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Abstract—Organic electrochemical transistors (OECTS)
have been previously demonstrated in the sensing of cells
and metabolic products. In this study, we report a novel
approach on the universal detection of bacterial contam-
ination in home liquid goods through the utilization of a
microfluidic flow cell that has been integrated with OECT
technology. The flow-cell device has been developed for the
purpose of detecting minimal concentration (~103 CFU/mL)
of several bacterium types [Escherichia coli (E. Coli), Pseu-
domonas fluorescens (P. flu), and Staphylococcus aureus
(S. au)] in various commercial household liquid product
blends (see Air Febreze, Tide, and Old SPICE Bodywash).
This process can be completed in a testing period of 1 h or
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less and does not require amplification or a desighated binding agent. The flow-cell configuration uses a microporous
filter membrane (Au-coated polyethylene terephthalate (PETE), 0.2-um pore diameter) designed to concentrate the
bacteria within the chamber. The membrane also functions as a gate electrode for the operation of OECT. The presence
of bacteria on the gate filter membrane leads to an increase in the total effective gate voltage (Ves), which in turn
causes a decrease in the OECT source—drain channel current (Ips). Based on the shift of Ipg, the OECT provides good
discrimination between bacteria and sterile solutions (0.4-mA difference). The OECT transconductance (g,,) exhibits
a maximum value at different levels of Vgg for sterile and bacteria solutions. This approach exhibits potential for
biosensing systems that will enable real-time monitoring at the production line.

Index Terms— Bacteria, flow cell, liquid products, organic electrochemical transistor (OECT), sensor.

[. INTRODUCTION
OME liquid products, such as clothes cleansers, body

cleansers, and air fresheners, are widely used in numer-
ous aspects of daily life with the expectation that they are
bacteria-free. The liquid state of these products makes it easier
for microorganisms to proliferate and, in the event of contam-
ination with pathogenic bacteria, can lead to the manifestation
of diverse illnesses [1]. Microbiologists use a technique known
as the “standard plate count” [2] to detect bacteria and estimate
the population density in a bouillon by plating a small, diluted
sample and counting the number of bacterial colonies after
48 h of incubation. In recent years, the polymerase chain
reaction (PCR) method [3] and the enzyme-linked immunosor-
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bent assay (ELISA) [4] have been utilized for biosensing
microorganisms with high sensitivity and specificity. Although
these techniques are very sensitive and accurate, they tend to
be time consuming, requiring expert processing, and relatively
expensive. In addition, transfer of cells/bacteria and sample
enrichment necessitate biosafety environments, limiting the
potential for test-on-set and real-time monitoring [2]. Detect-
ing potential bacteria contamination issues in household liquid
products in “real time” (whether during the manufacturing
process or consumer use) requires a detection method that ful-
fills several requirements: broad bacteria detection, simplicity,
affordability, sensitivity, and portability.

The organic electrochemical transistor (OECT) is an attrac-
tive device for sensing biological species due to its high
sensitivity to ion concentration changes in the liquid state [5],
[6], [7]. OECT is a thin-film transistor with an organic
semiconductor channel between source and drain electrodes.
OECTs have been reported to be effective in various cases
of biosensing signals, including the presence of ions (such as
potassium [8] and calcium [9]), glucose [10], and DNA [11].
Two methods are generally available for using OECT-based
detection: channel sensing [12], [13], [14] and gate electrode
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Fig. 1. OECT microorganism detection mechanics: OECT schematic

and corresponding ionic circuit; potential drop from gate electrode
across EDLs and electrolyte to OECT channel. Adhesion of bacteria
on the gate electrode results in a solution (electrolyte) voltage change
AVyo1, and this change can be also represented through the change of
effective gate voltage Veg, which is the gate voltage required to produce
the same electrolyte potential without bacteria-gate attachment.

sensing [15]. In channel sensing, bacteria directly affect the
OECT channel current by physical contact. This sensing
method for bacteria is used in the majority of published
works, due to its direct response to ion migration in elec-
trolytes [16] and well-understood working mechanism [5],
[17]. A limitation of the channel sensing approach is the
fact that surface chemistry and modification of the channel
can disrupt the adhesion and electronic properties of the
organic layer [18]. In the second method, the gate electrode
serves as an alternative sensing location. Gate sensing has
several attractive features, including flexibility to vary the
electrode material [19], incorporation of binding biochemical
agents [20], and making chemical modifications [14], [21]
without affecting the organic semiconductor layer. Recent
research on OECT gate biosensing has been reported for
a variety of applications, including antibody/antigen bind-
ing [20], bacterial cultivation [22], and chemical reaction [23],
indicating its significant potential in biosensing applications.

