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g r a p h i c a l a b s t r a c t
� A biosensor integrating a thin-film
transistor (TFT) and a microfluidic
channel for benchmarking biochem-
ical reactions.

� The sensor extracts binding charac-
teristics through sensing bio-
molecules by their electrical charges.

� Bioreaction kinetics in the protein-
ligand biochemical interaction are
determined through TFT current
changes.

� The binding kinetics can be moni-
tored in the real-time manner with
the proposed biosensor setup.
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a b s t r a c t

Understanding the binding affinities and kinetics of protein-ligand interactions using a label-free method
is crucial for identifying therapeutic candidates in clinical diagnostics and drug development. In this
work, the IGZO-TFT (thin-film transistor) biosensor integrated with a tailored microfluidic chip was
developed to explore binding kinetics of protein-ligand biochemical interactions in the real-time
manner. The IGZO-TFT sensor extracts the binding characteristics through sensing biomolecules by
their electrical charges. Using lysozyme and tri-N-acetyl-D-glucosamine (NAG3) as an example, we
established a procedure to obtain the parameters, such as the dissociation constant, Kd, and association
rate constant, ka, that are critical to biochemical reactions. The correlation between the lysozyme con-
centration and TFT drain current signal was first constructed. Next, solutions of lysozyme and NAG3 of
different mixing ratios were prepared. They were pre-mixed for various periods of reaction time before
applying to the TFT sensor to extract signals of lysozyme molecules and the concentration remaining.
With the knowledge of drain current changes at different reaction times, ka and Kd can be obtained. The
values from our experiment are comparable to other methods, which suggests the proposed approach
can be employed to explore protein-ligand interaction kinetics in the massively parallel manner if the
TFT array is considered.
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1. Introduction

Analysis of protein-ligand interactions and protein-protein in-
teractions is the core of many scientific applications, and is
important to the tissue distribution, metabolism, and drug dis-
covery [1]. When studying the interactions, the ability to quantify
binding affinities through understanding biochemical reaction
mechanisms and kinetic parameters, such as equilibrium dissoci-
ation constants, is central to understanding the complexes formed
[2e4]. Since a drug action occurs only when the drug is bound to
the corresponding receptor (e.g., proteins) [5], the in vitro assess-
ment of binding is paramount for pharmacological activities. Pre-
viously, the binding parameters, such as dissociation constant, Kd,
were considered as a valid surrogate to quantify the drug efficacy,
upon which many efficacious drugs have been discovered. How-
ever, recent studies reckon that understanding the kinetics of
drugereceptor binding could be more important in determining
drug efficacy [6]. For some in vivo experiments, the ligand con-
centration isn’t a constant and the reaction rate varies with the
environment.7 In these cases, the duration of efficacy of a ligand is
no longer well described by the dissociation constant measured
from in vitro experiments. Instead, the rate of receptoreligand as-
sociation and dissociation, generally reflected by association rate
constant, ka, and dissociation rate constant, kd, are more appro-
priate. Also, the binding kinetics may influence the clinical differ-
entiation and safety. The maximization of a drug’s therapeutic
index and decrease of drug attrition can be done through the
optimization of binding kinetics [7e9].

Common methods of assessing protein-ligand interactions are
based on molecular recognition. The sensing mechanism can be
classified as label-based and label-free measurements. Label-based
detections, such as fluorescent cyclic adenosine monophosphate
(cAMP) analog [10], require labeling molecules with fluorescence.
The labeling process is usually complex and difficult even though
low detection limit can be achieved [11]. On the other hand, for
label-free detections, such as surface plasmon resonance (SPR) [12],
mass spectrometric (MS) [13], nuclear magnetic resonance (NMR)
[14], isothermal titration calorimetry (ITC) [15], and quartz crystal
monitor (QCM) [16], large sample quantity or surface immobiliza-
tion is generally indispensable. For the above approaches, protein
immobilization and even the fluorescent labeling may change the
conformational and translational/rotational entropies and influ-
ence the kinetics evaluation, which introduces potentially incorrect
or misleading results in key kinetic parameters [3,6].

