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ABSTRACT: The dysregulation of the hormone cortisol is related to several pathological

states, and its monitoring could help prevent severe stress, fatigue, and mental diseases. g0

‘While wearable antibody-based biosensors could allow real-time and simple monitoring of
antigens, an accurate and low-cost antibody-based cortisol detection through electro-
chemical methods is considerably challenging due to its low concentration and the high
ionic strength of real biofluids. Here, a label-free and fast sensor for cortisol detection is
proposed based on antibody-coated organic electrochemical transistors. The developed
devices show unprecedented high sensitivities of 50 #A/dec for cortisol sensing in high-
ionic-strength solutions with effective cortisol detection demonstrated with real human
sweat. The sensing mechanism is analyzed through impedance spectroscopy and
confirmed with electrical models. Compared to existing methods requiring bulky and
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expensive laboratory equipment, these wearable devices enable point-of-care cortisol
detection in 5 min with direct sweat collection for personalized well-being monitoring.

KEYWORDS: organic electrochemical transistor, biosensor, cortisol detection, antibody, sweat analysis, wearable platform

Wearables for the real-time monitoring of cortisol levels
in human sweat have great potential for maintaining a
healthy mental and physical condition." Cortisol, a glucocorti-
coid hormone, is a biomarker regulated by the hypothalamic-
pituitary-adrenal axis.”” This hormone has a distinct circadian
rhythm essential for human health, with the highest levels in
the morning and the lowest at night.” Short-term modification
of cortisol secretion can be adaptive responses of the body;
however, chronic dysregulations are associated with a
disrupted circadian rhythm and pathological conditions such
as anxiety, depression, burnout, weaker immune system,
chronic fatigue, and cardiovascular complications.' ™

A noninvasive and “stress-free” way being explored to
determine cortisol is by analyzing the biofluid sweat."™®
Compared to standard methods of measurement, such as
enzyme-linked immunosorbent assay (ELISA) or liquid
chromatography-tandem mass spectrometry (LC-MS/MS),” a
sensitive, selective, and simple to use wearable cortisol sensor
for direct sweat collection on the skin could provide consistent
measurements due to reduced sweat evaporation and the
possibility of performing point-of-care monitoring,”'*~"* for
analyzing subjective physiological or stress-related varia-
tions."*~'* Also, compared to the other noninvasively available
fluids such as urine and saliva, sweat is the only one that can
allow a continuous collection without human intervention with
#1917 Cortisol has a passive sweat transport,
its concentration is sweat-rate independent,'® and a good
correlation between sweat and serum levels has previously

a wearable device.
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been reported.” However, the correct quantification of normal
and abnormal cortisol levels in sweat is challenging due to the
high dilution of this steroid hormone, the high sweat ionic
strength, and possible interferents (steroids, metabolites, drugs,
or similar isomers).'”*°

Recent technological advances with organic transistor-based
biosensors are allowing the detection of molecules at low
concentrations without the need for enzymatic labels and
complex preparation procedures.””*" Transistors can play an
essential role in wearable applications, thanks to their ability to
amplify signals, and because they are simple to miniaturize and
integrate into portable electronic devices. Organic electro-
chemical transistors (OECTs), having an electrolyte coupling
the gate with a conducting polymer channel, were proposed as
biosensors for low-cost and fast diagnosis.”>~>* Compared to
other types of transistors, in OECTs the ions from the
electrolyte permeate into the channel, typically made of
poly(3,4-ethylenedioxythiophene) doped with poly-
(styrenesulfonate) (PEDOT:PSS), once a gate voltage is
applied.”” This phenomenon causes a volumetric change of the
doping state, with significant modulations of drain current at
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Figure 1. Organic transistor structure and sticker application. (a) Schematic of the biosensing principle involved and structure of the OECT
devices, including antibody-coated gate electrodes and the organic PEDOT:PSS channel for current amplification; the latter shows three OECT
devices with different PEDOT:PSS channels of an increased width per length ratio. (b) 3D-image with two OECTs integrated into a microfluidic
system for direct sweat collection and zoom of the gate electrode with the anticortisol antibody immobilized. (c) Application of cortisol sensing
sticker on the human skin for sweat collection during sports activities; the microfluidic part with the multiple inlets is placed in contact with the

skin.

low gate voltages and very high signal amplification.”**’ The
devices can be used as biosensors by integrating a
biorecognition layer either at the gate/electrolyte or at the
electrolyte/channel interfaces.’* ™

OECTs with antibodies or aptamers immobilized on the
gate electrode are reported as promising biosensor config-
urations for sensing COVID-19 spike proteins or immunoglo-
bulin G (using nanobody”* or standard antibody™®), rabbit
immunoglobulin G (standard antibody®), interleukin-6
(standard antibody’), and epinephrine (aptamers®). The
main advantage of using antibodies is that they can be
produced easily for a wide range of sensing applications, while
producing aptamers for several targets is still challenging.*®
One of the main difficulties of detecting cortisol using
antibodies is that it does not carry any electrical charge,™
making its detection particularly problematic. Cortisol
detection with an OECT transducer was only achieved so far
by using a molecularly imprinted membrane (MIP) as
functionalization, not located on the gate but on the
PEDOT:PSS channel, exhibiting a sensitivity of 2.68 A/dec
in the range of 10—10000 nmol/L (nM).* Their device was
tested by collecting sweat on the skin of one subject during
exercise, measuring two relatively high cortisol concentrations
equal to ~400 nM, with these values confirmed by a standard
ELISA measurement performed on sweat samples collected
simultaneously.