This study reports an OECT-based biosensor that integrates
a modified gate electrode within a novel flow-cell device. The
channel was fabricated using the screen printing technique
with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) as the material of choice [24]. The modi-
fied gate electrode in the flow-cell device is a gold-coated
polyethylene terephthalate (PETE) sterilization filter (0.2-um
pore size). The electrode is inserted into a 3-D printed flow-
cell structure, which allows the transport of liquid while
accumulating bacteria in test samples.

The flow-cell device exhibited appropriate operational status
(gate voltage control) and remained impervious to leakage
across a range of flow rates (from 1 to 20 mL/h) and test
solutions. To demonstrate the viability of these devices, tests
were conducted on three frequently used liquid products
(Air Febreze, Tide, and Old SPICE Bodywash), three types
of bacteria, and 1-pum silicon oxide microparticles. Sterile
solutions of each liquid product were used as controls.

A. Working Principle of Modified Gate OECT Operation
A typical OECT (Fig. 1) consists of the usual three elec-
trodes (gate, source, and drain) and two chemically functional
regions—the organic (semi)conductor channel and the elec-
trolyte. For our flow-cell device, Au is used as the contact

material for all three electrodes and PEDOT:PSS is used as
the channel material, as it is known for good hole conductivity
and electrochemical stability [25].

OECTs conventionally operate in depletion mode (“nor-
mally on”) [25], with the source electrode grounded, and the
gate and drain electrodes supplied with positive and nega-
tive biases, respectively. The drain-to-source channel current
(Ips) is modulated (decreased) by the gate voltage (Vis) by
causing ions from the electrolyte to penetrate the bulk of
the organic channel layer [26], effectively “de-doping” the
channel volume. The gate-to-channel equivalent circuit [27]
consists of the electrolyte resistance (Rg), and two capaci-
tors are connected in series: the gate—electrolyte capacitance
(C¢) and the electrolyte—channel capacitance (Ccy). Electrical
double layers (EDLs) are formed at the gate—electrolyte and
electrolyte—channel interfaces [22], [28].

The presence of the EDL results in a solution (electrolyte)
voltage (Vo) applied on the channel that is less than the
externally applied gate voltage [13], [19]. The decrease is
determined by the ratio of the capacitors across the two EDLs:
y = Ccu/Cg. During the OECT operation, changes occurring
on the gate and/or channel result in a solution voltage change
AV, leading to a shift in the output current Ips. When
studying this effect, many articles use the term effective gate
voltage V. [21] to represent the gate voltage that would
normally be required to yield the same Ipg (Fig. 1). In the case
of cell presence in the electrolyte, attachment to the OECT
drain—source channel (“channel sensing””) will generally result
in an increase in Ipg and hence in a Ve < Vgs, as reported by
Wei et al. [22]. On the other hand, cell adhesion or presence
on the gate electrode results in a decrease in Ipg and hence
in Ve > Vgs, as reported by Demuru et al. [15]. This theory
can be proven in bacteria testing results in Section III.

[I. DESIGN, FABRICATION, AND PROCESSES
A. Channel Design and Fabrication

Ultrawide glass slide (Fisherbrand! Extra-Thick Microscope
Slides 75 x 50 mm) was selected as the substrate for
fabricating the OECT channel, which offers excellent electri-
cal insulation, dimensional stability, surface uniformity, and
chemical resistance. Au was used as the electrode contact
material and PEDOT:PSS serves as the conducting polymer.
A dual-channel OECT has been developed for multifunctional
optimization. This advancement increases the yield of device
fabrication and endows the device with two distinct capabili-
ties. In preliminary trials, the dual-channel OECT can function
as an independent sensor, with one of the channels serving as
a gate electrode. In addition, in subsequent experiments, the
device can be integrated into a 3-D flow-cell device.

