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Ion-sensitive field-effect transistors (ISFETs) are highly promising for lab-on-chip integration due to their
excellent scalability, high sensitivity, and rapid response times. However, on-chip integration of reliable
microscale reference electrodes, essential for ISFET operation in microfluidic systems, remains a significant
challenge. This study presents a microfluidic pH meter that integrates silicon nanoribbon field-effect transistor
(SiNRFET) sensors with on-chip microscale AgCl/Ag pseudo-reference electrodes (p-REs). The microscale p-REs,
fabricated using CMOS-compatible processes and protected with a photoresist layer, demonstrated rapid stabi-
lization and long-term stability. Moreover, the short distance between the integrated p-REs and the paired
SiNRFET sensors within the microfluidic environment minimized streaming potential, ensuring measurement
accuracy regardless of flow rate variations. In addition, applying an AC pulse gate bias effectively reduced ISFET
signal drift caused by ion penetration into the pH-sensitive layer, enhancing the system’s reliability for long-term
monitoring. To showcase the platform’s biosensing capabilities, the microfluidic pH meter was finally used to
monitor bacterial metabolism on-chip via measuring pH changes induced by metabolic activity with microliter-
level samples. This work establishes a robust lab-on-chip biosensing platform, enabling real-time and long-term

biosensing in microscale environments.

1. Introduction

Lab-on-chip integration of bio/chem-sensors with microfluidics of-
fers numerous advantages, such as short response time [1,2], small
sample volume [3-5], and high analysis throughput [6]. Among the
sensor technologies available, ion-sensitive field-effect transistors
(ISFETs) are particularly well-suited for lab-on-chip applications due to
their size scalability [7] for large-scale integration [8-10], high sensi-
tivity and selectivity [11-13], and compatibility with automated sys-
tems [14]. ISFET operation relies on a reference electrode (RE) to define
the liquid potential, allowing surface potential changes induced by the
specific adsorption of target ions on the sensor surface to effectively shift
the threshold voltage (AVy,), thereby modulating the ISFET’s channel
current [15]. However, downsizing REs to match the microscale di-
mensions of microfluidic systems remains a critical challenge [15-17].

The challenge in miniaturizing RE lies in downscaling the volume of
the filling electrolyte [16-20]. One practical approach to realize on-chip
REs is to integrate pseudo-reference electrodes (p-REs) on the surface of
the sensor chip, without the need of filling electrolytes [21]. AgCl/Ag
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p-RE is one of the most used p-REs owing to its simple structure and
non-polarizable characteristics [22]. Although the potential of AgCl/Ag
p-RE could be affected by concentration variations of halide ions in the
solution, AgCl/Ag p-RE is still a good choice for monitoring samples
with a constant halide concentration (such as blood, urine [23], bacteria
culture [24], etc). The most reported method for fabricating on-chip
p-REs is screen-printing [17,18,22]. However, screen-printed AgCl/Ag
electrodes typically have lateral pattern sizes exceeding 100 pm [25-27]
and thicknesses over 20 pm [28-31], which limits their compatibility
with microfluidic designs featuring arrays of microscale chambers for
sample compartmentalization and analysis [32-36]. Ideally, a micro-
scale RE and an ISFET sensor need to be integrated into each discrete
chamber, with a dimension less than 100 pm, to enable parallel analysis
of samples with small volume [37-39]. Another method with size scal-
ability to fabricate AgCl/Ag p-RE:s is to utilize CMOS-compatible metal
deposition and patterning techniques to form Ag electrodes on the ISFET
chips, then use chemical treatment to form a AgCl layer on the Ag
electrodes [5,40].

In addition to the integration process, the long-term stability of an
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integrated lab-on-chip system is crucial for its real applications, espe-
cially for continuous monitoring of samples. Welch et al. [41] demon-
strated a repeatable drift pattern in ISFETs by periodically cycling the
gate bias between operational and zero-bias states. Jamasb et al. [42]
reported a post data-processing method to correct the drift in ISFET.
However, this method is mainly applicable when pH changes rates far
exceed drift rates. Thorough validation, particularly concerning both the
p-RE stability and ISFET signal drift within the microfluidic environ-
ment, is essential for their real applications.