Transistor-based biosensors are an applicable technique for
biomaterial detection with or without labeling. It provides the
advantages of real-time sensing, simplicity, compactness, high-
sensitivity, and cost-effectiveness [17]. The miniaturization prop-
erty also makes it suitable for lab-on-a-chip technique [18]. We
previously demonstrated TFTs (thin-film transistors) for biomate-
rial recognitionwith limit of detection (LOD) as low as 36.2 fM [19].
For the transistor-based biosensors, the signal readout is related to
the amount of electrical charges carried by biomolecules can be
very sensitive with nowadays’ electronic equipment. By integrating
with the microfluidic system, the diffusion characteristics of target
molecules can be employed for molecular recognition in the solu-
tion where biochemical reaction occurs [20,21]. Complete and
incomplete reactions, which are critical to the binding affinity and
other parameters for drug discovery can thus be determined using
our approaches.

In this paper, we propose an approach that is completely
different from the traditional methods to investigate the protein-
ligand interaction kinetics. We demonstrate the applicability of
the TFT biosensor integrated with a microfluidic channel on
extracting the dissociation constant of lysozymewith its ligand, tri-
N-acetyl-D-glucosamine (NAG3), without immobilizing protein in
advance. Key parameters, such as the association rate constant and
the dissociation constant, agree with the values reported using
other methods. Our results suggest a new platform for massive
identifying therapeutic candidates in clinical diagnostics and drug
development using the TFT arrays.
2. Material and methods

2.1. Fabrication and principle of biosensing

The schematic cross-sectional view of the sensing device is
shown in Fig. 1(a). It consists of a double-gate TFT that acts as a
transducer to convert the biological signals into drain current and a
microfluidic channel that is designated for biomolecule diffusion.
The operation principle for the TFT to behave as a biosensor can be
understood as follows: electrons in the IGZO channel layer are
accumulated at the bottom of the IGZO layer once the bottom-gate
electrode is biased at a voltage above the threshold. The electrons in
the bottom IGZO constitute to the horizontal carrier flow and drain
current is generated when there is a voltage difference between
drain and source electrode (see Fig. 1). The drain current is
dependent on the gate voltage, an electrical behavior defined as
transconductance. The bottom-gate electrode in our device
configuration is to provide bias current and meanwhile act as a
reference electrode for top-gate biosensing. As indicated in Fig.1(a),
a gold electrode in themicrofluidic channel is wire bound to the top
gate of the TFT so that the electrical charges of the biomolecules
captured on the gold electrode can induce electrical carriers with
an opposite polarity on the other side, i.e., the upper side of the
IGZO layer. For example, positive charges carried by the lysozyme
molecules under in the buffer with a pH value of 7.4 will attract
electrons in upper side of the IGZO layer, which decreases the
electron density at the bottom of IGZO channel when the device is
operated at the saturation region. The drain current is thus
decreased because of less electrons in the channel when positive-
charge target analyte is detected. We used polydimethylsiloxane
(PDMS) to form a microfluidic channel, which the biomolecule
solution is applied at one end and flows through the channel to the
other end.

The device structure of a staggered and double-gate TFT is
shown in Fig. 1(b). The fabrication started with DC sputtering
250 nm-thick molybdenum (Mo) on the Corning Eagle 2000 glass
substrate. The bottom gate electrodewas patterned by reactive ion-
etching (RIE). We then deposited a SiO2 dielectric layer with a
thickness of 100 nm by plasma enhanced chemical vapor deposi-
tion (PECVD), and followed by 50 nm IGZO
(In2O3:Ga2O3:ZnO ¼ 1:1:1) active layer sputtering. The channel
region was defined by HCl wet etching. The Mo source and drain
contact electrodes were then deposited. As for top gate, the 200 nm
SiO2 dielectric layer was coated by PECVD; and a 200 nm Au top
gate was evaporated to complete the process of a double gate TFT.