A two-layer covered mask material deposition technique
was developed for channel patterning [Fig. 2(a)]. Initially,
extra tack frisket adhesive film (Grafix Corp.) is attached to the
pre-cleaned glass slide, and then, the electrode block pattern
is cut using a laser cutting system (Universal Laser Systems
VLS3.50) and removed from the glass slide. Subsequently,
the channel block mask is superimposed onto the initial
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Fig. 2. OECT flow-cell sensor. (a) Dual-channel fabrication process.
(b) Photograph of fabricated device. (c) 3-D-printed flow cell incorpo-
rating the Au-coated 0.2-um filter as gate electrode and stainless-steel
filter supporting screen. (d) Schematic of flow-cell sensor indicating flow
through the device.

pattern (step i). The contact electrode is formed by depositing
titanium (20 nm) and Au (60 nm) onto a patterned glass
slide using e-beam physical vapor deposition (step ii). The
patterned frisket film for the channel is then removed from
the sample, establishing the channel gap between source and
drain electrodes (step iii). PEDOT:PSS (5.0 wt.%) conductive
ink (Millipore Sigma) is printed through a patterned screen
printing mask over the channel and electrodes (step iv).
Finally, the film mask for the electrode pattern of the device is
removed (step v). The channel was postprocessed with 30-min
exposure to dimethyl sulfoxide (DMSO) and 10-min curing at
105 °C. The channel dimensions are 0.2 mm in length, 1 mm
in width, and 5 pum in thickness. [Fig. 2(b)]. The average
resistance across the channel over multiple devices is 75
(n =36 and 0 = £5 Q).

B. Flow-Cell Design and Fabrication

The flow-cell sensor is comprised of several key com-
ponents: dual-channel OECTs on the glass slide substrate,
a PMMA intermediate layer, and the flow-cell structure con-
taining the gate electrode and filter. The utilization of a PMMA
layer with a thickness of 2 mm serves to protect the channel
from damage during assembly of the flow-cell structure while
also ensuring that the gate electrode remains consistently
positioned above the channel. In addition, this layer acts as a
safeguard against any potential leakage within the media flow
environment. The flow-cell structure is based on a 3-D model
that has been designed and printed using high-temperature
resin on a Form 3B SLA 3-D printer (45-60-pum resolution,
Formlabs). The design of the flow-cell structure is intended to
facilitate the accommodation of Luer-lock tubing connections
and the bolt configuration of Sterlitech commercial filter
holder caps [Fig. 2(c)]. For the formation of the gate electrode,
a 60-nm Au gold layer is deposited onto the hydrophilic
polyester (PETE) membrane filter (Sterlitech) with a 0.2-um
pore size and 13 mm diameter. In the process of constructing
the flow-cell devices, the laser-cat PMMA pattern is attached
to the channel glass plates using a durable adhesive composed
of acrylic and glass (10-h curing). The 3-D printed flow-cell
structure is applied on top of the PMMA layer using a water-
proof superglue (8-h curing). Finally, the device is equipped
with the modified filter/gate electrode and an accompanying
support screen (13 mm, stainless-steel screen from Sterlitech)
in order to secure the modified filter in place during the flow
of media.

The operation of the flow-cell device is illustrated in
Fig. 2(d).

1) Media is introduced into the inlet present on side of the

device structure.

2) Media flow fills out the testing region, with total volume

of 475 uL.

3) The modified gate electrode accumulates bacteria on the

gate electrode.

4) The solution that has undergone filtration is removed

through the outlet port.

In the initial device characterization, 10 mL of sterile or
bacterial solution was injected into the device at a rate of
20 mL/h, with no leakage occurring. Upon transferring the
filtrate onto a nutrient-dense agar medium for cultivation,
no discernible bacterial colonies were observed. This test
indicates the efficient functionality of the flow-cell device in
accumulating bacteria on the gate/filter as well as filtrating all
microorganisms from the test solution.

C. Sample Preparation and Testing Procedure

The composition of sterile testing and culture media com-
prises a combination of commercial household liquid products
(10 wt.%) and Dey—Engley (D/E) neutralizing broth (90 wt.%).
The household products studied were Air Febreze, Tide, and
Old SPICE Bodywash. The incorporation of D/E bouillon into
the medium dilutes the preservatives in the liquid products
and facilitates consistent bacterial growth in the medium,
facilitating a convenient reference for testing concentration.
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Fig. 3. OECT flow-cell operation. (a) Corresponding flow-rate control

during the testing procedure. (b) Testing setup. (c) SEM photograph of
a used OECT gateffilter showing ~0.2-um pores and the presence of a
P, flu bacterium.