In this work, we fabricated microscale (5 pm in lateral dimension)
AgCl/Ag p-REs together with silicon nanoribbon field-effect transistors
(SINRFETSs) on the same sensor chip using fully CMOS-compatible pro-
cess technology. The sensor chip was further integrated with micro-
channels to realize a microfluidic pH meter. We found that covering the
microscale p-REs with a porous photoresist protection layer could
effectively prevent the failure of p-REs. With the photoresist protection,
the on-chip AgCl/Ag p-RE demonstrated rapid stabilization and excel-
lent long-term stability. Compared to published studies, our on-chip
AgCl/Ag p-RE is the first to achieve a size below 10 pm while main-
taining good long-term stability [43-46]. Furthermore, the short dis-
tance between the integrated AgCl/Ag p-RE and the pairing SiINRFET
also ensured a negligible impact from the streaming potential to the
measurement accuracy. The integrated microfluidic pH meter could
operate in both static and flow modes with fast and close-to-Nernstian
responses. In addition, the signal drift induced by the ion penetration
into the pH sensing layer in the SiINRFET sensors was also investigated.
We demonstrated that using an AC pulse gating bias could well mitigate
the ion penetration problem, thus minimizing the ISFET signal drift.
Finally, we utilized the microfluidic pH meter to monitor the metabolic
activity of bacteria in the microchannel. Using ISFET to monitor cellular
metabolism via measuring metabolic-activity-induced pH changes in the
culturing media was a novel approach developed in our lab [24]. Uti-
lizing a microfluidic channel will significantly reduce the amount of
sample required for the test. This demonstration highlights the potential
of the integrated system for on-chip analysis of cell samples, including
quantifying cell density and real-time monitoring of cellular metabolic
responses to various stimuli, such as drug treatments.
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Fig. 1. The microfluidic pH meter integrated with SINRFETs, AgCl/Ag p-REs,
and microfluidics. (a) The 3D schematic of the SINRFET sensor and AgCl/Ag p-
REs on a sensor chip. (b) Top-view SEM image of the SiNRFET sensor and AgCl/
Ag p-REs. (c) The 3D schematic of the microfluidic pH meter, with a PDMS
microchannel integrated on the sensor chip. (d) Image of the microfluidic pH
meter connected to a probe card.
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2. Experimental section
2.1. SiNRFET sensors and microscale p-REs fabrication

A three-dimensional (3D) schematic of a sensor chip with a SINRFET
sensor and microscale AgCl/Ag p-REs is shown in Fig. 1(a). The device
was fabricated on a (100) silicon-on-insulator (SOI) wafer with a 55-nm-
thick lightly doped (Na=1 x10'® cm™3) p-type Si layer on top of a 145-
nm-thick SiO, (BOX) layer, using standard Si process technology. The
SiNRFET channel was patterned in the lightly doped p-type SOI layer
with 600 nm in length and 500 nm in width, using electron beam
lithography (EBL) followed by a reactive ion etching process.

The source (S) and drain (D) terminals of the FET were heavily
implanted by arsenic (As) to reach 1 x 10%° ecm™2 n-type doping. To
further reduce the contact resistance to S/D, a 5-nm-thick Nickel (Ni)
layer was deposited on the S/D via lift-off, and subsequently annealed at
400 °C in Ny for 30 s using a rapid thermal process (RTP) to form NiSi.
Afterward, a 4-nm-thick HfO, passivation layer was deposited on the
whole chip surface by atomic layer deposition (ALD) at 170 °C. It also
served as the pH sensing layer for pH measurements. Finally, the sensor
chip was annealed in forming gas (5 % Hj in N3) at 400 °C for 30 min to
passivate the channel/gate oxide interface traps. A more detailed
fabrication process of the Si ISFET sensors can be found in our previous
work [24,471].

For p-REs integration, 150 nm thick and 5 ym wide comb-like Ag
electrodes (see Fig. S1) with a 5 nm thick Ti adhesion layer underneath
were evaporated on the HfO; layer, using a metal evaporation and lift-
off process. The Ag electrodes were covered by photoresist (UVN
2300-0.5) with 5 contact holes (5 pm in diameter, beside the SINRFET)
opened through the photoresist layer, via an EBL process, to expose the
Ag electrodes underneath, as illustrated in Fig. 1(a). The exposed Ag
electrodes were further treated with a FeCls solution (0.1 M) for 1 min at
20 °C to form a AgCl layer at the exposed surface of Ag. The completed
AgCl/Ag p-REs and a SiNRFET sensor were shown in the top-view
scanning electron microscope (SEM) image in Fig. 1(b). The cross-
section image of the p-RE is shown in Fig. S2. Ag p-REs with the same
photoresist coverage but without the FeCls solution treatment were
fabricated in parallel as control samples.