Here, we report on fully integrated OECTSs on flexible
substrates with monoclonal anticortisol antibody-coated gold
gate electrodes to detect low concentrations of cortisol in §
min. Our OECT sensors are optimized for enhanced current
amplification, reaching a high sensitivity to cortisol of about 50
4#A/dec in the 1-1000 nM concentration, with a limit of
detection of 100 pM, making them relevant for real sweat
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analysis."” Through electrochemical impedance spectroscopy
measurements on the biofunctionalized gate electrodes, we
have identified as the main transducing mechanism that the
cortisol binding events result in a variation of double-layer
capacitances at the gate interface. By implementing the
capacitance values into an electrical analytical model for the
electrochemical transistors, we show that the predicted
sensitivity matches the experimental data. Finally, the OECT
sensors were used to determine cortisol in real sweat samples,
with results compared to a method using LC-MS/MS. The
wearable sensors can be implemented as stickers-on-the-skin
for direct sweat collection and fast measurements of the stress-
biomarker cortisol in sweat.

B RESULTS AND DISCUSSION

Devices and Electrical Measurements. The architecture
of the all-integrated, planar organic transistors on flexible foil
and their biosensing principle is presented in Figure 1. The
sensing part of the devices is composed of an evaporated gold
gate, functionalized through a standard thiol process for the
binding of antibodies,”” and the amplification part comprises
an inkjet-printed PEDOT:PSS organic channel.”® The anti-
body employed is a commercial monoclonal anticortisol
antibody, but the same process and device structure could be
used for any other sensing applications involving antibodies.
Two inert gold electrodes, used as source and drain, establish
contact with the PEDOT:PSS material defining the channel
length. Modifying the PEDOT:PSS geometry by varying the
ratio of channel width (W) versus length (L) (Figure 1a) leads
to a different current amplification for the same binding events
at the gate electrode. Three different W/L channel ratios were
evaluated, equal to 025 (W =1mm, L =4 mm), 1.5 (W=3
mm, L =2 mm), and 12.5 (W = 3 mm, L = 0.24 mm), named
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Figure 2. Organic transistor electrical characteristics. (a) Output characteristics with a Vi, voltage sweep from —1 to 1 V with a step of 0.25 V for
devices having the anticortisol antibody on the gate electrode and a PEDOT:PSS W/L = 1.2. (b) Comparison of transfer characteristics without
and with antibodies, for a fixed PEDOT:PSS W/L = 1.2 and a fixed drain voltage Vg, = —0.4 V. (c) Multiple transfer characteristics for devices with
all the different W/L and antibody on the gate, and (d) respective transconductance g,. The tests are in PBS 1x (0.15 M), pH 7.

long channel, medium channel, and short channel devices,
respectively. The thickness (t) of the PEDOT:PSS layer was
101 + 17 nm (n = 3).

Our devices on flexible foils can be easily processed,
separating the gate to the channel during the gate
functionalization steps and subsequently assembling them
through double-sided adhesives (Figure S1a,b). The separation
of the gate prevents damaging the organic PEDOT:PSS
channel during the multiple incubation and washing steps
required for the antibody immobilization. A flexible micro-
fluidic system can be implemented, through the lamination of a
combination of plastic and adhesive layers (Figure Slc,d), for
performing sweat collection on people as shown in Figures
Ib,c. A rigid reservoir can also be used to confine the
electrolyte solution during laboratory experiments (Figure
Slce). The OECT sensors with the microfluidics integrated
can be applied as skin-sticker to collect the electrolyte thanks
to the presence of multiple inlets on the surface, trapping the
liquid through capillary action (Figure S1fg).

To confirm the formation of the thiol monolayer and the
binding of the antibodies, the gates are characterized with X-
ray photoelectron spectroscopy (XPS) (Figure S2). The
significant increase of the S 2p peak (Figure S2a) and the N
1s peak (Figure S2b) with thiols and antibodies on the surface
shows the successful surface modification and immobilization
of the capture antibody on the gold gates.' After the
functionalization, the typical peak S 2p peak at 163.8 eV
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confirms the formation of the thiol monolayers,” and the
typical N 1s peak with the antibody at 400.27 eV confirms the
presence of the amide nitrogen atoms.*” The S 2p element was
quantified to increase from 4.3% (Au:S atom ratio 22.3) before
the functionalization to 16.5% (Au:S atom ratio 5.07) after
thiols and to 33.4% (Au:S atom ratio 1.99) after antibodies,
and the N 1s element from 6.5% (Au:N atom ratio 14.5)
before the functionalization and 3.63% (Au:N atom ratio 26.5)
with thiols to 60.3% (Au:N atom ratio 0.658) after antibodies.

