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ARTICLE INFO ABSTRACT

Keywords:

We propose a device architecture termed gate-array electrolyte gated organic transistor (GA-EGOFET) that
quantitatively measures the solute concentration gradient created in a spatially inhomogeneous solution, for
instance a (biological) fluid. The integrated H-cell microfluidics yields a diffusive concentration profile along the
microfluidics channel according to the flow rate of the input streams. We demonstrate this concept by monitoring
the formation of self-assembly monolayers (SAMs) on top of an array of parallel Au gate electrodes exposed to a
different local concentration of alkanethiols. The deposition rate and the coverage both increase from the
entrance towards the H-cell end. The voltage change at each gate is transduced in the transfer curve acquired
with the specific gate electrode. For short chain length SAMs (n = 3), the trend of the current hints to a diffusion-
limited surface reaction. For longer thiols (n = 6, 9), instead, the slower surface diffusion or incorporation in the
more stable and compact SAM yields a current that is independent of the longitudinal gradient. The
microfluidics/GA-EGOFET platform is viable for constructing dose curves in reproducible manner and for vali-
dating different electrode functionalization strategies where the deposition rates are different at each substrate

Organic electronics

Microfluidics integration

Electrolyte-gated organic field effect transistor
(EGOFET)

Self-assembled monolayer

site.

1. Introduction

Microfluidics is the science and technology of systems that process or
manipulate micro or nanolitre fluid volumes by flowing them into
channels whose dimensions are from tens to hundreds of micrometres
[1]. Microfluidics were used in various application areas like chemical
and biological analysis, point of care devices, and drug development,
even for the generation of biofunctional interfaces in molecular diag-
nostic devices [2-4]. Recent applications include lab-on-a-chip, organ
(oid) on-a-chip, and analog logic processing.

1D silicon based nanowires transistor [5], as well as 2D graphene
based FETs [6] have been extensively studied for small biomolecule
detection, pH measurements, but few works have considered the effect
of solution concentration gradients developing in the reaction volume.
Also tunnel FETs high sensitivity, based on the steepness of the transfer

in the subthreshold region, is greatly affected by the bio-analyte con-
centration control, because of the charge screening effects [7]. Micro-
fluidic devices can be employed to generate controlled stable
concentration gradients when the sensing chamber or electrode is placed
in convective flow or even just under diffusion controlled transport [8],
with mechanism based on multiple concurrent streams [9], or modifi-
cation of the surface tension of the boundary walls of the fluidic device
via electroactive thin molecular layer [10]. Besides performance,
monitoring concentration gradients is important per se, for example in
process involving plasma filtration, and has been achieved by probing
the dielectric properties of the medium using differential transformers
[11] or ion sensitive FETs [12].

Integration of microfluidics with transistor-based biosensors gath-
ered lots of interest since they simplify the sample transport, reagent
mixing or the immobilization of biorecognition molecules, or the
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subsequent delivery of the targeted biomarkers to the transducer inter-
face [13-17]. Electrolyte gated organic field-effect transistors (EGOFET)
are fabricated with organic semiconductor and they exploit the large
capacitive coupling of the electrical double layers (EDLs) at the in-
terfaces with the semiconductive channel and with the gate electrode
[18-21]. The gate electrode potential is sensitive to antigen binding
recognition molecules at the surface. For the biosensing with EGOFET,
the functionalization of the gate electrode with the biorecognition
groups for the target has become the most consolidated strategy for
biorecognition [22,23]. Several functionalization strategies on the gate
electrode were successfully demonstrated, like grafting of antibodies or
aptamers either by the Protein G or by self-assembled monolayers
(SAMs) [24,25]. Integration of EGOFET with microfluidic devices en-
ables the detection of multiple biomarkers by miniaturization and
multiplexing gate electrodes [26,27].

SAMs form a thin, tightly packed, robust interface on the surface of
noble metals such as gold, and are widely studied in organic electronics
[28,29]. Their use in organic electronics is not only for the gate func-
tionalization, but also for the tailoring of charge injection at Source and
Drain electrodes. A better alignment of SAMs and the organic semi-
conductor energy levels causes more efficient charge injection [30]. The
gate functionalization with SAMs has also impact on the device char-
acteristics, since dipole moments of SAMs shift the work function of the
gate electrode, thus determining the flat band potential and the
threshold voltage of the device. Investigating the formation of SAMs was
quite important for improving the functionalization protocols and the
device performance.