2.2. Integration of the microfluidic pH meter

The SiNRFET sensor chip was integrated with a microchannel to
form a microfluidic pH meter, as shown in Fig. 1(c). The microchannel
(20 pm thick and 150 pm wide) was made of polydimethylsiloxane
(PDMS; Silgard 184; base/curing agent ratio is 10:1) using a SU8 mold.
The PDMS microchannel and the SiNRFET chip were bonded together
after surface Oy plasma activation. A specifical designed X/Y/Z/6 stage
is used to align the sensor chip and the microfluidics during the bonding
process. The structure details of the microfluidic pH meter can be found
in Fig. S1.

2.3. Electrical measurement

The long-term stability of the p-REs was evaluated by measuring the
open-circuit potential (OCP) of the p-REs against a commercial AgCl/Ag
RE (eDAQ, ET072, filled with 3.4 M KCl solution) in 30 mM KCl solu-
tion. OCPs were also measured under varying KCI concentrations and pH
levels to evaluate the chloride sensitivity and pH sensitivity of the p-REs.
The OCPs were recorded using a B1500 semiconductor device analyzer
equipped with four source measurement units (SMUs). Details of the
electrical measurement setup is displayed in Fig. S3. Then stable AgCl/
Ag p-REs were paired with SINRFETs in the microfluidic pH meter to
characterize the drift in SINRFETs during pH monitoring. The electrical
measurements were conducted using an HP4155A semiconductor
parameter analyzer, with the sensor chip being accessed via a probe
card, as shown in Fig. 1(d). Four SiNRFETs were measured
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simultaneously using a switch unit (Keysight 34970 A). The drain cur-
rent - Ip was then monitored in real-time with a constant source-drain
voltage (Vpg) at 0.3 V and a gate voltage (Vi) applied to the AgCl/Ag
p-RE. The I, change was then converted to AVy, based on the transfer
curve (Ip Vs. Vg) of the SINRFET, with the detailed conversion method
described in section S3 of the Supplementary Information. The same
setup was also employed to monitor pH changes in the microchannel
during on-chip bacterial culture.

2.4. Reagents and solutions

All reagents were of analytical grade or equivalent and were pur-
chased from Sigma-Aldrich unless stated otherwise. All solutions were
prepared using deionized water.

For preparing KCl solutions with varying pH values to measure the
response of the SINRFET to pH changes, a 0.1 M KCl solution was first
adjusted to pH 3 using 0.1 M hydrochloric acid (HCl), with the pH
determined using a calibrated pH meter. The pH 3, 0.1 M KCl solution
was sequentially diluted tenfold with a pH 7, 0.1 M KCl solution to
obtain 0.1 M KCl solutions with pH values of 4, 5, and 6. The pH values
of other solutions mentioned in this study were directly measured using
the pH meter (Mettler Toledo, FiveEasy). The same dilution strategy was
used to prepare KCl solutions (3 M to 0.003 M) for p-RE chloride
response measurement.

2.5. Escherichia coli samples preparation

The Genotype of bacterial strains used in this study is Escherichia coli
(E. coli) K12 MG1655. Bacterial strains were grown in LB at 37 °C

shaking at 200rpm (revolutions per minute). The bacterial
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concentration of E. coli in the overnight culture was determined by
measuring the optical density at 600 nm (OD600, Implen Dilupho-
tometer™). After a 10-fold dilution, the OD600 was measured as 0.64,
corresponding to a bacterial concentration of 5 x 10° cells/mL in the
original overnight culture [48,49]. To prepare E. coli solutions with
different concentrations for on-chip culture, 100 pL of the overnight
culture was centrifuged at 1950 x g (rcf) for 3 min. The supernatant was
removed, and the pellet was resuspended in fresh culture medium (LB +
1 wt.% glucose) to obtain samples with the desired bacterial
concentrations.