The bacteria used for the tests are Pseudomonas fluorescens
(P. flu), Escherichia coli (E. coli), and Staphylococcus aureus
(S. au). All three bacterial strains are easily cultivable and
have been implicated in food and liquid contamination, as well
as being responsible for the majority of bacterial infections
in humans [29]. All three bacteria share roughly comparable
dimensions (~0.5-1 pm width and ~1.5-2.5 um length) [30]
and can be filtered using a 0.2-um filter.

Before testing, the sample media is brought to room tem-
perature for 30 min. Serial dilution is used to control the
bacteria concentration. To our best efforts, serial dilution can
control the bacteria concentration within approximately an
order of magnitude, hence the slight variation between the
concentrations of various bacteria. OECT flow-cell testing
operation consists of three steps [Fig. 3(a)].

1) Preparation: Using a programmed New Era syringe
pump, 10 mL of testing sterile or bacteria solution is
introduced into the flow cell system at a rate of 20 mL/h.

2) Stabilization: Reducing the flow rate to 1 mL/h over a
period of 15 min to reach a stable pressure within the
flow cell.

3) Testing: Maintaining a flow rate of 1 mL/h to keep
microorganisms confined on the gate/filter, while stan-
dard current—voltage (/-V) curve traces are performed
on the OECT. For example, when testing a 5 x 10°
CFU/mL bacteria solution, approximately 50 000 CFU
of bacteria are accumulated on the gate/filter by the
end of the flow-cell testing operation. Fig. 3(b) shows
a photograph of the flow-cell test setup in an electrical
test probe system.

Fig. 3(c) shows an SEM microphotograph of a decommis-
sioned filter after use in the flow-cell system showing the
0.2-pm filter pores and the presence of a P. flu bacterium.

I1l. RESULTS AND DISCUSSION
A. Planar Channel Sensing

As discussed in Section II, the dual-channel OECT design
provides a useful benefit of having two side-by-side devices
that can provide the function of a bacteria sensor. One of
the channels is utilized as the gate electrode of the device
for current modulation, while the other serves as the sensing
channel, as seen in Fig. 2(b). The initial testing outcomes
were obtained utilizing a planar OECT in conjunction with a
laser-cut acrylic well (8§ mm in diameter and 5 mm in height)
to contain the test solutions over the OECT.

The testing procedure is carried out using the /-V curve-
trace characterization method. Vgs applied on the gate
electrode is increased in 0.1 V steps from 0 to 1 V. At every
fixed Vgs, the channel current (Ips) is measured for applied
drain-to-source voltage (Vps) changing from 0 to —0.5 V at
—0.05-V steps. As a result of applying a negative Vpg bias
across the channel, the entire Ipg response is in negative value.
For convenience of observation and parallel comparison with
subsequent results, we used the absolute value of the output
current |Ipg| for displaying the resulting data plots. Fig. 4(a)
shows good transistor behavior of the planar OECT, where
increasing the channel potential results in increasing |Ips|,
while increasing the gate potential results in decreasing |/Ipg|
(switching OFF the transistor) [28]. The relationship between
the OECT output current | /pg| and the modulating gate voltage
Vs in the presence of various bacteria concentrations is shown
in the -V curve plot of Fig. 4(b) for a fixed Vps of —0.3 V.
(In I-V curve tracing, it was observed that Vs produces good
distinguishable switching behavior at Vpg = —0.3 V.)

For planar OECT testing, 450 puL of sample solution is
pipetted into the acrylic well on top of the OECT dual SD
channel. The I-V characterization test is performed 45 min
after the sample solution is inserted. OECT -V characteristics
for sterile D/E broth solution and for different concentrations
of P. flu solutions in D/E broth are shown in Fig. 4(b). The
transfer characteristics (Ipg versus Vgs) in Fig. 4(b) show the
normal OECT “switching OFF” behavior where the ampli-
tude of Ips decreases with increasing Vgs values across all
instances. At each applied Vs voltage step, the plot shows
that solutions with high bacteria concentrations (107 and 10°
CFU/mL) have higher |Ips| current, which separate from
sterile solution. In the planar OECT “channel sensing” mode
used here, sources that can cause the shift of Ipg are solution
cations that redox the channel [19] and biofilm formation at
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Fig. 4. OECT planar channel bacteria sensing. (a) /-V characteristic
(Ips versus Vpg) of OECT with 10°9 CFU/mL of bacteria at different
applied Vgs. (b) Transistor transfer characteristics (Ips versus Vgs< for
sterile and different concentration ranges of P flu solutions, the inset
shows Ips at Vgs = 0.3-0.5 V.