The formation of SAMs on the gold gate depends not only on the
chemical structure of the molecules but also on how they come in con-
tact with the transducer surface. Microfluidics help to deliver the thiol
molecules to the transducer surfaces, so that the kinetics of the forma-
tion and the overall duration of incubation can be used to modulate the
surface coverage [31].

The idea here is to devise a compact miniaturized experimental
setup, by integrating an array of gate electrodes EGOFET (GA-EGOFET)
with a H-cell microfluidics, that enables controlled growth, deposition,
or delivery from a solution. Our setup allows us to control two relevant
experimental parameters, viz. the deposition rate and the deposition
time, and vary them systematically through the local concentration at
different substrates. The number of samples N that are prepared and
monitored within a single experiment is limited by the number of gate
electrodes and the design of the microfluidics channel.

2. Materials and methods
2.1. Fabrication of the GA-EGOFET

The gate electrodes are fabricated starting from a thin flexible foil of
Kapton metalized with gold (Creavac, Dresden, DE). The metalized
polymeric foil has a thickness ranging between 50 and 100 um. Either
polymethylmethacrylate (PMMA) or polyimide (PI) were used as alter-
native substrate. The metallization layer is composed by a thin adhesive
film of chromium (3 nm) and a sputtered gold film 70 nm thick. The
metalized gold foil was then patterned by means of laser scan ablation to
obtain an array of rectangular gate electrodes with dimensions 4 mm x
1 mm. After ablation, the flexible electrode array was sonicated in
ethanol for 5 min in order to remove all the residues generated by the
laser process. The test pattern contained interdigitated Source and Drain
electrodes, with channel length L= 20 ym and width W= 67850 pm, so
W/L= 3400. A film of organic semiconductor 6,13-Bis(triisopropylsily-
lethynyl)pentacene (TIPS-pentacene) was deposited on the channel by
drop casting a 0.5 pl droplet of TIPS-pentacene solution (20% toluene,
80% hexane), that was left to dry.
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2.2. Fabrication and integration of the microfluidic devices

The EGOFET is integrated with two microfluidic devices. The first is
a closed pool, positioned on the transistor channel and made with a
small eye-shaped chamber whose overall dimensions are 5 mm x 1 mm
x 3 mm, obtained as a replica of a 3D master printed with 3D printer
based on digital light processing, B9 Creator v1.2 (B9Creations, US).
Polydimethylsiloxane (PDMS) was poured inside the master and then
cured at room temperature for one day. After the curing, the PDMS
chamber was peeled off. Two vias for inlet and outlet of liquid were
punched on the PDMS chamber and were connected to external pump
systems by means of PEEK tubing with internal diameter equal to 500
pm.

The second microfluidic device is an H-cell, designed with CAD and
fabricated with the laser lithography. The geometry is designed ac-
cording the COMSOL simulations of the H-cell. A thick vinyl based
double side adhesive (TESA from Beiersdorf AG, Hamburg, Germany)
was cut with an IR laser operated at 7 W power, pulse repetition fre-
quency 30 Hz. After laser cutting, the excess of adhesive was removed to
expose the fluidic microchannel. A top layer of PMMA was processed
with laser lithography to prepare the top boundary of the fluidic cell.

2.3. Self-assembly monolayers (SAMs)

Thiolated molecules were purchased from Merck KGaA. Solutions of
3-Mercapto-1-propanol (MP), 6-Mercapto-1-hexanol (MH) and 9-Mer-
capto-1-nonanol (MN) were obtained solubilizing thiols in PBS buffer
1x solutions. Before any use, all thiols were diluted up to 1 uM con-
centration (pH= 7.2).