3. Results and discussions
3.1. Characterization of the microscale p-REs

The potential stability of the microscale thin-film AgCl/Ag p-RE was
first characterized, and compared to that of the microscale Ag p-REs. The
chloride sensitivities of both Ag p-REs and AgCl/Ag p-REs are shown in
their OCP results measured against a commercial KCl (3.4 M)/AgCl/Ag
RE in KCl solution at 20 °C (see Fig. 2(a)). Both p-REs exhibit near-
Nernstian responses to the variation of [Cl'] (59.5 mV/ (Alog [CI']) for
Ag p-RE and 56 mV/ (Alog [CI']) for AgCl/Ag p-RE). This confirms that
reaction (1) is the potential determination reaction for both Ag p-RE and
AgCl/Ag p-RE.

AgCl +e —Ag,+Cl” (@)

The OCP plots also show that AgCl/Ag p-REs stabilize much quicker
(less than 20 s) than the Ag p-REs (60 min). Substantial initial OCP drift
of Ag p-RE and much longer stabilization time may be induced by
gradual AgCl formation on the Ag surface after being immersed in the
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Fig. 2. The OCP measurements for a p-RE (Ag or Ag/AgCl, both with resist protection) vs. a commercial KCl (3.4 M)/AgCl/Ag RE in KCl solution at 20 °C. (a) The
OCP results of a Ag p-RE and a AgCl/Ag p-RE, both against the commercial RE with varying Cl concentration. (b) The OCP results of a Ag p-RE and a AgCl/Ag p-RE in
30 mM KCl solution at pH 7. The light-shaded areas depict the standard deviations calculated based on the results of 3 OCP tests. (c) Top-view SEM images of a AgCl/
Ag p-RE with (left) and without (right) the photoresist protection layer before and after the 24-hour OCP monitoring. (d) The OCP of AgCl/Ag p-RE in 300 mM KCl
solution at different pH levels. The gray region represents the standard deviation calculated based on the results of 3 OCP tests.
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solution. Therefore, the AgCl/Ag p-REs will be much more reliable than
the Ag p-REs, especially for real-time monitoring.

The long-term stability of the p-REs was also recorded over 40 h in a
30 mM KCl solution at pH 7, with data presented in Fig. 2(b). Again, the
AgCl/Ag p-RE showed a much quicker stabilization time. After reaching
a steady state, both Ag p-RE and AgCl/Ag p-RE showed a stable OCP
against the commercial RE over the recorded period. The OCP drift for
the Ag p-RE and AgCl/Ag p-RE is 0.4 mV/h and 0.2 mV/h, respectively.
The slight OCP drift might be induced by the recrystallization or the
slow dissociation of the AgCl layer [22,31], according to the investiga-
tion of the morphology change of the AgCl layer before and after the
24-hour tests (see Fig. 2(c_left)). We also tested a AgCl/Ag p-RE without
the resist protection, it lost electrical connection after about 30 mins in
the tests. This was due to the peeling of the unprotected p-RE under fluid
flow, as confirmed by the investigation of the morphology change of the
unprotected p-RE shown in Fig. 2(c_right). The photoresist protection
could prevent the peeling of the electrode and significantly extend the
lifetime of the AgCl/Ag p-RE. Table 1 compares the minimum feature
size and stability of various all-solid-state AgCl/Ag electrodes. The
on-chip AgCl/Ag p-RE in this work demonstrates smallest minimum
feature size while maintaining excellent stability.

In addition, the function of the RE is to fix the liquid potential for pH
measurements using ISFETs. An ideal RE should not respond to pH
variations. As shown in Fig. 2(d), the OCP of our AgCl/Ag p-RE (against
a commercial RE) does not respond to pH variations. This further con-
firms the reliability of the AgCl/Ag p-REs for pH measurements.

3.2. The microfluidic pH meter based on SINRFETs and microscale p-REs

The SiNRFET sensor was then characterized with the liquid potential
defined by the stable AgCl/Ag p-RE (with photoresist protection) in the
microfluidic pH meter. The microfluidic pH meter can operate in either
static or flow mode. The liquid samples were delivered into the micro-
fluidic pH meter by syringe pumps. The device characterization was
done in 0.1 M KCl solution (pH 6.5) at 20 °C. The Ip-Vpg characteristics
of the SINRFET are presented in Fig. S5. A Vpg of 0.3 V was applied in all
subsequent measurements. The transfer characteristic, Ip vs Vg of
SiNRFET was also measured under static mode, as shown in Fig. 3(a).