the channel [13]. As discussed previously in Section I, bacteria
adhesion at the channel results in a V¢ offset, which leads to
Ips amplitude decrease [22].

The main contributing factor to this |Ipg| increment at
higher bacteria concentration is the depressed redox reaction
of the organic channel. Bacteria tend to aggregate at the OECT
surface due to their charged state [31] and their slightly higher
density versus the electrolyte solution [32]. As higher bacteria
concentrations are introduced, a greater fraction of the chan-
nel surface will be occupied by bacteria preventing solution
cations from reaching the PEDOT:PSS channel. In addition,
the negative charges on the surface of bacteria can change the
ionic strength in the EDL [12], reducing the number of cations
penetrating the underlying organic layer [22]. Therefore,
with increased bacteria concentration, the effective impact of
applied Vs on the channel is reduced; in other words, a higher
gate voltage is required to obtain the original channel current
(i.e., the “no bacteria” case). Conversely, for a fixed applied

Vs, bacteria on the channel result in an increase in |Ipg|
output. In the channel sensing case, since there is no external
pressure to drive the bacteria toward the channel nor a specific
bonding agent to capture them, it is likely that the bacteria
fraction present on the channel is significantly less than the
total amount of bacteria available, thereby resulting in reduced
sensitivity. In addition to adhesion to the channel, bacteria can
also attach to the gate area. In our dual-channel planar design,
the size of the OECT gate area is the same as the channel
area, resulting in bacteria on the channel being the dominant
component and, hence, producing an increasing trend in Ipg
with bacteria concentration. This is further discussed in more
detail in Section III-B. In summary, while the dual-channel
planar OECT approach has good capability to detect bacteria at
elevated concentrations, it has limited usefulness for low-level
bacteria sensing.

B. Gate Sensing Using the Flow-Cell Device

To improve the detection of low levels of bacteria in fluid
products, we have investigated a flow-cell device in which
bacteria can be actively accumulated on the gate electrode of
the OECT during fluid flow through the device.

We have tested three major bacteria strains (P. flu, E. coli,
and S. au) in three common liquid household products (Air
Febreze, Tide, and Old SPICE Bodywash) using the flow-cell
device approach. Each combination of bacteria type and liquid
product is performed in triplicate (n = 3).

A total of 36 flow-cell devices were subjected to testing and
characterization under 12 distinct solution conditions (includ-
ing sterile product solutions). In addition, we investigated the
use of 1-um silica particles (Sigma Aldrich) to mimic the size
of the bacteria but without the functionality of the bacterium
membrane. Equal volume concentration of SiO, micro-beads
as that of bacteria is applied to the flow-cell operation.

The OECT transistor transfer characteristics (Ips versus
Vis) under these various solution combinations are shown in
Fig. 5 for a fixed Vps = —0.3 V. The bacteria concentration
in all cases is within a similar range of (~5-10) x 10°
CFU/mL. As shown in Fig. 5, the amplitude of Ipg for
both bacteria and sterile solutions is comparable at Vgs =
0 V and decreases to effectively zero (reduction by three
orders of magnitude) at Vgs = 1 V. This current shift
demonstrates that flow-cell devices in depletion mode have
excellent channel-gate voltage modulation. The difference in
starting Ips amplitude (Vgs = 0 V) between testing media
is due to the conductivity of the electrolyte. Based on our
conductivity measurements (n = 5) using 10% solutions at
20 °C, Bodywash in D/E broth has the highest conductivity
(11.2 mS/cm), followed by Tide (8.4 mS/cm) and Febreze
(7.2 mS/cm). Introducing 10°-CFU/mL bacteria resulted in no
noticeable change in conductivity for all three media. Solutions
with a higher conductivity contain higher ion concentration,
which leads to a more effective OECT channel de-doping
process. Thus, a higher conductivity solution results in a lower
OECT output current, as both our results (Fig. 5) and other
reports demonstrated [12], [21].
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Fig. 5. Gate sensing in OECT flow-cell devices—transistor transfer
characteristics (Ips versus Vgg) in the absence (sterile solutions) and
presence of three individual bacteria types (P flu, E. coli and S.
au) in three household liquid product media (10% in buffer solution).
(a) Febreze. (b) Tide. (c) Bodywash. Vpg = —0.3 V, n = 3. The inset
shows Ipg at Vgs = 0.3-0.5 V. The range bar represents the standard
deviation for repeated measurements under the same conditions, same
as in the following plots.