In the presence of the electrolyte solution and with the
conducting channel biased (Vy,), the I, current decreases once
a positive voltage is applied at the gate (V). This behavior can
be well observed in the electrical characteristics of the
fabricated devices reported in Figure 2 and Figure SI,
including the output (Figure 2a, Figure Slgh) and transfer
(Figure 2b,c) characteristics and the amplification of the

devices (Figure 2d). The latter intrinsic amplification is defined

Aly,

as the transconductance g, equal to o The on—off ratio of

.
the devices is relatively low, as commonly reported for OECTs
with polarizable gold gates.”' However, the g, is the main
figure-of-merit in OECT's applied for biosensing, having a gold
gate that can be easily functionalized. The voltage (Vi may) at
which the maximum peak (g, m.) appears can be selected for
obtaining the maximum sensitivity for the detection of the
analyte of interest.””***
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Figure 3. Real-time cortisol sensing responses. (a) Cortisol measurement with PEDOT:PSS W/L = 12.5 and thiol/EDC/antibody gate chemistry.
(b) Cortisol measurement with PEDOT:PSS W/L = 12.5 and thiol/EDC/NHS/ antibody gate chemistry. (c) Control measurement with multiple
PBS injections with PEDOT:PSS W/L = 12.5 and thiol/EDC/antibody gate chemistry. (d) Cortisol measurement with PEDOT:PSS W/L = 1.5
and thiol/EDC/antibody gate chemistry. (e) Cortisol measurement with PEDOT:PSS W/L = 0.25 and thiol/EDC/ antibody gate chemistry. (f)
Control measurement with multiple PBS injections with PEDOT:PSS W/L = 0.25 and bare gold gates. (g) Calibration curves at the multiple
sensing conditions (1 = 4 for the short and medium channel, n = 3 for the long channel devices), and (h) multiple control measurements (n = S for
the devices without antibody, n = S for short channel with antibody, and n = 2 for the medium and long channel devices with antibody). The tests

are at a fixed drain voltage V4, = —0.4 V and gate voltage Vg, = 0.6 V.

It can be observed from the transfer characteristics of the
gold-gated OECTs that the g, . and its relative Vi,
increase with the geometrical factor W/L, as previously
reported for silver-gated devices.”® Here we push these
analyses by comparing gold gates with and without
immobilized antibodies. Interestingly, the presence of anti-
bodies on the gate electrode does not modify the current
modulation effect of the transistors (Figure 2a,b). However,
the presence of two g, peaks (Figure 2d) can be seen, with a
small peak between 0.2 and 0.3 V. This small peak is due to the
formation of the thiol monolayers on the surface,”’ while
before the thiol functionalization only the main g, peak at

Viomax close to 0.6 V is present, as can be seen in Figure S3.
The devices functionalized with antibodies had a thiol

activation of the carboxylic groups with the chemical 1-ethyl-
3-(3-diamino)propyl-carbodiimide (EDC), and the use of both
EDC and N-hydroxysulfosuccinimide (NHS) chemistry did
not modify the electrical properties of the devices (Figure S4).

From the long to medium channels, the geometrical factor
W/L is increased by 6 times, and from medium to short by 8
times. The g, increased by approximately S times (~400 mS to
~2 mS) and 4 times (~2 mS to ~6 mS), for these respective
channel variations. While the initial variation of g, ..., is almost
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linear with the W/L ratio as generally reported,”* a saturation
of g, from medium to short channels occurs. Such a g,
saturation phenomenon was already observed and confirmed
with simulations for unfunctionalized devices.*® It was shown
to be related to the more significant parasitic contact resistance
for small channel designs.

Cortisol Biosensing. The OECTs with the multiple
PEDOT:PSS channel designs (long, medium, and short
channels) were tested in real-time at different cortisol
concentrations (Figure 3) to study how the geometrical and
g, variations influenced the sensitivity of the devices. All the
sensors had an EDC thiol activation before the antibody
immobilization on the gate, while the devices with NHS on the
label had both EDC/NHS chemistry. Some devices were
tested without antibodies on the gate and PBS-only blank
solutions as control measurements. The devices were operated
at Vi equal to 0.6 V, close to the V.., and Vg —0.4 V. The
cortisol concentrations tested were 1, 10, 100, and 1000 nM in
PBS 1X (0.15 M, pH 7). The measurement starts in PBS-only
as a baseline, and then cortisol in PBS was added each time for
S min per injection. An initial drift of the baseline signal is
often observed possibly due to ionic interactions at the gate or
channel interfaces, which was stabilized in all the cases in less
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Figure 4. Sensing mechanism analysis. (a) Nyquist plots of the gate electrode tested at the different cortisol concentrations versus an Ag/AgCl wire
(V4= 0.6V, V,. = 10 mV, frequency = 10°—0.1 Hz). (b) Extracted variations of the real part of the impedance from the Nyquist plots at 0.1 Hz (n
= 3). (c) Extracted variations of double-layer capacitances from the equivalent circuit. (d) Simulated current variations per decade of cortisol
concentrations extracted from the simplified OECT capacitance model. The error bars represent the standard deviation from the average obtained
from three devices. The impedance spectroscopy was performed in PBS 1x (0.15 M) following S min of incubation at the desired cortisol
concentration. The gate electrodes had thiols/EDC/NHS/antibody on their surfaces.

