS Not needed Hydrogel Not needed
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Figure 3. a) Schematic illustration of the process for the peeling test; b) PEDOT:PSS films with addition of Tv/v% DBSA were successfully peeled-off
from glass substrates with a PVA hydrogel carrier while the reference samples (w/o DBSA) failed to be peeled-off; c) Net load comparison during the
delamination test, both samples were stretched at the same speed of 0.1 mm s7'; d) Contact-angle comparison of films w/ and w/o DBSA addition,

before and after baking for 30 min (120 °C).

The transient plots of the OECTs with transfer-printed
PEDOT:PSS films showed stable baseline after cyclic
measurements (Figure S5, Supporting Information). From the
transient plot, we extracted a decay constant of =300 ms, which
can be attributed to the relatively large dimension of the device
(W of 10 mm, L of 1 mm). The output and transfer character-
istics of the OECTs showed typical behavior for PEDOT:PSS
OECTs working in depletion mode (Figure 4c,d). From the
transfer curves (i.e., source—drain current (Iy) sensitivity to gate
voltage (Vg) variations), we extracted a maximum transconduct-
ance of about 1.5 mS (Vg = 0 V), and an ON/OFF ratio of =50
(Igs (Vgs = 0 V)/Igs (Vgs = 0.8 V)). Tt is noteworthy that during
mechanical deformation of the skin (e.g., stretching and com-
pressing), the electrical characteristics of the devices remained
relatively stable (Figure 4c—e), indicating their potential for
future wearable biosensing applications.

In order to demonstrate the promise of our skin-attachable
OECTs for wearable biosensing applications, we further devel-
oped a data readout system with wireless communication
capabilities. The system was built to be as compact as possible
(Figure S6, Supporting Information) for better portability. It is
composed of a micro-controller unit (MCU, Arduino) with an
analog to digital converter (ADC) and a Bluetooth communica-
tion (Simblee), an independent power supply based on button
batteries, a digital to analog converter (DAC) modules, vari-
able reference resistors and the corresponding peripheral wir-
ings, as shown in the Figure 5a,b. The source of the OECT was
grounded and the drain was connected to a reference resistance,
which was wired to the battery. The ADC input was employed
to monitor the voltage of the drain terminal, and the converted
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data was collected and processed in the MCU. The waveform
of the acquired data represented the timing variation sequence
of the channel current going through the OECT. Meanwhile,
the MCU also generated signals to control the DAC, which was
connected to the gate of the OECT with the voltage down to
the scale of millivolt. Finally, the data was transmitted out by
the Bluetooth module embedded in the MCU to an external
mobile device where the data was shown and interfaced with
customized APPs for real-time monitoring.

Our skin-attachable OECTs on tattoo paper serve as a ver-
satile platform for soft organic bioelectronics. As a prototype,
we demonstrate the use of tattoo-OECTs for the detection of
glucose, which is a health indicator in screening metabolic dis-
eases such as diabetics.’!! For the glucose sensor, the enzyme
(GO,) was deposited on a platinum (Pt)**-! gate electrode.
The sensing mechanism is described in previous worksl%>!
where GO, catalyzes the conversion of p-glucose to p-glucono-
1,5-lactone, and becomes reduced. Oxygen molecules in the
electrolyte then react with reduced GO, to form hydrogen per-
oxide. The Pt gate catalyzes the decomposition of peroxide,
finally leading to an electrochemical reaction at the electrodes
(Figure 5¢,d). The effective gate voltage and the variation of Iy
are thus related to the concentration of the glucose in the elec-
trolyte. Figure 5e,f shows the response of our OECTs to various
glucose concentrations. The I showed a monotonic decrease
with increasing glucose concentrations up to 0.1 M, with the
ability to detect glucose concentrations as low as 1 x 107 m,
demonstrating the potential of our tattoo-OECTs as conform-
able, ultralightweight, and noninvasive biosensor for future
personalized healthcare applications.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UB017 SUOLULIOD AERID 3|1 idde 3y Aq pausech e Sope YO 98N JO S9N 10} AR 17 8UIIUO AB]IA UO (SUON PUCD-PUR-SLLLBYWICO™ A8 I ARed] 1)Ul JUO//SAIY) SUORIPUOD PUe SWe L 38U} 89S *[920¢/T0/E0] U0 Ariqiauluo Ao1im ‘seireqi Buoy BuoH JO AisieAun ay L AQ 9TO906TOC WPR/Z00T OT/I0p/U0" M) 1M ARIq1jeu U0 peouRAPe//SARY WO popeojumoq ‘9 ‘0202 ‘820E9TIT