2.4. Electrical characterization and evaluation of the transfer curves

The electrical characterisation was performed by Source -Measure-
ment Unit (SMU) Agilent B2912 (California, U.S.A) with two channels.
The transfer curves were recorded in order, starting from gate 1 to gate
6. The gate electrodes were measured before and after flow of solution
containing thiols. Transfer curves were obtained by measuring channel
current (I4;) upon sweeping Gate-Source voltage in the range from 0 V to
—0.6 V with steps of —1 mV at a fixed Drain-Source voltage Vgs= —0.2 V.

2.5. Green channel image acquisition

The picture snapshots of the array of gate electrodes where acquired
operating the microfluidic H-cell with the thiol stream solution
including E102-131 dye in aqueous solution, with dilution ratio equal to
1 ul of dye solution in 10 ml of thiol-PBS solution. After injecting the two
streams in the H-cell the flow was stopped and the images were acquired
with a video microscope at the same time of EGOFET characterization,
with the objective fixed on magnification of G5 and G6 of the array. The
green channel of each image was analysed with ImageJ to extract the
intensity averaged on the electrode area.

2.6. Electrochemistry setup

Cyclic Voltammetry measurements were performed in a 5 mM so-
lution of [Fe (CN)g]3-/4- with a CH Instrument potentiostat model 760
c. A three-electrode cell contained the Au/Kapton gate as working
electrode (WE), a Pt wire as a counter electrode (CE) and an Ag/AgCl
electrode (Elbatech, Livorno Italy) as a reference electrode (RE). The CV
measurements were performed in the voltage range between — 0.20 V
and 0.45 V with the different scan rates (0.01 V/s, 0.05 V/s, 0.1 V/s,
0.15V/s, 0.2 V/s). The gold electrodes tested have the geometric area of
4 mm? and were immersed and incubated in different vials with
different SAMs for 10 min.
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3. Results
3.1. Architecture of the EGOFET integrated with microfluidic H-cell

The H-cell was extensively used to study laminar flow and the for-
mation of a diffusion gradient. The H-cell comprises a long channel with
two inlets and two outlets. The schematic geometry of the microfluidic
H-cell and the assembled microfluidic H-cell/GA-EGOFET device is
shown in Fig. 1. The alignment of the substrate with the array of gate
electrodes and the adhesive microfluidics yields an almost equal area of
each gate electrode exposed to the solution inside the H-cell. The lower
half of the main channel of the microfluidic H-cell, where solvent stream
flows, runs across the top ends of the gate electrodes; the thiol solution
flows along the upper half of the main channel instead.

In the typical EGOFET architecture, the gate is immersed in the
electrolyte on top of the transistor channel at short distance from the
semiconductor channel. In the present architecture, the gates are placed
in the H-cell. The electrolyte contained in the PDMS pool placed on top
of the organic semiconductor channel is connected to the inlet of the
solvent in the H-cell. This electrolyte bridge connection is obtained with
a flexible silicon tubing and is actuated by a syringe pump, pushing the
PBS buffer from the PDMS pool to the H-cell inlet. To test the transistor
current dependence on the length of the electrolyte tubing, segments of
interconnecting tubes with different lengths were employed and transfer
curves recorded. The I current decreases after 30 cm and shows a
saturated behaviour afterwards. (See Fig. S3 in Supporting Information).

3.2. Study of the concentration gradients

The fluids entering at the inlets move along the channel by laminar
flow, as the Reynolds number Re = "Z—/ ranges between 1072 and 0.1, for

the flow rates employed in the experiment, viz. 2, 10, 20 and 50 ul/min.
Here p is the density, u is the viscosity, u the mean velocity and / is the
height of the channel. Thus, the mixing inside the H-cell occurs by
diffusion across the interface formed by the two parallel fluid streams, as
there are neither active (e.g. piezoelectric valves, acoustic waves,
moving elements or actuators like magnetic ciliae, rotors, etc [32-34]
nor passive elements (pillars, fillers, meanders, microstructures [35-37]
to cause sizable turbulence.