than 10 min. The tests were performed with a reservoir fixed
on the sensor, exposing the sensor to 50 uL of solution at the
fixed concentration after removing the previous solution.

Roughly 1 min following an increase in cortisol concen-
tration, a significant decrease of Iy, current was observed in
real-time for the sensing devices with the anticortisol antibody
on the gold gate (Figure 3a,b,d,e). The sensitivity for the real-
time cortisol measurements was extracted as the variation of
drain current from the baseline, AI = Iy, ouisol — las0r Per order
of magnitude of cortisol concentration, as reported in Figure
3g. The error bars in the graphs (Figure 3gh) represent the
standard deviation from the average obtained from multiple
devices, with the exact number (1) written for each case in the
following lines.

The increase of sensitivity with the increase of the ratio W/L
matched well the variation of transconductance, with an
increase of sensitivity of ~3 and $ times, from long to medium
and from medium to short channels, respectively. Sensitivities
of 3.7 + 0.4 uA/dec (R* = 0.99, n = 4) and 17.7 + 2 uA/dec
(R* = 099, n = 3) were obtained from fitting the medium
channel and the long channel responses in Figure 3g,
respectively. The extracted sensitivities for the short channel
devices (n = 4) were similar for both tested chemical processes,
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reaching high values of 51.0 + 14 pA/dec (R* = 0.9) when
functionalized with EDC/NHS and 51.2 + 8 uA/dec (R* =
0.95) with EDC-only.

Multiple measurements performed on control devices with
and without antibodies show that the high current variations
originate from the antibody—antigen binding events. The
devices with antibodies showed a small change of current for
multiple PBS injections without cortisol (Figure 3c,£h and
Figure SSa) and without antibodies for the different cortisol
concentrations (Figure 3h and Figure SSb—d). These
variations are reported in absolute values since the control
devices showed an increase or a decrease of current with the
injections depending on the device. Without antibodies, the
variations were 1.9 + 1 pA/dec (n = S), while the changes
observed on devices having the gate functionalized and tested
following multiple blank injections were 6 + 2 uA for the long
channels (n = 2), 6 + 7 uA/dec for the medium channel (n =
2), and 7 + 1 puA/dec for the short channel (n = §). In all
cases, the variations in current observed on the control devices
are considerably low.

All the devices exhibited a leakage current I, of ~100 nA, 4
orders of magnitude lower than the Iy current for short
channels, remaining stable or observing a small increase with
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Figure 5. Real sweat testing. (a) Schematic of the protocol followed to test real sweat samples collected during indoor cycling and validated with
liquid chromatography-tandem mass spectrometry. (b) Time response of the device at low cortisol concentration. (c) Time response of the device
at high cortisol concentration. (d) Extracted variations drain current through the baseline shift before and after the sweat sample. (e) Comparison
with the values measured by LC-MS/MS and the OECTSs current variations measured after 250 s of stabilization. The OECT tests are at a fixed

drain voltage Vg, = —0.4 V and gate voltage V4, = 0.6 V.

the first cortisol injection while experiencing a slight decrease
after the stabilization phase of 5 min, as reported in Figure S6.

Among all the tested conditions, the channels with the
smallest ratio and an EDC/NHS chemistry showed the highest
sensitivity; hence they were selected for further testing. It can
also be seen that the sensitivity tends to saturate at higher
concentrations. However, previous works report physiological
cortisol concentrations in the ~1—20 nM ranges,l’9 in the
lower concentration ranges tested before saturation, making
the devices suitable for being applied for real sweat analysis.