To fabricate the microfluidic channel, we first deposited a
200 nm Au film on a Corning Eagle 2000 glass substrate as the
sensing pad followed by lamenting a patterned PDMS film as a
microfluidic channel (see Fig. 1(a)). The PDMS channel was pre-
pared by mixing the PDMS prepolymer and curing agent (Sylgard
184 silicone elastomer kit, Dow Corning, Midland, MI) with a
weight ratio of 10:1. Themixturewas poured into a petri dishwith a
linear acrylic mold (with width, length and height of 1, 14 and
1 mm, respectively). It was cured at 80 �C for 30 min. After curing,
the PDMS film was peeled off from the petri dish. The inlet and
outlet via holes was open with a diameter of 6.1 mm before
attached to the glass substrate.



Fig. 1. (a) Schematic diagram of the IGZO-TFT biosensor integrated with a microfluidic channel. (b) Cross sectional view of the staggered and double-gated TFT.
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2.2. Measurement

Before we conducted the measurement, the region of interest
(ROI) (on the Au sensing electrode) was functionalized with a cross
linker layer, which was formed by immersing in 11-
Mercaptoundecanoic acid (11-MUA) for 2.5 h at room tempera-
ture and washed by phosphate buffered saline (PBS). The target
analytes, lysozyme and NAG3, of the desired concentration were
prepared by diluting in 0.01 � PBS. The measurement procedure
can be divided into the following steps. First, the drain current
response of a TFT biosensor was monitored over a period of time
with the microfluidic channel filled with only 0.01� PBS (bare chip
electrical response). The TFT was biased at drain-source voltage,
VDS, of 5 V and gate-source voltage, VGS, of 10 V. The sampling rate is
10 s. The bias condition and sampling rate will be applied to all of
the subsequent TFT measurement in this work. Next, the micro-
fluidic channel was prefilled with 14 mL of 0.01xPBS and stabilized
before injecting 0.01 � PBS (pH 7.4) by syringe pump at the time
t ¼ 200 s. Current response of the injection is monitored and
compared with that of bare chip. The purpose of the above steps is
to understand the stress behavior of the TFT device and meanwhile
perturbation from solution injection. Typically, for a TFT with
amorphous channel material layer, a recoverable current degra-
dation is observed during electrical stress [22].

The status of biochemical reactions is studied based on the
knowledge of concentrations of biochemical species at different
reaction durations. For the current responses measurement, the
microfluidic channel is first prefilled with 14 mL of 0.01xPBS before
injecting target analytes. In the calibration step, we correlated the
biomaterial concentration to the TFT drain current response.
Lysozyme solutions of different concentrations (5, 1, 0.5, and
0.1 mM) were introduced to the microfluidic channel to extract the
diffusion time across the channel and drain current changes. Next,
the lysozyme-NAG3 binding kinetics was investigated by charac-
terizing the diffusion time and current increments of the mixture.
The solutions of lysozyme and NAG3 under various mixing ratios for
different periods of reaction time were monitored by the TFT.
Because lysozyme and NAG3 bonded to the cross-linkers may block
some binding sites of the complex (a phenomenon called screening
effect in this work), the amount of current response of lysozyme
and mixed solution may not directly reflect the actual concentra-
tion obtained from the calibration steps. The relationship of lyso-
zyme concentration and drain current change was re-calibrated.
Based on the calibrated relationship, the amount of lysozyme
concentration remaining after reaction is obtained. Details of cali-
bration and fitting will be explained later. The association rate
constant, ka, and the dissociation constant, Kd, of the lysozyme-
NAG3 binding reaction can thus be calculated. The experimental
steps are illustrated in Fig. 2.
3. Results and discussion