The two fluid streams flow along the same direction in laminar flow
regime by the action of an external syringe pump. One of the fluid
streams consists of a concentrated PBS solution containing a SAM
forming molecule (red color stream at the bottom left in Fig. 2a-c), the
other with the PBS electrolyte buffer (blue color stream at the bottom
right in Fig. 2a-c). The SAM forming molecules diffuse across the
interface between the two fluids until they are adsorbed at the gate

a ) PBS PBS

Inlet 2
Thiol

I HI™>—  solution
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electrode at the opposite side of the microfluidics where the solvent
stream flows. At the flow rate used here, complete mixing along the
channel does not occur. The H-cell microfluidics yields a smooth gradual
diffusive interface along the microfluidics channel from the inlet to the
outlet, with a concentration gradient across (and perpendicular to the)
microfluidics channel. Indeed, the solute concentration decreases from
the solute stream to the solvent stream, and a smooth longitudinal
gradient of the SAM forming molecules is established, with their con-
centration decreasing in the solute stream while increasing in the sol-
vent stream from the inlet to the outlet.

We solve the system of Navier Stokes and convection diffusion
equations for the H-cell microfluidic device reported in Supporting In-
formation by finite element modelling (FEM), where we input the values
of the relevant parameters shown in Table 1.

Viscosity of the medium is detrimental for diffusion limited re-
actions, even if thermodynamic equilibrium constant is not affected
[38]. In case of thiol solutions, the chain length per se is not modifying
the viscosity in the range of concentration and temperature adopted for
the study. Electron transfer reaction rate by electrodes covered with
SAMs is generally reduced by the viscosity of the medium, in a way
dependant on the alkyl chain length.[39] However we do not include
this variable in the modelling, considering that the final application
would be detection in sample extracted from physiological fluids, with p
comprised between 1 and 1.3 mPa-s approximately.

We assume that the diffusion coefficient will exhibit approximately
the same value D=6 x 1071 m?/s for all SAMs studied, since for ho-
molog series with n = 3...9, we expect D to vary from + 40% for n = 3
to — 30% for n = 9 with respect to the value n = 6 [31] based on the
inverse square root dependence on molecular mass:

D, =D, (@)

MW,

Both stationary and time-dependent problems were solved and the
output was recorded specifically for the coordinates (xg, yg) of the
points representing the gates immersed in the channel, highlighted in
Fig. 2i.

In the gate array the positions are labelled after gate position G1 and
G2 (near inlets, center axis at y=1.5 and 3 mm respectively), G3 and G4
(in the middle of mixer channel, center axis at yg=11 and 16 mm
respectively), G5 and G6 (near outlets, center axis at y;=24 and 29 mm
respectively). For sake of simplifying the discussion, we disregard the
finite size of the gate electrodes (that integrates across the concentration
gradient across a finite area) and discuss the concentration profiles in
space and time at the different values of ys. The steady-state concen-
tration ¢ vs x and their gradient dc/dx for three different flow rates are
shown in Fig. 2a-c. The fastest flow rate (Fig. 2a) yields the steepest

Fig. 1. a) Schematic drawing of the integration between EGOFET and H-cell, with the electrolyte bridge between the outlet of the microfluidic cell on top of the
semiconductor and the solvent stream inlet of the H-cell, b) Picture of the GA-EGOFET with Source and Drain in contact with measurement probes.
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Fig. 2. (a-c) Concentration maps extracted from the COMSOL stationary simulations in the H-cell for flow rate equal to 50 (a), 10 (b), and 2 ul/min (c). The different
gate electrodes in the array are marked as G, with n = 1 to 6, their symmetry axis being the coordinate yg. Next to the color maps, the 2D plots show the transversal
concentration profile (left axis, continuous lines) and its gradient (right axis, dashed lines) vs x coordinate calculated at different yg positions. (d-f) Time evolution of
concentration at the points (x = 2.5 mm, yg) from time dependent simulation at different flow rates respectively for 50, 10 and 2 pl/min. g) The value of maximum
gradient vs yg position is plot for each gate of the array. h) Time average concentration vs yg position calculated with respect to the time of the electrical char-
acterization of each gate electrode. i) Geometry of the H-cell, highlighting the coordinates of the points where the concentration was calculated for the gates

immersed inside the microfluidic channel.

Table 1
Main constant parameters adopted for FEM calculation of concentration
gradient in H-cell.

