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Abstract: In this paper, a potentiometric method is used for monitoring the concentration of glutamine
in the bioprocess by employing silicon nanowire biosensors. Just one hydrolyzation reaction was
used, which is much more convenient compared with the two-stage reactions in the published papers.
For the silicon nanowire biosensor, the Al,O3 sensing layer provides a highly sensitive to solution-pH,
which has near-Nernstian sensitivity. The sensitive region to detect glutamine is from <40 uM to
20 mM. The Sigmoidal function was used to model the pH-signal variation versus the glutamine
concentration. Compared with the amperometric methods, a consistent result from different devices
could be directly obtained. It is a fast and direct method achieved with our real-time setup. Also, it is
a label-free method because just the pH variation of the solution is monitored. The obtained results
show the feasibility of the potentiometric method for monitoring the glutamine concentrations in
fermentation processes. Our approach in this paper can be applied to various analytes.

Keywords: silicon nanowire FET; glutamine; pH sensor; potentiometric method; biosensor

1. Introduction

Glutamine (Gln) is found to be an abundant amino acid in mammalian tissues. In
multiple metabolic pathways, it serves as a precursor or product in the central nervous
system (CNS), an intermediary in energy metabolism, and a substrate for synthesizing
nucleotide bases and glutathione [1-4]. Also, the catabolism of glutamine is necessary
for systemic acid-base balance [5,6]. As a result, the glutamine concentration should be
monitored during cell-culture fermentation [7].

To detect glutamine, various techniques have been described in the literature. Methods
such as high-performance liquid chromatography (HPLC) [8] and gas chromatography-mass
spectrometry (GC-MS) [9] are expensive and lab-intensive. For capillary electrophoresis (CE) [10],
liquid chromatography-mass spectrometry (LC-MS) [11], and liquid chromatography-tandem
mass spectrometry (LC-MS-MS) [12], derivatization is required, which are time-consuming. A
much more convenient way is an amperometric method that will employ thin-film elec-
trodes to be a sensor. It will depend on the high consistency of the fabrication process [13].
This is difficult. Also, some methods utilize a labeled substrate. This may affect the in-
teraction between the substrate and the enzyme. To achieve direct, rapid, and label-free
detection in biological and chemical applications, much attention has been paid to the
nano-scale field-effect transistor (FET)-based devices, such as Si nanowires (SiNWs) [14-21],
Si nanoribbons [22-24], carbon nanotubes (CNTs) [25], metal oxide nanowires (NWs) [26],
metal oxide TFTs [27,28], and graphene [29].
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In this paper, we employed the Silicon Nanowire Field Effect Transistor (NWFET) to
serve as a biosensor. The variation of the surface potential of the NWFET was recorded,
which corresponds to the hydrolyzation of the glutamine. It is a potentiometric method
with FET, which means we monitored the potential change caused by the bioprocesses. The
Sigmoidal function was employed to describe the relationship between the values of the pH
of the solution and the concentration of the substrate, which helped us to quickly determine
the density of the glutamine. The NWFET is CMOS-compatible and based on top-down
fabrication methods, which means that the device will have high reproducibility for mass
production at a low cost [15,17,30-32]. Also, they are easily integrated into a detection
system. Si nanowire biosensors with a highly sensitive and excellent signal-to-noise ratio
(SNR) have been widely reported [19,33-35]. Consequently, they are very suitable for
monitoring metabolic processes.

2. Experiment
2.1. Materials

L-glutamine and sodium acetate were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The enzyme is L-glutamine amidohydrolase (EC 3.5.1.2) (recombi-
nant, expressed in Escherichia coli), bought from Megazyme (Ireland). It has a specific
activity of ~515 U/mg (25 °C, pH 4.9 on L-glutamine). The enzyme is diluted (1:20) in
5 mM sodium acetate buffer with pH 4.9.

2.2. Si Nanowire FET Setup and the Biosensing Method

The nanowire FET used in this paper is based on a “top-down” method as reported
in the literature [36]. It is compatible with CMOS processing. The nanowire is shown in
Figure 1a. A more legible image of the nanowire is given in Figure Al in Appendix A. It
has an Al,O3 layer with a typical thickness below 15 nm, which serves as a gate dielectric
layer. To isolate the region excepting the Al,O3 layer from the solution in Figure 1a, a
protective SiO; layer was deposited. The p-type SINW were fabricated on silicon-on-
insulator (SOI) wafers. This produces a good performance in gate leakage. To obtain better
device uniformity, one nanowire device contained 5 parallel nanowire FETs. The total
length of the sensing area of a SINW is 12 um.
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Figure 1. (a) Picture of the nanowire FET with a protective SiO, layer. (b) transfer current and

transconductance of the nanowire FET.