Sensing Mechanism. To investigate the detection
mechanism of the OECT devices, we analyzed the antibody-
coated gate electrodes by electrochemical impedance spec-
troscopy (EIS) (Figure 4a). The Nyquist plots show a
significant impedance change at the gate interface at the
different cortisol concentrations after S min incubations. We
can observe a considerable impedance variation at 0.1 Hz
(lowest frequency, Figure 4b) of ~60 kOhm/dec (R* = 0.93, n
= 3). The error bars represent the standard deviation from the
average obtained from the three tested devices. These
variations in the Nyquist plot are similar as previously reported
for the antibody—antigen detection of cortisol for a different
electrode material (molybdenum disulfide).* On the other
hand, control devices incubated with PBS-only for 5 min
exhibited a minimal impedance change at the same conditions
(Figure S7a).
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A typical Bode plot for the sensing devices is shown in
Figure S7b, where there is a clear variation of phases at low
frequency. Using the equivalent circuit in Figure S8a, with a
constant phase element (CPE) for taking double-layer
nonidealities and a Warburg element representing the ionic
diffusion,"®*” the CPE values before and after the multiple
cortisol concentrations were extracted (Figure S8b). According
to the mathematical definition, it is possible to determine the
actual capacitance from the R,—CPE parallel circuit using the
following equation:**

RctCPE =17"= (l{ctcdl)ﬂ (1)

Rearranging this formula, the double-layer capacitance (Cy)
values were calculated as follows:

_ (R,CPE)'”

dl R

(2)

In egs 1 and 2, n is the phase angle of the CPE element, 7 is
the time constant, and R, the charge-transfer resistance in
parallel. The extracted Cy values for each cortisol injection are
reported in Figure 4c, showing an increase of capacitance with
the injections equal to 25 + 2 nF/dec (n = 3). Considering
that the gate area is 0.3 X 0.1 cm? the variation of capacitance
is 0.8 + 0.07 uF/cm*dec, similar as previously reported using
other types of electrodes coated with antibodies for cortisol
detection.”

ct
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To analyze how the variation of double-layer capacitance is
amplified in the OECT configuration, a simplified OECT
capacitive model can be employed to calculate the theoretical
voltage in the solution considering the measured changes in
gate capacitance and the capacitance of the channel.’”*" This
model, introduced by Bernards and Malliaras,>* allows to use
of standard thin-film transistor theory to calculate the
theoretical I, current variations depending on the measured
gate capacitance variations, applying the following formula in

the linear regime:s‘
2
Vi, ]
2 3)

where % is the geometrical factor, y the hole mobility, C, the

Wt
I, = —uC,
ds L:u

(VT - Vgs)Vds +

volumetric capacitance, and V; the threshold voltage, defined
as Vp =V, V. The pinch-off voltage Vo in

pinch—off — ¥ solution®

eq 3 is equal to %, with q being the elementary charge (1.6 X

107" C) and p, the intrinsic doping of the organic material
(1.8 x 10* cm™).** The capacitive model is reported in
Figure 4d, and the solution voltage to be included in eq 3 can
be calculated using the formula for a voltage divider:

4 _ Zchannel VvV = ‘/gs
solution — gs Cyl channe
Zgate + Zchannel 1+ —dchannel
Cagate (4)
where Zgnnel/gate 1S the respective impedance at the interface,

simplified as a purely capacitive element. The volumetric
capacitance C, of the PEDOT:PSS material was also extracted
from the impedance spectroscopy measurements (Figure S9),
and it is equal to about 24 F/cm?, in agreement with previously

reported values.” Considering that the term %uCV ineq3is

) G _ 8, _w .
equivalent to v and G = —~uqp, being the conductance

of the organic material,”* the hole mobility was estimated to be
6 cm® V s7!, similar to previously reported PEDOT:PSS
values.”® For the different channel geometries, the Cal,channel
values are then 2 uF for the short channel (volume 0.072 cm?),
14 uF for the medium channel (volume 0.6 cm?), and 10 uF
for the long channel (volume 0.4 cm®). Substituting the
extracted Cychannet values and the Cygye gate values for
multiple cortisol concentrations in eq 4, and the previously
mentioned parameters into the drain current eq 3, the Al
variations per decade of cortisol changes in Figure 4d are
obtained.

The extracted Al from the model are equal to 67 + 9 yA/
dec for the short-channel, 8 + 1 pA/dec for the medium-
channel, and 1 + 0.2 pA/dec for the long-channel OECTs.
The R? coefficient from the linear fitting is equal to 0.97 in all
cases. The values are similar to experimental ones, particularly
for the short channel designs (~50 pA/dec), as shown by
superimposing the results in Figure S10a. The smaller values
obtained for medium channels (Figure S10b) could be due to
the simplified capacitive model at the gate interface. On the
other hand, the results confirm that an increase in double-layer
capacitance causes the variation in drain current Aly,
measured for our OECT configuration while experiencing
cortisol binding events. These events transduce into a higher
coupling with the PEDOT:PSS channel, decreasing the drain
current due to the higher dedoping. While cortisol does not
carry a charge, the anticortisol antibodies carry a negative
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charge at physiological pH.”> Hence, the higher capacitance
after the binding is possibly due to conformational changes,"
increasing the charges on the surface of the gate electrode. This
phenomenon needs to be further investigated toward a more
standardized electrical modeling of antibody—antigen binding
events in OECT devices.