Temperature  Fluid Initial Diffusion coef. Pressure
viscosity concentration (outlet)
293.15K 1mPa-s 1pM 6 x 10° Pa
1071 m?/s

varying concentration profile across, hence the highest gradient ranging
from ~ 2 pM/mm at G1 to ~80 nM/mm at G6. The slowest flow rate
(Fig. 2c¢) yields the slowest varying concentration profile across, hence
the slowest gradient ranging from ~ 1.5 uyM/mm at G1 to 400 nM/mm.
The maximum gradient is at the center of channel (x = 1.5 mm), and
decreases from G1 to G6.

The adsorption of thiol on the gold gate surface is assumed here to be
an irreversible process (viz. the kinetic constant of desorption is dis-
regarded). Hence, the electrode area exposed to the stream acts as a sink
for molecules during the duration of the experiment, and the local
concentration should be integrated in time to yield the number of

molecules deposited on the electrode (indirectly, this yields the coverage
of the electrode). During the time of the experiment, the concentration
of the solute molecules reaching the microfluidics positions at (x = 2.5,
y¢) mm is shown to attain a plateau value in maximum 6 min for high
flow rate (50 pl/min) (Fig. 2d) and maximum 12 min for medium flow
rate (10 pl/min) (Fig. 2e). It does not reach a plateau and keeps on
increasing for the slowest flow rate (2 pl/min) (Fig. 2 f). The dynamic
equilibrium determined by adsorption and replenishment by diffusion is
controlled by the gradient generated in the microfluidic H-cell. Fig. 2 g
shows the gradient at different yg, with a monotonically decreasing
trend. The flow rate affects the gradient only at low flow rates < 10 pl/
min. In Fig. 2 h we show the time average concentration profile obtained
in the time-dependent simulation. The trend is increasing with respect to
yg coordinate. This allows us to estimate the number of molecules, hence
coverage, reaching the substrate just before adsorption.

3.3. EGOFET characterization

Transfer curves were obtained by measuring channel current I;; upon
sweeping Gate-Source voltages as reported in Materials and Methods.
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The EGOFET transfer curves were acquired in time and correlated with
images of diffusion of the thiol solution containing aqueous blue die
within the H-cell. The sequence of optical snapshots taken every minute
show the gates progressively covered with green color (inset Fig. 3a). In
Fig. 3b, the intensity of the green channel calculated across the area of
the gate is plotted versus time and correlated with the Ijsmax at
Vgs= —0.7 V. The Ijsmax current seems not to be influenced by the
diffusing thiol molecules for the initial 3 min, while starts to decrease
immediately afterwards, yielding to approximately 82% of the original
value, after 8 min. Besides description of what happens when a single
gate is subject to a diffusion front, without convective transport, the
objective of the present integration was to detect a stable concentration
gradient with EGOFET, established by both diffusion and convection.
Therefore, all six gates inside H-cell were sequentially used to bias the
EGOFET channel. Initially the device was characterised just with PBS for
reference. After the thiol solutions were perfused at initial concentration
of 1 uM concurrently with PBS, the device characteristics were recorded
for the different flow rates in consecutive experiments. Since the device
mostly is operated in the linear regime, the response of the EGOFET
device is changing with gates exposed to increasing concentration of MP
due to thiol concentration gradient build up in the H-cell.

Sensors and Actuators: B. Chemical 404 (2024) 135185

for the respective gate sweeps as shown in Fig. 3c for MP (10 ul/min
flux). The I; recorded when gate 1 was biased does not show a sub-
stantial change after injection of thiol solution, with respect to the
recording with pristine gate when both inlets are flown with PBS sol-
vent. Since the gradient is steep in the vicinity of gate 1, there is limited
diffusion across the interface between the streams, therefore the gate
electrode work function remains close to that of clean gold. Only when
gate 4 was biased, Iys was significantly reduced by almost 80%. More-
over, the transfer curves recorded with gate 5 and gate 6 show a further
decrease in maximum current, valorising the hypothesis that the diffu-
sion induced by the smoother concentration gradient of MP through the
interface leads to increased coverage of the organic layer, whose kinetics
can be resolved from the analysis of the EGOFET characteristics. The
electrical characterization for the other two thiol species MH and MN is
also reported in the Supporting Information (Fig. S4 and S5).