3.1. Real-time analysis of lysozyme and NAG3 diffusion in
microfluidic channel

The bare chip TFT current response with the microfluidic
channel filled with PBS is demonstrated in Fig. 3. Because of the
unavoidable defects in the IGZO channel, gate dielectric and thin
film interfaces, the amorphous type IGZO TFT under continuous
electrical stress experiences a recoverable decrement of drain
current [22]. The current decay in Fig. 3 may also be attributed to
the ionic redistribution in solution [23]. It can also be affected by
the solution injection turbulence in themicrofluidic channel. When
we injected 0.01 � PBS buffer to the inlet of the fluidic channel at
t ¼ 200 s, a sudden increase of drain current at t ¼ 300e350 s was
observed. The drain current will then resume to the stable state



Fig. 2. Experimental flow conducted in this work for characterizing the biochemical kinetics.
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(see Fig. 4) that decreases with time.
Next, the drain current changes of lysozyme with the concen-

tration of 5,1, 0.5, and 0.1 mMwere extracted. The transient current
response of each concentration is shown in Fig. 5. Other than an
injection turbulence as explained, the curve experiences the
change of slopewhen the lysozyme arrives at the ROI at the interval
between 500 and 540s. Our previous work [24] suggests that the
arrival time is independent of the concentration when the con-
centration is much smaller than the typical virial coefficient.
Because lysozyme biomolecules carry positive charges under pH 7.4
[25], a decrease of drain current is observed because electrons are
attracted from the bottom side of IGZO layer to the top (IGZO/top
dielectric interface), resulting in the decrease of channel current.
The amount of current decrease is directly correlated to the con-
centration of the lysozyme concentration. In Fig. 4, change of drain
currents is determined by the starting and ending points, which the
slope at the point of interest is becoming 70% higher or lower than
the average slope of previous at most 20 points of the same stage.
For example, the starting point in Fig. 4 is the time the current
change from the previous sampling is 70% higher than the average
current change of previous 20 points. Points beyond the starting are
considered as the stage target analyte is captured by the cross
linkers. The ending point is determined when the slope is 70%
lower than the average slope of at most previous 20 points at this
stage. Once most of the cross linkers capture the lysozyme mole-
cules arrived at ROI and thus the amount of drain current change is
Fig. 3. Transient drain current properties of a bare TFT chip with and without the
injection of 0.01 � PBS solution.
saturated, the drain current will gradually resume to the original
path of current decrease. The phenomenon is generally valid for all
of the single molecular solutions because electrical carriers in the
TFT material structure will compensate charge variations in the
accumulation type transistors, when the external perturbation
becomes stable [26]. Finally, we plot the current change vs. lyso-
zyme concentration (see Fig. 6) in logarithmic scale. Two data sets
were extracted from two separate devices. A linearity R2 of 0.999 is
obtained with a fitting curve shown in the figure.

We also conducted experiment on monitoring current changes
of NAG3 solution, but no obvious current change was observed. It
suggests that NAG3 solution doesn’t carry net electrical charges in
our experiment.

3.2. Determination of reagent concentration during lysozyme and
NAG3 reaction

The reagent concentration of the biochemical reaction between
lysozyme and NAG3 is next analyzed. We prepared three different
ratios of lysozyme and NAG3 concentration, i.e., 1 mM lysozyme and
2.5 mM NAG3, 2.5 mM lysozyme and 2.5 mM NAG3, and 2.5 mM
lysozyme and 1 mM NAG3. They were premixed in separate micro-
centrifuges for 5 min, 0.5, 1, 1.5, 2, 3, and 4 h before applying to the
microfluidic channel. The transient drain current responses from,
for example, the 1.5 hr-premix solution are shown in Fig. 7. The
curve possesses basically two upward turning points that indicates
signals of the reagents and products, one at around t ¼ 500e540 s
while the other one at around 850 s. Because, based on the results
in Fig. 5, lysozyme arrives at the ROI at around t¼ 520 s, the starting
point of the first variation suggests the arrival of lysozyme mole-
cules at ROI. And the second variation is the signal of lysozyme-
NAG3 complex as the diffusion coefficient of the complex is smaller
than that of lysozyme [27]. In Fig. 7(c), since the signal of the 2nd
variation can’t be clearly demonstrated, a close-up view is shown to
reveal the slope change at the starting point, even though the 2nd
variation isn’t used for determining the reaction kinetics.