Sweat Analysis. OECTs with short channels and EDC/
NHS chemistry on the gate are validated with real sweat
samples extracted during an indoor-cycling session (Figure 5).
The testing protocol consists of first measuring the baseline
current of the OECT devices in PBS 1X, incubating the
integrated devices for 5 min with sweat samples, and finally
measuring the baseline shift in PBS 1x (Figure Sa). The sweat
cortisol concentrations were previously measured by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to
validate our Ij measurements. The samples are defined as
high-concentrated if the cortisol concentration is above 10 nM
or low-concentrated below 10 nM. The time responses for two
devices tested with low-concentrated (Figure Sb) and high-
concentrated sweat cortisol (Figure Sc) are reported. The
corresponding extracted Aly, are reported in Figure Sd at
different stabilization times. The responses, Aly, of the OECT
sensors (at 250 s of stabilization) for several sweat samples are
compared in Figure Se with the results obtained using liquid
chromatography-tandem mass spectrometry. The values
reported are measured with a freshly made OECT device,
each tested with a different sweat sample (n = 8).

The antibody-coated OECT devices correlate well with the
sweat samples measured by LC-MS/MS. The ¢ test (1-tailed),
considering all the measured current variations and the
respective measured values by LC-MS/MS, shows a p-value
<0.001; hence, the correlation between the variation in the
OECTs and the LC-MS/MS measurements has high statistical
significance. Then, the extracted Pearson coefficient of
correlation r equals 0.84. It increases to 0.93, excluding the
one less correlated point below the line (Figure Se).

Considering our calibration measurements performed at
different cortisol concentrations in PBS, a plot including the
extracted Iy variations with the sweat samples measured by
LC-MS/MS and our calibration curve (n = 4) is presented in
Figure S11. The limit of detection of our OECT sensors was
measured to be 100 pM in PBS. The sensitivity slope measured
detecting cortisol in real sweat (Figure Se) is about two times
higher than in PBS (Figure S11) for the OECT devices. This
increase is measured because there are potential interfering
species in sweat (steroids, metabolites, drugs, or similar
isomers), making it difficult to accurately calibrate the
OECT sensors in standard PBS. The values reported using
portable electrochemical or colorimetric techniques are
generally hi§her than values obtained with LC-MS/MS
technique,” similarly to ELISA methods,”*'" possibly due
to the mentioned interfering species. Hence, our approach of
measuring the Al current variations in relation to LC-MS/
MS measurements (Figure Se) can be used to calibrate
precisely anti-cortisol antibody-coated devices for real sweat
applications.

The concentrations and variations in sweat depending on
physiological/pathological conditions are still under inves-
tigation. Cortisol variations in sweat were studied during the
day based on the circadian rhythms and before and after acute
external stimuli triggering a stress response.’ The variations
during the day were investigated on four healthy subjects,
measuring concentrations varying from ~13 nM in the
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morning to ~7 nM in the afternoon. The stress response was
tested on three subjects after a cold stressor test, finding an
increase from ~10 nM to ~20 nM in one subject and lower
variations in the other subjects. Similar values in the range of
2—20 nM are found also in our samples extracted during sports
conditions. It is also reported to have normal sweat
concentration levels in the range of about 0.7—8 nM at rest
conditions.” In serum, concentrations higher than 690 nM are
considered very high and associated with pathologies,”” with
some individuals arriving at ~1200 nM. Hence, since sweat
cortisol is reported to be ~10—50 times lower than in serum,’
during pathological conditions we could potentially reach
concentrations in the 100 nM range in sweat. In any case,
sweat variations should be monitored multiple times during the
day to possibly identify pathological changes.

Thanks to the simplicity of the process, different OECT
sensors could be used during the day to monitor cortisol
variations. The measurements performed in real sweat
effectively demonstrate the potential of our wearable OECT
biosensor for direct sweat collection on the skin, enabling
simple analysis of cortisol concentration with a single-shot
measurement after a few minutes of incubation.

B CONCLUSIONS

This work reports on integrated, antibody-coated organic
electrochemical transistors for cortisol detection. Compared to
the OECT state-of-the-art, our optimized sensor exhibits a
higher sensitivity (20X at 50 pA/dec) and a wider dynamic
range of 1—1000 nM, making it relevant for real sweat analysis.
The sensitivity of the wearable OECT sensor was demon-
strated after only S min of incubation using a fully integrated
sensor, both with standard cortisol solutions and with real
sweat. The correlation found between the OECT electrical
models and the extracted impedance variations at the
antibody-coated gate interface highlights the sensing mecha-
nism involved, providing useful information for further
optimization. The OECT sensor on flexible foil combined
with the integrated microfluidic collection reservoir could
effectively determine the concentration of the stress-biomarker
cortisol with direct in situ sweat collection and measurement in
a wearable fashion. Finally, this work also shows strategies to
functionalize the devices without damaging the organic layer
and integrate them into a fluidic system, which could also be
applied to measure other antigens. Multiple organic transistors
could be integrated into the same platform, including
unfunctionalized and functionalized with different biolayers,
toward multiplexed detection of analytes in various biofluids.