It is possible to normalize the output current of the gate exposed to
thiol diffusing front with respect to the current of the same gate recorded
during the priming of the H-cell with streaming PBS buffer.

The signal S was calculated as the relative current change at
Vgs= —0.7 V with respect to that measured in pure PBS solvent flow:

Ly rer — Lys
The effect of the flow rate on the thiol adsorption on the gate elec- Signal = M (2
trodes can be detected by changes of transistor transfer curves recorded brd
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Fig. 3. (a) Transfer curves recorded on gate 5 after taking snapshot of the color die diffusing with thiols along the H-cell channel. In the insets it is possible to
recognize a change in color of the solution at different time stamps (b) Correlation between green intensity (left axis) and I4s max (right axis) for the data reported in
a). (c) Transfer curves of EGOFET device for MP at each gate inside the microfluidic channel, flux= 10 pl/min, reported with dashed lines. Solid lines are the
reference measurement with PBS buffer; (d) Signal calculations of MP for different flow rates, calculated according to Eq. 4. Dashed lines are provided as guide to

the eye.
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Where Iy s stands for the average of Drain-Source currents recorded
for each gate electrode, and Iy sy for the corresponding measurement
after streaming of thiol solution. The values of S extracted from EGOFET
transfer characteristics are reported for each gate position in Fig. 3d. The
average signal is calculated for MP after 12 experimental recordings and
seems to be grouped at two extremes, either showing values close either
to 0 or 1 according to the flow rate and the gate position. For 2 pl/min, S
stays in the range between 0.7 and 1 for all the gates measured. For
10 pl/min, S undergoes a shift from low to high signal values after gate
3, and gradually increases up to 0.95. For 20 pl/min, the signal increase
is observed after gate 2, but the signal recorded for the first two gates is
unexpectedly high, possibly due to an initial unnoticed stream deviation
induced by pressure unbalance at the outlets. For 50 pl/min, the average
signal is always below 0.3, indicating that the SAM formation is
hampered by the insufficient extension of diffusion across the x coor-
dinate, as calculated also from FEM simulation.

For control experiment, a simple microfluidic channel with same
length was used. The signal and the shift of threshold voltage of the
control experiment with MP are shown in Fig. S6. The plots confirm that
without diffusion gradient induced by the H-cell, the SAM formation
mediated by thiol adsorption is equal for all the gates. Therefore signal
and threshold voltage both remain constant when the concentration
gradient is not formed.

Different flow rates induce concentration gradient with specific
profile for the different flow rates, as seen in Fig. 2g. The time average
concentration has been used as factor for plotting signal vs time in
Fig. 4a. With this unconventional scaling, it is possible to clearly
distinguish the effect of flow rate on the signal output. The trend for
2 ul/min shows higher normalized signal values, increasing almost lin-
early within the time of experiment. The signals for 10 and 20 ul/min
show a reduced time slope with foreseen plateau level in between 1 and
1.5, whereas for the 2 pl/min, the value of signal times concentration is
reaching a value higher than 3. For the flow rate 50 pl/min the
normalized signal does not change in time.

In Fig. 4b the signal values are compared between the three different
thiol molecules injected at 50 ul/min. Although the MP can be clearly
distinguished from MH and MN, considering the absolute value of the
signal, the yg coordinate does not seem to have an effect overall also at
the highest flow rate. The analysis at 2 and 20 pl/min for MH and MN
did not exhibit similar features as for MP (see Supporting Information),
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suggesting that the concentration required for observing the signal
growth was probably overpassed.