As indicated earlier, though NAG3 has insignificant effect of
inducing additional electrical carriers, the smaller molecular
weight of NAG3 has higher diffusion coefficient and thus it reaches
ROI before lysozyme and complex. NAG3 is the first to bind with the
cross linkers, causing the screening effect (see the illustration in
Fig. 8). As a result, unlike the experiment with only lysozyme
molecules in the solution that bind directly to the cross linkers,
lysozyme in the mixture will face a situation that most of the
binding sites in the cross linkers are occupied by NAG3 because
NAG3 molecules reach ROI faster than lysozyme. The binding be-
tween lysozyme and NAG3 results in altering the lysozyme



Fig. 4. A schematic drain current profile that illustrates physical events during biomaterial diffusion in the microfluidic channel. When the solution is injected at t ¼ 200 s, we first
observe injection turbulence. Next, a decrease or increase (depending on species in the solution) of drain current indicates capture of biomaterials by the cross linkers in the ROI.
The current variation is determined by the slope changes, as compared with the average of slopes of 20 points of earlier time and at the same physical stage.

Fig. 5. Transient drain currents of lysozyme solutions of different concentrations.
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structural stability and can affect the protein’s dipole moment di-
rection, which induces different electrical responses from bare
lysozyme. Drain current response profiles of the mixture will be
very different from solutions with only lysozyme. The phenome-
non, called screening effect in this work, is illustrated in Fig. 8.
Although we can’t rule out the possibility that part of the bindings
between NAG3 and cross linkers are reopened as lysozyme replaces
NAG3, the overall effect with the existence of NAG3 is the sup-
pression of lysozyme binding to the cross linkers. One should also
note that in Fig. 4, drain current decreases when lysozyme reaches
ROI. However, the binding of lysozyme to NAG3 in Fig. 7 results in
the increase of drain current. The trend of current increase is
observed for all of the solutions with various mixing ratios, sug-
gesting screening effect plays a critical role.

A method to calibrate out screening effect is by comparing the
responses of short and long reaction time of the mixture. In our
case, the reaction time of 5 min is assumed to be too short for the
reaction to happen, and is considered as “the initial state”. For



Fig. 6. Correlation of drain current change and lysozyme concentration. The equation
of the fitting curve is shown in the plot.
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example, for the mixture with 1 mM lysozyme and 2.5 mM NAG3,
we assume the lysozyme concentration remains 1 mM after 5 min
of reaction (the duration can be shorter depending the analytes of
the experiment). However, as shown in Fig. 8, current variations of
1 mM in the mixture is much smaller than the pure lysozyme so-
lution. Ratio of the current change between lysozyme in the
mixture and pure lysozyme solution is regarded as the revision
factor and will be used to correlate lysozyme concentration in the
mixture and the fitting curve in Fig. 6. Table 1 shows the revision
factors of different mixture solutions. To understand how the
Fig. 7. Transient TFT drain currents for mixtures of (a) 1 mM lysozyme and 2.5 mM NAG3, (b
were all reacted for 1.5 h before dispersing to the inlet of microfluidic channel. There are two
The first one corresponds to the arrival of lysozyme (first variation) while the second varia
revision factors are obtained, taking the initial lysozyme concen-
tration 1 mM as an example, the current response of the mixture
(1:2.5 for lysozyme:NAG3) reacted for 5 min is 0.388% (which is the
average drain current changes of two measurements in our work),
while that of pure 1 mM lysozyme solution is 0.883% (which is
obtained from the correlation equation in Fig. 6). The ratio between
0.883% and 0.388% is 2.276. It means that for the mixing ratio of
1:2.5, in order to obtain the real lysozyme concentration in the
solution, current responses of the mixture at different reaction
times have to be multiplied by 2.276 before they can be correlated
to the fitting curve in Fig. 6. The screening effect can be observed by
comparing the revision factors in Table 1. For the mixing ratio of
1:2.5 and 2.5:2.5, the initial NAG3 concentration is 2.5 mM. They
both have very close revision factors. On the other hand, for the
mixing ratio of 2.5:1, the revision factor is smaller because the
initial NAG3 is only 1mM. The larger revision factor suggests amore
severe screening effect and is correlated to the higher NAG3
concentration.