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a) i ii)

Hydrogel

www.afm-journal.de

i)

Wl iy

271 Ty @@ @

Normalized ON/OFF and Gm

1.4] :
-0.8

1.2 e
1.0 oigl

2 -0.8 4 2 -0.54
E o8] E 04
—% 04l _203]
02]

02 e,
0.0+ 0.04

00 02 -04 06

V,, V)

02 00 02 04 06 08

ON/OFF Gm

v, )

Figure 4. a) Schematic illustration of the generic process for transfer-printing DBSA-treated PEDOT:PSS films with hydrogel: (i) laminating a hydrogel
stamp against glass donor substrate; (ii) gently peeling-off the stamp leads to the transfer of patterned PEDOT:PSS films from the glass substrate onto
the hydrogel stamp; (iii) laminating the stamp onto target tattoo paper; and (iv) dissolving the hydrogel stamp transfers the patterned PEDOT:PSS films
to the tattoo paper; (v) laminating the tattoo paper onto skin. Tattoo adhesive tapes were used only at the edges to increase adhesion between tattoo
and skin by exposing the PEDOT:PSS channel directly to skin. The PEDOT:PSS films adhered well to skin via Van der Waals force due to its ultrathin
thickness; (vi) dissolving the tattoo paper with water transferred the OECTs onto skin. b) Optical images of the skin-attachable OECTs under mechanical
deformation. The scale bar is 6 mm; c,d) Output (V,s: —0.2 to 0.8 V) and transfer curves (Vg = —0.6 V) of skin-attachable OECTs at released (red), 5%
stretched (blue) and 40% compressed (black) conditions; The width (W) of the channel is 10 mm, the length (L) of the channel is 1 mm (W/L =10);

e) ON/OFF and transconductance (G,,) comparison of skin-attachable OECTs before and after compressed for ten times.

3. Conclusion

In conclusion, we have demonstrated that PEDOT:PSS films
on glass, upon being mixed with surfactants such as DBSA,
can be easily delaminated with hydrogel carriers. By taking
advantage of this phenomenon, we have developed a simple,
fast, ecofriendly, and versatile transfer-printing technique
that allows the transfer of PEDOT:PSS films onto various soft
substrates. This method can easily be tailored to obtain pat-
terned PEDOT:PSS films on flexible substrates, encouraging
its wide application in flexible electronics. Mechanism of the
successful transfer of PEDOT:PSS films onto the hydrogel
was attributed to reduced adhesion between PEDOT:PSS and
glass due to the addition of DBSA. By taking advantage of this
method, along with the integration of a miniaturized wireless
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readout system, we have developed skin-attachable OECTs on
tattoo paper, relevant for ultralightweight, conformable, and
wearable biosensing.

Our approach provides an advanced technological platform
to fabricate flexile organic electronics based on PEDOT:PSS
thin films. In addition, it may also be applicable to pattern other
conducting polymers. This work thus paves the way for devel-
oping next-generation soft organic electronic and bioelectronic
devices towards wearable healthcare monitoring applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure 5. a) Block diagram of the interface circuit for wireless electrical performance characterization of the skin-attachable OECTs; b) Optical

image of the integration of OECTs with wireless readout system; c) Schematic illustration of the structure of OECTs; d) Modification of the platinum
gate electrodes (G) in c) with GO, and chitosan, and the biocatalyzed reaction cycle involved in the detection of glucose using GO,; €) Transient

l4s response to different concentrations of glucose in PBS; and f) Normalized I4s with respect to different glucose concentrations.
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