The SiNRFET has an n-type channel and exhibits a subthreshold
swing of 93 mV/dec with an on-to-off current ratio (Ion/Iosf) of ~10*
Notably, the gate leakage I remains below 1 nA. The pH responses of

Table 1
Comparison of stability, minimum feature size and thickness of all-solid-state
AgCl/Ag electrodes.

Ref Fabrication Structure Minimum Thickness  Drift
methods feature (mV/
size h)
Yiheng Inkjet- PVC/KCl 100 pm 300 nm 0.3
[50] printing (liquid)
/AgCl/Ag
Rebecca Screen- PVA-KCl 1 mm 200 pm 0.7
[25] printing /AgCl/Ag
Sindre Screen- AgCl/Ag 5mm > 10 pm 0.01
[18] printing
Qiaofeng Evaporation PVB/NaCl 1 mm 200 nm 1.7
[20] (liquid)
/AgCl/Ag
Hyo- Evaporation Nafion/ 1 mm 800 nm 0.1
Ryoung AgCl/Ag
[51]
Jing [43] Sputtering AgCl/Ag 150 pm 10 pm 1.5
Dongwon Lithography AgCl/ Ag 28 pm 2 pm 0.3
[44] &
evaporation
This Lithography Photoresist 5 pm 150 nm 0.2
work & /AgCl/Ag
evaporation
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the SINRFET sensor under both the static and flow modes are shown in
Fig. 3(b). A typical current signal from the pH measurements is depicted
in Fig. 3(b_upper) (flow mode), in which pH decreasing leads to the rise
of Ip. Then, the I change was converted to AVy, using the transfer curve
in Fig. 3(a). AVy, exhibits a Nernstian response with a sensitivity of
around 60 mV/pH for both static and flow modes Fig. 3(b_lower).

The long-term stability of the microfluidic pH meter in the flow mode
was also compared for the AgCl/Ag p-RE with and without the photo-
resist protection, as shown in Fig. 3(c). Ip was sampled in 0.1 M KCI
solution at pH 6.5 under a 10 pL/min flow rate. For the AgCl/Ag p-RE
with the photoresist protection, the In shows some initial drift in the first
1.5 h before stabilization (it corresponds to 12 mV AVy, drift). However,
for the AgCl/Ag p-RE without the photoresist protection, Ip started
decreasing after the first 30-minute test, and the electrical connection
was completely lost after one hour. This is consistent with the cracks
forming and peeling of the AgCl/Ag p-RE shown in Fig. 2(c_right). This
test also highlights the critical role of photoresist protection over the
AgCl/Ag p-REs for the reliability of the integrated microfluidic pH
meter.

When an ISFET sensor is used under flow mode, the streaming po-
tential between the RE and the sensor needs to be kept constant to avoid
its disturbance to the measured signal [52]. Since the streaming po-
tential is proportional to the distance between the RE and the sensor, as
well as the flow rate [53], it is important to keep the RE as close to the
sensor as possible to minimize the streaming potential interference to
the measurements caused by the flow rate variations. In our microfluidic
pH meter, the AgCl/Ag p-RE is only 10 ym away from the paring
SiNRFET sensor, as shown in Fig. 1(c). This short distance ensures a
negligible impact from the streaming potential to the pH signal, as
evidenced by the same pH responses measured by our microfluidic pH
meter under both static and flow modes (see Fig. 3(b)). It was further
confirmed by measurements under alternating flow rates using an
on-chip p-RE and a commercial RE at the microfluidic outlet as shown in
Fig. 3(d). The long-distance between the commercial RE and the SiNR-
FET induces notable streaming potential, causing significant I changes
with flow rate shifts (purple curve). In contrast, the on-chip AgCl/Ag
p-RE minimizes streaming potential effects to the measurement due to
its proximity to the SINRFET (green curve). The streaming potential
calculation detailed in section S5 of the Supplementary Information
further confirms that variations in flow rate have a negligible influence
on the SINRFET measurement when using the integrated on-chip
AgCl/Ag p-RE.