Figure 1b shows the transfer current and transconductance of the nanowire FET. Based
on the characteristic of the nanowire FET, we can choose a suitable quiescent bias to get a
large sensitivity region, which should make the range of interest potential in the liner region.
Besides, the transconductance of the nanowire FET should also be taken into consideration.
The best region should be chosen near the largest transconductance. It is due to that the
signal-to-noise ratio is maximized [37].
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The photograph of the nanowire FET measurement setup is shown in Figure A2 in
Appendix A. Its schematic is shown in Figure 2a. It contains three parts: the sensing part,
the low pass filter, and the data acquisition part. The reservoir on the SINWs devices is
made with the Tygon tube, which is fixed with epoxy. The Ag/AgCl wires electrode is for
the pseudo reference electrode, which is used for applying the quiescent bias. The low pass
filter part consists of a quad low noise operational amplifier (The type is LT1125), which is
configured as a current-to-voltage converter. The SiNWs device is wire-boned to connect
the low pass filter part. The data acquisition employs a USB national instrument Data
Acquisition (NI USB DAQ) Card. The custom Labview software is used as an interface for
controlling and reading data [38]. For the sensing part, the PDMS was used to reduce the
influence of the potential of the bias.
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Figure 2. (a) Schematic diagram of the multiplexed detection setup. (b) pH sensing over the range
of interest from a representative device. (c) normalized noise current power spectral density of the
nanowire FET.

To obtain the device’s sensitivity, the solution with different pH was continuously
introduced via a microfluidic channel for the test. Here, buffers of pH 4, 5, and 6 are
flowing over the SINWs to assess the device’s sensitivity to pH, which are interest regions
for this experiment. The results are shown in Figure 2b. The Ay is in accordance with the
ordinate, defined as surface potential. Its values can be acquired by taking the difference
between the staring current values and the measured real-time current and dividing by the
device transconductance, which has the expression (1). Since the potentiometric biosensor
employing the microfluidics and flow system for analytes detection will be influenced by
the streaming potential, it is essential to keep the flow-induced noise small. The normalized
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noise current power spectral density of two representative gate voltages is shown in
Figure 2c, which has a smaller value than the data shown in [38]. It indicates that the
influence of the streaming potential on the measurement data in Figure 2c is small. Based
on the measured results, 16 samples/s were chosen as the sample rate for the measurement.

~Ids — Ids

1
o )

Ay
where the Ids is the measured real-time current, Ids is the measured current at the starting
time, gy, is the device transconductance. The pH sensitivity of the typical device is obtained
as 58.4 mV/pH, which is close to the Nernst limit of 59.1 mV /pH at room temperature. The
device has a measured limit of detection (LOD) of 0.01 pH. The narrow range pH sensing
data from the device is shown in Figure A3 in Appendix A.

The overview of the proposed biosensing method is shown in Figure 3. The acquired
measured data based on the reaction between the enzyme and substrate is detailed. At
t = 0, the enzyme (blue) and substrate (red) are put into the reservoir and allowed to react
shown in Figure 3a. Figure 3b shows the substrate is catalyzed by the enzyme, and the
products (green) have been converted from the substrates. It will change the pH of the
solution, and the change in pH can be captured by the nanowire in the solution in real-time,
which will induce the current change of the FET. As the reaction in the solution moves on
to the end, all the available substrates are catalyzed, hence the signal becomes stable, as
shown in Figure 3c.

t>0

(a) (b) (c)

Figure 3. Overview of the biosensing method to detect the substrate (red) by employing the enzyme
(blue). (a) Beginning of the reaction; (b) the substrate is catalyzed by the enzyme to be converted to
product (green) with passing time; (c) the reaction is finished when all available substrates have been
converted to products.