B EXPERIMENTAL SECTION

Biofunctionalization. All the chemicals have been purchased
from Sigma-Aldrich unless otherwise stated. The thiol monolayers on
the gold electrodes were formed using 3-mercaptopropionic acid (3-
MPA, >99%). A solution of 250 mM was always freshly prepared,
adding 418 uL of 3-MPA in a total volume of DI water equal to 20
mL. About 50 uL of the diluted solution was left on the electrodes
overnight. This step was followed by cleaning the electrodes with DI
water and drying with a nitrogen gun. Then, the activation of the
carboxylic groups for an amine reaction was performed, adding either
0.05 M of EDC (N-(3-(dimethylamino)propyl)-N-ethylcarbodiimide
hydrochloride) or 0.05 M EDC + 0.03 M NHS (N-hydroxysuccini-
mide) in PBS, on the gold electrodes for 2 h. Precisely, 95.8 mg of
EDC, with or w/o0 34.5 mg of NHS, was added in a total volume of 10
mL of PBS. Subsequently, the electrodes were quickly rinsed with PBS
and dried with a nitrogen gun, finally adding S uL of anticortisol
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antibody solution. The electrodes were left for 2 h at 4 °C in this
condition. The anticortisol antibody was purchased from Abcam
(Mouse monoclonal [XM210] to cortisol, AB1949) and diluted to a
300 pg/mL concentration in PBS.

The diluted antibody solution was separated into several aliquots
and frozen before use. Then, after a washing step with the same PBS,
the devices were tested for cortisol sensing. The PBS 1X solution was
made using 0.001 M of monopotassium phosphate (KH,PO,), 0.15
M of NaCl, and 0.003 M of disodium phosphate (Na,HPO,). The X-
ray photoelectron spectroscopy (XPS) measurements at the different
functionalization steps were carried out on an Axis Supra (Kratos
Analytical) using the monochromated Ka X-ray line from an
aluminum anode. The samples were electrically insulated from the
sample holder, and an electron flood gun was used to compensate for
charging effects. The data were referenced at 84 eV with the Au 4f
peak.

Device Fabrication. The OECTs are fabricated on a thin
polyimide substrate (125 pm thick, DuPont Kapton HN) using a
PEDOT:PSS ink for their organic channels (2 printed layers of ~100
nm in thickness). Gold was evaporated for the gate and the source/
drain contacts through a shadow mask (~20 nm thick titanium or
chromium adhesion layer/~100 nm gold layer). The titanium layer
showed higher stability in the transfer and impedance measurements
compared to a chromium layer; hence, it was chosen for the final tests.
After the gold evaporation, the PEDOT:PSS ink is deposited using a
Dimatix DMP-2800 printer (Fujifilm) with 10 pL cartridges (DMC-
11610). The ink is prepared by mixing a PEDOT:PSS solution (1.3
wt % in H,0) with S vol % of dimethyl sulfoxide (DMSO). The
mixture is sonicated for 10 min and then filtered with a 1 #m pore-size
filter when filling the Dimatix cartridges. The substrate is treated with
oxygen plasma before printing. The Dimatix plate is kept at 40 °C
during the printing, and an annealing step is performed after at 120
°C for 20 min. The design includes a gate active area of about 3 X 1
mm? and three different channel areas of 1 X 4 mm?, 3 X 2 mm?, and
3 X 0.24 mm* The gap between the gate and the channel is about 1
mm, and the gold source and drain contacts have a respective length
of 1 mm. The thicknesses of printed layers are measured with a
Keyence VK-X1000 Series laser scanning microscope, with 150X
magnification and laser mode. The gold gates on polyimide were
made separately for their functionalization, and subsequently
assembled in the OECT configuration using a double-sided acrylic
adhesive (ARcare 92712) on polyimide. The OECTs are integrated
into a flexible microfluidic system composed of PET foils (125 ym
thick) and acrylic adhesives for the demonstrator on the skin. The
PET foils were patterned using a CO, laser cutter (Trotec
Speedy300) to define the shape of the microfluidic channel and the
cover with the inlets (500 ym diameter). The PET fluidics system was
made by lamination of the patterned PET channel with the PET top
cover, bonded using the double-sided acrylic adhesive. The adhesive
was used also to fix the fluidics system to the organic transistor arrays
on polyimide substrate. On top of the multi-inlets cover, a double-
sided medical-grade adhesive (ARcare 90445) shaped as the fluidic
channel was added to contact the skin.