In general, a clear differentiation in Ipg separation is evident
between the sterile and bacteria-containing solutions for all
three product-type media. For the solution containing silica

nanoparticles, the overall Ipg versus Vgs shows a similar trend
to the sterile solution case, but with a slightly larger current.
This is likely due to accumulation of the dielectric particles on
the gate electrode reducing the gate modulating effect on the
channel current [33]. In contrast, all three types of bacterial
solutions produce a faster decreasing trend. As an example,
at Vgs = 0.4 V, a difference in current flow of 0.43, 0.34,
and 0.22 mA is measured between sterile solution and 103-
CFU/mL bacteria solutions containing in Febreze, Tide, and
Bodywash, respectively. This difference of ~25% in current
clearly indicates that the gate sensing flow cell is capable of
detecting bacteria in the concentration range of 10° CFU/mL
and probably smaller.

Table I summarizes recently published articles related to
OECT on bacteria/cell detection. To the best of our knowledge,
we have not found any literature that can achieve lower
than 10°-CFU/mL limit of detection (LOD) in broad bacteria
sensing. Compared with typical bacteria-contaminated media
(10° CFU/mL), 10° CFU/mL is a promising broad bacteria
detection capability.

As discussed in Section I, the adhesion of bacteria on the
gate results in a higher capacitance due to increasing charge on
the surface of the electrode [20]. In this case, the gate electrode
exhibits a stronger modulating effect on the PEDOT:PSS
channel. At a given value of Vg, the bacteria test solution has
higher Vi, (and V) applied on the channel, thus reducing the
output Ipg current. Thus, in contrast to channel sensing using
the planar OECT, the gate sensing approach using the flow cell
results in the opposite trend in terms of Ipg versus bacteria
concentration, with the bacteria solutions resulting in a lower
Ips compared to sterile solutions. Further examination of the
gate sensing method is discussed in Section III-C.

C. Transconductance Peak Shift Due to Bacteria
Adhesion

In order to provide additional clarification regarding the
sensing mechanisms in the flow-cell device, a transconduc-
tance plot was generated utilizing bacterial data obtained from
Fig. 5 and the standard transconductance equation [34]: g, =
dlps/0Vis, gm is a critical performance parameter in all
gate-controlled transistors, including MOSFETs, OFETs, and
OECTs. g,, represents the transistor’s amplification factor as
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well as the system’s sensitivity when comparing performance
of various OECTs [34]. For OECTs, g, has a bell-shaped
dependence on the applied Vg, from active channel de-doping
process (low Vgs, g, increasing) to Ipg saturation (high Vs,
gm decreasing) [19], [28], as evidenced also by our devices
(Fig. 6). The point of maximum g, curve can serve as a
means to identify the device’s optimal external operating
parameters (Vps and Vgs) [35]. For sterile samples of the
three types of media, the g, peak occurs at Vgg values of
~0.5-0.55 V. For the case of the silica particle solutions,
the g, peak occurs at slightly larger values of Vgg ~0.65 V.
By contrast, for the bacteria-containing solutions, a significant
shift in the g, peak is observed in the opposite direction,
occurring at a lower Vgg of ~0.2-0.3 V. This 0.3-V shift is
caused by the attachment of bacteria to the Au-coated gate
electrode.