3.3. Minimizing SiNRFET drift by using AC pulse gate bias

Controlling the drift in the ISFET devices is also crucial for their real
applications, especially for long-term monitoring [54]. We measured the
Ip drift of the SINRFET sensors, in pH 6.5, 0.1 M KCI solution at 20 °C
and static mode, with the device being biased to subthreshold and linear
regions via the on-chip AgCl/Ag p-RE and a commercial RE. The Ip, drift
was then converted to AVy, as shown in Fig. 4(a). The SINWFET sensor
exhibits a similar level of drift with both types of REs, indicating that the
measured drifts originate from the SINWFET itself. And a stronger Vg
bias leads to a larger AVy, drift.

It was reported that the drift in SINRFETs could be caused by the
penetration of hydrogen ions into the HfO, layer under the positive gate
bias [55]. Interstitial hydrogen is a common impurity in ALD-grown
HfO, [56,57], and the interstitial hydrogen in HfO, is known to be a
negative-U impurity [58,59]. In our SiINRFET measurements, we spec-
ulate that H' ions migrate to the HfO, surface under the electric field
generated by the positive gate bias, and then get reduced at the HfO5/Si
channel interface to negatively charged impurities, as illustrated in
Fig. 4b_left. This leads to the AVy, drift towards more positive values.
Using an AC pulse gate bias can potentially suppress the drift, since
negative gate bias could oxidize the interstitial hydrogen to H' ions at
the HfO,/liquid interface, as illustrated in Fig. 4(b).
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Fig. 3. pH measurements using the microfluidic pH meter at 20 °C. (a) Transfer characteristics (Ip-Vg) at Vps = 0.3 V of the SINRFET at pH 6.5, 0.1 M KCl (b) pH
measurements using the microfluidic pH meter in 0.1 M KCI under flow mode (4 pL/min) (upper), and the comparison of the measured pH responses under flow
mode and static mode (lower). (c) Ip stability of microfluidic pH meter with/without photoresist protection layer on the AgCl/Ag p-RE at pH 6.5, 0.1 M KCl under a
10 pL/min flow rate. (d) Comparison of the influence of flow rate on the I, of SINRFETs in 0.03 M KClI between the measurements with an on-chip p-RE and with a

commercial RE at the microfluidic outlet.

To verify this hypothesis, we repeated the drift measurements of the
SiNRFET under an AC pulse gate bias applied via the AgCl/Ag p-RE: a
positive pulse (1.3V) is applied for 8 seconds, during which Ip is
measured. This was followed by a 12-second negative gate pulse
(-0.5 V), to release the interstitial hydrogen embedded in the HfO, layer
back into the liquid. Fig. 4(c) shows that —0.5V bias in the AC gate
pulses effectively minimizes the I, drift. The AVy, drift was reduced from
about 10 mV/hour under constant gate bias to 1 mV/hour under the AC
gate bias condition (see Fig. 4(d)). Once the negative pulse voltage is
sufficient to desorb interstitial hydrogens from the HfO, layer, further
increasing the negative pulse would not give additional benefit, as also
evidenced in Fig. 4(d). Excessively high negative pulses may also cause
AgCl decomposition. Our results show that using AC gate bias could be a
very promising approach to minimize the signal drift in ISFET sensors.

3.4. Monitor bacterial metabolism using the microfluidic pH meter

To showcase the applicability of the integrated microfluidic pH
meter, we used it to monitor the metabolism of E. coli in an LB medium
with 1 wt.% glucose. Our measurements combined the microscale Ag/
AgCl p-RE, the SINRFET-microfluidics integration, and the AC pulse gate
bias technique into a cohesive sensing platform, which enabled stable,
real-time tracking of pH changes induced by bacterial metabolic activity
using microliter-level samples.

The metabolism monitoring was conducted according to the
following protocol. The microfluidic pH meter was placed on a holder
that maintains temperature at 37 °C and connected to the readout in-
struments via a probe card. E. coli samples with different initial cell

densities were prepared according to the description in Section 2.5.
Then, each E. coli sample was injected into the microchannel of a
microfluidic pH meter using a syringe pump. After sample loading, the
surface of the microfluidic pH meter was covered by FC-70 oil to prevent
liquid evaporation during the measurement. Additional control experi-
ments in Fig. S6 demonstrated that the use of FC-70 oil did not affect the
metabolic behavior of E. coli during on-chip culture. An AC pulse gate
bias was applied via the AgCl/Ag p-RE: a positive 1.3 V pulse is applied
for 10 seconds, during which Ip, is measured. This was followed by a 10-
second —0.5 V gate pulse, to minimize the SINRFET drift during long-
term pH monitoring. The acidification of the culture media induced by
bacterial metabolism was directly measured as the threshold voltage
shift (AVy,) of the SINRFET during bacterial culturing.