In order to verify the limitation of the kinetics induced by the
transport phenomena, and compare the results between the thiol spe-
cies, EGOFET signal is plotted against the flow rate ¢ for gate 6 (i.e.
where the concentration is maximum) (Fig. 4c). A power law decay S =
A-(a— :/;)ﬂ is added to data points to extract a semiquantitative param-
eter for comparison, which is the exponent $. The rationale is to verify
whether the signal is changing considerably with flow rate (transport-
limited operative interval) or stays approximately constant with flow
rate (reaction-limited operative interval). In Fig. 4c-inset, the exponent
extracted from power law fitting is approximately equal to 0.6 for MP,
while for MH and MN is approximately 0.4. The signal dependence on
flow rate, more appreciable for MP, is suggesting that for this short chain
compound there is transport-limited regime, whereas for MH and MN
the high signal values and the non-changing signal with respect to flow
rate suggest that reaction kinetics were already the limiting factor. Since
diffusion constant is similar between the thiol moieties, according to Eq.
31, the different behaviour between MP and the other two compounds
might be ascribed to the tendency to form self-assembled monolayer
depending on the length of the thiol molecule. Interestingly, in previous
studies detailing the effect of viscosity on the electrode transfer rates of
protein adsorption on SAMs, a slight difference between the electro
transfer rates recorded for MP and MH or MN were similarly reported.

4. Discussion

The mechanism of self-assembly generally occurs in two stages.
Initially a fast reaction of adsorption takes place, with various degrees of
order depending on the thiol molecule, solvent and concentration [40].
Then, the adsorbed molecules start a reorganization, where they tend to
form more compact and ordered assembled domains. The first step is
governed by kinetics, the latter by minimization of free energy.

From FEM simulation, we extract a value of thiol concentration of
approximately 10 nM near the position of Gate 1 and 2, when operating
with flow rate of 2 ul/min. According to a simplistic model of adsorp-
tion, for this concentration the time for completion of the self-assembled
monolayer is larger than 12 h [31]. Hence, it is reasonable to accept that
the amount of MP molecules chemisorbed on the surface in the time of
the experiment do not form a layer with high coverage, and its packing
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Fig. 4. a) Time evolution of the product between signal and time average concentration, at different flow rates. Continuous lines were best fit with Eq. 7. b) Signal
recorded at 50 ul/min is plotted for different thiols MN, MH MP, when device was biased by gates at different yg coordinate. MP is clearly distinguished form MH and
MN c) EGOFET signal versus flow rate plotted for selected gates covered with MP (red triangles), MH (green circles) and MN (blue squares). Continuous lines are the
result of fitting the data with the power law model. (inset) The 8 exponent is reported for the different thiols, error bars are comparable to the symbols.
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will be highly disordered. This conclusion is supported by CV results
performed in static conditions (inset Fig. S7 in Supporting Information)
and also by scanning electrochemical microscopy literature [41]. On the
contrary, MH and MN show a signal almost independent on the gate
position (Fig. S4 and S5) as they tend to form a more compact SAM.
Indeed, the bulk concentration to accomplish high surface coverage for
thiol with longer alkyl chain is of the order of 1 nM, which may imply
that all electrodes attain a high coverage immediately at the beginning
of injection.

To explain the EGOFET signal acquired at different time steps when
the gates were exposed to the gradient generated by the H-cell, we adopt
an autocatalytic model that was proposed for describing the SAM for-
mation [42]. From Fig. 3b it is possible to appreciate the initial lag
where the current is constant, although the rate of colorimetric change
determined by diffusion is rapidly changing and reaching a maximum.
This confirms that the adsorption process and the reorganization of the
electrical double layer is a limiting step with respect to the diffusion
process. The autocatalytic model described below, though, does not
distinguish between the adsorption from the liquid phase and reorga-
nization of randomly adsorbed molecules.

In the autocatalytic model, the species involved are named as M,
corresponding to the thiol molecules in the bulk solution and T4, the
thiolated organic layer formed on the gold surface. Alkanethiols
adsorption on the gold surface occurs potentially along the boundaries
of already formed islands, for this reason we consider as dominant the
kinetic contribution related with the self-assembled monolayer forma-
tion, with respect to random adsorption. The reaction can be expressed
as [43]:

Kads
=2 Tus 3

8des

M + Ty,

With kg4 being the kinetic constant for adsorption along the thiol
patches borders and g the desorption constant. The time evolution of
species is calculated after integration as:

bk-(a + b)ell@rdko)
T bogel@l=1) 1 pkel@rbl) 1 gk

Tad: (t) (4)