In flow-cell bacteria sensing, operating in the low Vgg
region (0.1-0.3 V) optimizes the performance as the bacteria
will produce a stronger gating on the transistor Ipg output.
To investigate this g, peak shifting effect, we replaced the
Au-coated filter membrane with an Ag/AgCl gate electrode
and performed the same flow-cell sensing operation. The
output results and characteristics of flow-cell operation for
different gate materials are shown in Fig. 7. In Fig. 7(a), one
can observe that for sterile solutions, the use of the Ag/AgCl
electrode significantly reduces the output current compared to
the Au gate electrode operation. This is similar to, but more
pronounced, the effect of bacteria on the gate resulting in an
Ips decrease. For operation with the Ag/AgCl electrode, the
gm peak is found at a significantly lower value of Vg than for
Au electrode operation and closer to bacteria-on-Au electrode
gate operation [Fig. 7(b)]. Bacteria accumulation on the gate
is similar to switching the material of OECT gate electrode
from a polarizable electrode (Au) to a nonpolarizable electrode
(Ag/AgCl reference electrode) [36].

To explain this result, the difference between the OECT
transconductance for modified gate electrode (bacteria-on-Au
and Ag/AgCl electrode) and the conventional Au gate is
shown in Fig. 7(c) as a function of gate voltage. The plot
indicates that at very high voltages, g, qiff is nearly zero, which
is expected since the OECT in the saturated “OFF” cases
(independent of gate voltage). At low but increasing applied
voltage, values of g, 4 are positive indicating that “nonpo-
larizable” gate electrode is preferred and producing efficient
gating. A clear shift is observed from positive to negative,
indicating that the device is now operating in the “polarizable”
gate electrode region. In this region, a higher gate voltage
is required to address the higher potential gap between the
gate to the channel. Fig. 7(c) provides an interesting approach
for determining the effect of other electrode materials on the
OECT transconductance characteristics [19].

From the EDL ion circuit standpoint, Vi, will shift to a
higher value [37] when bacteria attach on the gate electrode
due to its surface charges [38] and related conformational
changes [20], the overall change in V,, can be summarized
as an external offset voltage. The additional offset voltage
increases the overall Vg [21]; with higher Vg, redox reaction
on the organic layer will have a higher gain and more cations
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Fig. 6. Transconductance characteristics of gate sensing OECTs for

sterile, silica NPs, and average of all three types of bacteria in liquid
product media. (a) Febreze. (b) Tide. (c) Bodywash. Vpg = —0.3 V and
n=23.

will penetrate the bulk of the organic layer (smaller |Ipg]|).
In other words, bacteria on gate result in a higher Vs
efficiency in channel current modulation, and less applied Vs
is required to obtain the OECT’s optimized performance (at
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Fig. 7. Effect of gate electrode material and type on OECT gate sensing
operation for Au electrode with and without bacteria present, and for
Ag/AgCI reference electrode. (a) Transfer characteristics (Ips versus
Vgs) of sterile solution (10% Febreze in D/E) with Au gate, bacteria
(103 CFU/mL, average of three types) with Au gate and sterile solu-
tion with Ag/AgCl gate electrode. (b) Corresponding transconductance.
(c) Transconductance difference between Au electrode operation with
bacteria present (average for all three bacterium types, 103 CFU/mL)
versus sterile solutions of 10% Febreze, 10% Tide, and 10% Bodywash;
also difference between Ag/AgCl and Au gate electrodes for sterile 10%
Febreze only. Vpg = —0.3 V.

8mpeak). This also explains the trend in Fig. 7(c), and g,
shifts to positive value at lower gate operating voltage due to

bacteria attachment on Au gate. g,, peak shift will necessitate
additional investigation in future works on the subject.

IV. CONCLUSION

In summary, we have reported a novel flow-cell sensor
for broad detection of bacteria based on a gate sensing
3-D OECT approach. The device has been demonstrated to
be capable of detecting several types of bacteria (P. flu,
E. coli, and S. au) potentially present in household liquid
product mixtures. The test results show that using the flow-cell
approach accumulating bacteria on the gate electrode (“gate
sensing”) will result in an Ipg amplitude change (decrease)
that can be used to readily distinguish between sterile and
bacterial solutions. To demonstrate the working mechanism
of the flow-cell method, the corresponding transconductance
curve is analyzed, revealing that bacteria adhesion on the gate
electrode causes a g, peak shift to lower Vg, due to the slope
change in Ips. The flow-cell filtration and OECT gate sensing
approach has the capability to identify a diverse range of
bacteria, encompassing both gram-positive and gram-negative
strains, across multiple testing media.
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