Fig. 5(a) shows the pH changes of the culture medium over time
during the on-chip culture of E. coli samples with different initial con-
centrations. In the presence of glucose, the metabolic products of E. coli
acidify the culture media. Once the concentration of metabolic products
exceeds a threshold, AVy, will increase until the pH of the culture me-
dium reaches around pH 5. We define the onset time (t,,) as the time
point where AVy, exceeded 10 mV, corresponding to significant acidi-
fication of the medium beyond the baseline drift (10 mV) observed in
negative controls. The time point when AVy, remained stable within
+ 10 mV over 30 min is defined as the time to steady state (tg), indi-
cating that bacterial metabolism is inhibited by the acid environment.
Fig. 5(b) shows the t,, and ¢ vs. initial bacterial concentration Nj.
Within the investigated range of initial concentrations, both t,,; and tg
exhibit linear correlations with Ny. These t,, vs. Ny, and tg vs. Ng curves
can serve as calibration curves for determining the viable bacterial
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Fig. 4. Drift of SINRFETs in 0.1 M KCl solution at pH 6.5, 20 °C, and static mode. (a) Threshold voltage drift of the SINWFETs at constant gate bias. The light-shaded
areas depict the standard deviations calculated from 3 SINWFETs in the same test round. (b) Schematic illustrations of hydrogen ion penetration into the HfO, sensing
layer under a positive gate bias (left), and hydrogen ion release from the HfO, sensing layer under a negative gate bias (right). (c) I drift of a SINRFET first under AC
pulse gate bias, then switches to constant gate bias. The gate bias is applied via the AgCl/Ag p-RE. (d) The threshold voltage drift of SINRFET under different gate bias

modes, using the AgCl/Ag p-RE.
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Fig. 5. (a) AVy, vs. time curves measured for E. coli on-chip culture at 37 °C with initial concentration Ny of 2 x 10°5 x 108, 5 x 107, 5 x 10° cell/mL, using the
microfluidic pH meter. The negative control is the LB solution without any E. coli. cell. Each curve was obtained by averaging the results measured by four SINRFETs.
The shaded areas along the solid lines depict the standard deviations calculated from 4 SiNRFET sensors and demonstrate a typical 1 mV standard deviation. (b) The
onset time (t,,) and the time to steady state (ts) vs. the initial E. coli density No. The error bar depicts the standard deviation calculated from four SiNRFETSs.

concentration in unknown samples, which is a key parameter to judge
their clinical relevance. Additionally, the microfluidic pH meter requires
only a pL. amount of sample. This demonstration highlights the potential
of the integrated system for on-chip analysis of cell samples, including
quantifying cell density and real-time monitoring of cellular metabolic
responses to various stimuli, such as drug treatments.

4. Conclusion

This study demonstrated the integration of on-chip microscale AgCl/
Ag p-REs with SiNRFETs into a microfluidic pH meter. The integration
addresses key challenges of ISFETs in microfluidic applications,
including reference electrode miniaturization, streaming potential
minimization, and ISFET signal drift. Protecting the p-REs with a
photoresist layer effectively prevents the failure of p-REs during the
sensing tests. The integrated microscale AgCl/Ag p-REs exhibited fast
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stabilization and good long-term stability. Furthermore, the microscale
distance between the p-REs and the SiNRFETs in the microfluidic system
minimized the impacts from streaming potential to the sensing signal
under varying flow conditions. The microfluidic pH meter could operate
in static and flow modes, both with a close-to-Nernstian response. In
addition, we demonstrated that applying an AC pulse gate bias could
effectively reduce signal drift in the ISFET sensors caused by ion pene-
tration into the pH-sensing layer, enhancing the system’s reliability for
real-time, long-term monitoring. The integrated microfluidic pH meter
was finally used to real-time monitor the metabolic activity of bacteria
within the microchannel, which highlights the potential of the inte-
grated system for on-chip analysis of cell samples, including quantifying
cell density and real-time monitoring of cellular metabolic responses to
various stimuli, such as drug treatments [24]. Future research could
focus on integrating ISFET sensors with advanced microfluidics to
facilitate direct processing and analysis of clinical samples on-chip, even
metabolic analysis at the single-cell level.
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