Where a and b are representing respectively the values of thiol con-
centration in solution in proximity of the gate surface and concentration
of the adsorbed SAM at t = 0. We used a simplified notation for the ki-
netic constants k and g without subscripts for simplicity of reading.
Experimental values for kog = 11.5 x 103 m?® (mol s) ™ and ggs =
6 x107* s ! were reported in previous works [44]. The concentration
of adsorbed thiol shall be slightly different from zero in order for the
autocatalytic model to start. In the present kinetic modelling we are not
taking into account the effect of viscosity of the medium, since the low
gate potential scan is set to avoid electron transfer between the elec-
trolyte solution and the gate electrode, which are only capacitively
coupled. Moreover the two fluid streams have the same composition
except for 1 pM of thiol in the relevant side.

If we assume coverage 6({, Xg, y¢) to be a function of the thiol specie
¢, by which the adsorbed molecules form a self-assembled monolayer on
the geometrical surface of the electrode, we have

1 T
Tua(s) =1 | d01¢,36.6) (0,36 ©

1 T
Tus(6) = 0, 36.36) | ety ®
0

where c¢(xg,Yg,t) is the concentration in proximity of the gate, in con-
ditions not near the complete depletion of the liquid layer induced by
adsorption.

The EGOFET signal S can be directly correlated to the coverage 6
attained by the thiol molecules on the gate surface, since the areal

Sensors and Actuators: B. Chemical 404 (2024) 135185

extension and structure of the organic layer is affecting the electrical
double layer between the gate surface and the electrolyte. In our case,
depending on the thiol specie, the larger the coverage is, the larger will
be the decrease in I and consequently the larger the signal S, as
calculated in Eq. 2. Hence, we recast Eq. 6 as

Tuds(r) ~ ConSt'S(xGayG)'<C(xG>sz T)> (7)

Where we assumed a linear response S(xg,yg) (¢, xg,yc) and put the
time average concentration (c(xg,yc,7)) =1 [ dtc(xc,yg,t) The signal
data multiplied by time average concentration were fit with Eq. 4 and
the resulting trends are reported in Fig. 4a. In the present analysis, g is
held fixed at 6 x 10~% s~!. The agreement between the product of
experimental/simulation data and the model is good at all flow rates up
to 20 pl/min. For 50 pl/min, the curve flattens to zero because the re-
quirements for the autocatalytic model reaction were not fulfilled within
the geometry of the H-cell used in the experiment.

In summary, the autocatalytic model, albeit simplistic, explains
semi-quantitatively the trend observed of our experimental data, thus
supporting the picture where each gate responds to the coverage of the
SAM on the gate, and that the H-cell actuates a longitudinal concen-
tration gradient by diffusion.

5. Conclusion

Here, we present EGOFET as an electroanalytical tool for monitoring
self-assembly monolayers on top of flexible gold electrodes. The control
in time and space of the self-assembled monolayer formation is achieved
by means of the diffusion interface within two streams flowing in a
laminar flow regime. For this purpose, we integrate the microfluidic H-
cell with an array of gate electrodes that are capacitively connected to
the organic semiconductor channel of an EGOFET. The H-cell governs
the formation of SAMs on the gates by the transversal concentration
gradient derived by diffusion from the solute stream to the solvent
stream. Since the concentration gradient is varying with flow rate, the
effect on the SAM formation is studied by looking at signal from EGO-
FET. The capability of the GA-EGOFET to detect the diffusion-governed
gradient is demonstrated by correlating the results of finite element
simulation and the EGOFET signal at the axial positions of the gate
electrodes along the microfluidic channel with a simple kinetic model of
SAM formation.

Finally the integration of GA-EGOFET with microfluidic device
presented in this paper may be regarded as a useful prototype for the
systematic automated generation of dose curves, containing as many
experimental points as the number of gate electrodes in the array. This
approach may indeed be engineered for standardisation of EGOFET or
OECT sensors, which is a problem of uttermost importance for the
consolidation of these ultrasensitive sensor technology.
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