The procedure of obtaining lysozyme concentration from Fig. 7
is elucidated as follows: for Fig. 7(a), lysozyme current increase is
0.20% for 1 mM lysozyme mixed with 2.5 mM NAG3. From Table 1,
0.20% is multiplied by the revision factor 2.276 to be 0.455%.
Following the equation in Figs. 6 and 0.455% of drain current
change translates to 0.225 mM of lysozyme. In Fig. 9, the original
drain current response and the revised current response by
considering the screening effect are shown at different reaction
times.

The lysozyme concentrations after various reaction times of
three mixtures are shown in Fig. 10, along with the fitting curves
and equations. The lysozyme concentration is obtained by con-
verting the average of revised current changes in Fig. 9 based on the
) 2.5 mM lysozyme and 2.5 mM NAG3, and (c) 2.5 mM lysozyme and 1 mM NAG3. They
upward turning points in the curves, one at around 500s and the other at around 850s.
tion is the lysozyme-NAG3 complex.



Fig. 8. Illustration of molecule capture process of (a) Lysozyme solution (b)
lysozyme þ NAG3 solution. Note that in addition to the screening effect, with the
presence of NAG3, the drain current will be increased instead of decreased as opposed
to the case of pure lysozyme solution.

C.-H. Chou et al. / Analytica Chimica Acta 1110 (2020) 1e10 7
fitting equation in Fig. 6. By taking the derivative of the equations at
x ¼ 0 (x is the reaction time), the initial reaction rates can be ob-
tained and are labelled in the figure.

Alternatively, the reaction rate can be written as:

Reaction rate¼ ka½Lysozyme�a½NAG3�b (1)

Where ka represents the association rate constant, a and b are the
partial orders. At t ¼ 0, the reaction rate can be obtained by taking
the derivative of the fitting equations in Fig. 10. Equation (1) is
expressed as,

1:72
�
mM
hr

�
¼ ka½1�a½2:5�b (2)

3:04
�
mM
hr

�
¼ ka½2:5�a½2:5�b (3)

1:89
�
mM
hr

�
¼ ka½2:5�a½1�b (4)

(2), (3) and (4) are the reaction rates corresponding to Fig. 10(a),
(b) and (c), respectively. By solving equations (2)e(4), which are
based on the experimental results and reflect the real reaction
situation, a and b are 0.62 and 0.52, and the association rate con-
stants, ka, is 1.070 mM�1hr�1 (0.297 M�1s�1).

Because the lysozyme-NAG3 binding reaction is an elementary
reaction, the partial orders a and b obtained above are correlated to
the stoichiometric coefficients [28]. The reaction formula is written
as:
Table 1
Revision factors of the mixtures in the experiment.

Mixing
Ratio

Initial
Lysozyme
Concentration (mM)

Original
Current Response

1:2.5 1 0.388
2.5:2.5 2.5 0.547
2.5:1 2.5 0.866

a Based on the correlation in Fig. 6.
LysozymeþðNAGÞ3/Complex (5)

Ideally, both the stoichiometric coefficients of lysozyme and
NAG3 are 1. Thus, both the partial orders, a, and b, should be 1. The
values we obtained from the experiment suggest the deviation of
lysozyme and NAG3 bioreaction from the ideal case.