2.3. The Mechanization of Detection of the Glutamine

Just one hydrolyzation reaction was employed, which is much more convenient
compared with the two-stage reactions. The enzyme glutaminase is used in the paper for
glutamine metabolism. Glutaminase is a mitochondrial enzyme. It can hydrolyze glutamine
to glutamate and ammonia. Humans possess several different glutaminase isoforms. These
are encoded by genes on chromosomes two and twelve and the distribution of different
forms in human tissues. They have different optimal working conditions [39]. The optimal
pH condition for the glutaminase in this paper is 4.9. The hydrolyzation reaction is given
below (2):

L-Glutamine + H,O L-Glutaminase 51 tamate + NH; )

For the hydrolyzation reaction, both the initial buffer with high pH or low pH can
be employed to detect the glutamine concentration. Compared to using a solution with
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a high pH, the experiments are more easily to be a success by using a solution with a
low pH. It is due to that sensing layer of Al,O3 that our devices performed badly in the
solution with high pH (pH > 9). So the low pH buffers were chosen to do the experiments.
The dissociation constant of different groups in L-glutamine and L-glutamate is shown in
Figure A4 in Appendix A. In the hydrolyzation process, new products are produced, which
induce the variation of solution pH. To reduce errors, the 40 mM Glutamine solution was
prepared. And all other solutions with different concentrations were diluted from it.

3. Results and Discussion
Measurement

The measurements were implemented by using the setup shown in Figure 2a. The
surface potential was obtained based on (1). The real-time results are shown in Figure 4a.
The procedure is given. (1) put the different concentrations of the glutamine solution into
the reservoir shown in Figure 2a (200 puL). (2) start the data acquisition. (3) pipette the
enzyme into the reservoir (5 uL, 62.5 U/mL), which corresponds to the case in Figure 3a.
The buffers mainly contain L-glutamine, L-glutaminase, and sodium acetate. (4) wait until
the real-time curves are stable and stop the data acquisition. At this time, the buffers
mainly contain L-glutaminase, sodium acetate, L-glutamate, and ammonia. It may contain
L-glutamine when the buffers have a great deal of substrate at step (1).
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Figure 4. (a) Potential signal versus time with different glutamine concentrations. (b) pH variation
versus glutamine concentration and Sigmoidal fitting result.

Based on Figure 4a, the concentration of the glutamine can be determined. However,
it isn’t convenient to read the values. The Sigmoidal function is used for modeling in this
paper. The equation is given in (3). The fitting values are given in Table A1l in Appendix A.
The fitting result is shown in Figure 4b.

ApH = g 3)

(a+)"

Figure 4b shows the pH variation corresponding to Figure 4a. The data are extracted
from the stable region in Figure 4a. The error bars are also depicted in the figure to show
the different device errors. Because the method we used is a potentiometric one, different
devices do not have large differences. The relationship between the pH of the solution
as a function of the glutamine concentration is proposed by the Sigmoidal function in
Figure 4b. The pH of the solution enhanced gradually with the increase of the glutamine
concentration. With relatively low concentrations of glutamine, the variation of the solution
pH was small. The pH changed a lot when the concentration was in the range of 320 uM
and 10 mM, which means that it is an optimal range for detecting glutamine. At a high
glutamine concentration, the signal tended toward saturation. It is most likely because



Biosensors 2022, 12, 368

6 0f 9

of the dramatic change in the solution, which is not suitable for the reaction between the
substrate and enzyme. For the whole process, the Sigmoidal function can be successfully
used to capture the relationship between them. Glutamine detection can be obtained with
a starting concentration of as low as 40 uM, which can be figured out in Figure 4a with the
blue line.

4. Conclusions

In this paper, we have shown that a fast and direct method can be employed to measure
the glutamine-glutaminase interactions by using the silicon nanowire biosensors, which
need only one hydrolyzation reaction to determine glutamine concentration. Due to that,
the pH variations of the solution can be monitored, and a highly surface-sensitive layer is
utilized. This approach is label-free and has a sensitive detection region from <40 pM to
20 mM for the substrate, respectively. The relationship between the glutamine concentration
and pH change of the solution can be depicted by using the Sigmoidal function. Because
the surface potentials are recorded, it can effectively improve the inconsistency among
different devices compared to the amperometric method. Our approach can be applied to
detecting a broad range of substrates.
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Figure A1. Close-up scanning electron micrograph of a single nanowire post-fabrication.
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Figure A2. Photograph of nanowire FET measurement setup.
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Figure A4. Dissociation constant of different groups in L-glutamine and L-glutamate.

Table A1. The fitting values for expression (3).

Fitting Parameter Values
A 0.41381
x0 1.20574
h 0.92656
s 1
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