Electrochemical Testing. Cortisol (hydrocortisone, AB141250,
Abcam) was used for the sensing measurements. An initial stock
solution of 0.01 M was prepared in ethanol; then multiple
concentrations (1 nM — 1 yM) of cortisol were prepared in PBS
1%, divided into aliquots, and frozen before use at —20 °C. The
devices are tested using PMMA reservoirs containing the different
electrolytes. The PMMA plates (3 mm thick) were cut with the CO,
laser into a rectangular shape with 5 X 3 mm?* gap and fixed onto the
polyimide substrate through the double-sided acrylic tape. A total
volume of 50 uL of solution in the reservoir was employed in all the
tests. The protocol for the testing in real-time included an initial
stabilization of the devices for ~500 s in PBS 1X-only (no cortisol),
then the removal of the solution with a pipet, and the addition of the
PBS solutions containing cortisol for ~300 s/concentration. Multiple
cortisol solutions were tested in real-time with the same device,
removing the previous solution and adding the new solution of an
increased cortisol concentration. For the testing of the real sweat
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samples, the devices were first stabilized for ~300 s in PBS-only, then
incubated with the desired sweat sample (1 device/sweat sample) for
~300 s, and washed with DI water, and then ~300 s in PBS-only was
added again for measuring current shift. The OECTs electrical
measurements (electrical characteristics and time measurements)
were acquired using a semiconductor parameter analyzer (Agilent
415SA). For the electrochemical impedance spectroscopy (EIS)
measurements, a potentiostat/galvanostat (Multi Autolab M204,
Metrohm) is employed. A gold electrode or a PEDOT:PSS electrode
(with a gold contact) was used as the working electrode and a silver/
silver chloride (Ag/AgCl) wire as the reference electrode. The
frequency was swept from 10° to 0.1 Hz at an amplitude of 10 mV
(Vac)- A polarization voltage (Vi) of 0.6 V was used for the gold
gate as the applied gate voltage during the sensing measurements. A
Vpe of 0.1 V was used for the PEDOT:PSS electrode.

Sweat Collection. All eccrine sweat samples were handled in
accordance with the approved ethical agreement N° 2019 0123S of
the Canton of Vaud, Switzerland. All subjects gave written, informed
consent before participation in the study. Sweat collection was done
in an environment at 25.7 + 1.1 °C and 49 + 5% humidity. All sweat
samples were collected using the absorbent patch method on the
middle back of the subject. The sweat collection started after 10 min
of biking to initiate sweating. The body regions were cleaned with
alcohol, then deionized water, and dried with gauze pads before
applying the absorbent patches onto these body regions. Each patch
consisted of a sterilized nonwoven compress with a covered area of
112.5 cm? and an absorbing capacity of around 8.0 g (Promedical AG,
Glarus, Switzerland). The patches are covered with an impermeable
fabric and were fixed onto the skin in an airtight manner using a
porous adhesive on top (nonwoven micropore tape 3 M Micropore, 3
M Company, St. Paul, USA). After 20 min of continuous cycling, to
extract the sweat samples, patches were placed in the barrel of a plastic
syringe and squeezed with a syringe plunger. Sweat was then
conserved into a sealed tube at —20 °C before chemical analysis.

Liquid Chromatography-Tandem Mass Spectrometry. Cal-
ibrators, samples, and controls (1000 L) were placed in Eppendorf
tubes (2.0 mL); under a fume hood, the IS solution was then added to
each tube (1000 uL), each one undergoing a short vortex. The tubes
were centrifuged (20160 g, S min, 4 °C) then shortly stored at —80
°C (10 min). The resulting upper organic phase (800 yL) was
transferred to a 96-well microplate; the samples were completely dried
down under N, and then reconstituted by adding a solution of
methanol:ultrapure H,O 4:6 (75 pL), briefly agitated, and then
centrifuged (3220 g, S min, RT). Samples were transferred to another
96-well microplate (700 uL well volume), sealed with a sealing mat,
centrifuged (3220 g, S min, RT), and placed in the autosampler for
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. The LC-MS/MS system is comprised of an ExionLC system
coupled to a 6500+ Q-Trap mass spectrometer (SCIEX) with
electrospray ionization operating in positive ion mode and operating
in the multiple reaction monitoring (MRM) mode. The system was
piloted by Analyst software (version 1.7.2). Samples were injected
onto a Zorbax Eclipse Plus C18 column (2.1 X 50 mm, 1.8 um,
Agilent). The flow rate was 400 xL/min, and the column was placed
in a column oven (30 °C). The mobile phase comprised ultrapure
H,O (A) and methanol with 0.001% formic acid (B). The starting
mobile phase conditions were A = 60% and B = 40%, gradients were
immediately employed: A = 50% and B = 50% (1.00 min), then A =
42% and B = 58% (5.50 min), A = 20% and B = 80% (7.00 min), A =
0% and B = 100% (8 min), which was held for a further 2 min, and
then back to A = 60% and B = 40% (12.00 min) held for a final 2 min.
The mass spectrometer ion spray voltage was set to 5500 V, with a
curtain gas of 20.0 and a temperature of 600 °C. The transitions used
in the scheduled MRM mode were as follows: 363.2/121.1 and
363.2/91.1 (quantifier and qualifier for cortisol, respectively) and
367.3/121.1 (d,-cortisol). The declustering potential was 76 V, and
the collision energy was 29 V for the quantifier transitions and 83 V
for the qualifier. LC-MS/MS data processing was performed using
SCIEX OS software (version 1.7.0.36606).
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