The lysozyme-NAG3 binding reaction is assumed to reach the
equilibrium state after 4 h. According to Fig. 10, the lysozyme
concentration remaining after 4 h of reaction is 0.028, 0.332, and
1.551 mM for mixing ratio of 1:2.5, 2.5:2.5, and 2.5:1, respectively.
The dissociation constant, Kd, can be estimated to be:

Kd¼
½Lysozyme�½NAG3�

½Complex� (6)

Based on the reaction formula (5) and equation (6), the disso-
ciation constants of three mixing solutions are shown in Table 2.
Here Kd was obtained by observing the lysozyme concentration
change from the drain current. The NAG3 and complex concentra-
tions were calculated from the reaction in (5). For comparisons,
Table 3 lists Kd of Lysozyme�NAG3 reaction obtained from our
approach on three mixing ratios and others reported in the litera-
ture. It should be noted that Kd is determined from the solutions
reacted for 4 h, which may not reach the equilibrium state yet.
However, our results indicate a consistent trend. The ratio of the
mixture modifies the strength of intermolecular interactions
holding a particular ligand-protein complex together. The smaller
the dissociation constant, the more tightly bound the ligand is, or
the higher the affinity between ligand and protein. In Table 3, the
lowest ratio of lysozyme and NAG3 possesses the lowest Kd, which
is consistent with the above description because a higher weighting
of NAG3 is more tightly bound to the protein.

The parameters explored in this work, such as association rate
constant and dissociation constant, are key to the investigation of
biochemical reactions, especially for drug discovery. They have
therapeutic implications for efficacy and safety of drugs. The IGZO-
TFT biosensor as proposed in this work provides efficient moni-
toring of biochemical reactions. Our approach doesn’t require la-
beling or immobilization of target protein on the sensing surface,
avoiding potential misleading results in some conventional
methods [3,6]. The partial order as obtained from the rate equation
helps to understand stoichiometry of the protein-ligand reaction. In
addition, the TFT and microfluidic channel can be fabricated in
array, a parallel approach to detect biochemical reactions, so that
high-throughput measurement for the pharmaceutical industry
can be realized.

4. Conclusion

In this work, the IGZO-TFT biosensor integrated with a micro-
fluidic channel was demonstrated for monitoring protein-ligand
biochemical reaction without labeling and forehanded protein
immobilization. Using lysozyme-NAG3 binding reaction as an
example, we elucidated the procedure to extract the kinetic pa-
rameters. The amount of current changes induced from lysozyme
(%)
Current Responsea (%) Revision Factor

0.883 2.276
1.326 2.424
1.326 1.531



Fig. 9. Drain current changes of the original and revised responses at different reaction
times. The original current changes were obtained from the mixture, while the revised
is the original current change multiplied by the revision factor. Each measurement was
conducted twice.

Fig. 10. Correlation between the lysozyme concentration remaining and the reaction
time for (a) 1 mM lysozyme and 2.5 mM NAG3, (b) 2.5 mM lysozyme and 2.5 mM NAG3,
and (c) 2.5 mM lysozyme and 1 mM NAG3 mixing solutions. The concentration was
determined from the average of revised current changes in Fig. 9 and the fitting
equation in Fig. 6.
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Table 2
Remained concentrations of lysozyme, NAG3 and complex of three mixtures. The dissociation constant, Kd, is calculated based on the remained concentrations.

Mixing Ratio [Lysozyme] (mM) [NAG3] (mM) [Complex] (mM) Kd (mM)

1:2.5 0.028 1.528 0.972 44.02
2.5:2.5 0.332 0.332 2.168 50.84
2.5:1 1.551 0.051 0.949 83.35

Table 3
Comparisons of the dissociation constant, Kd, of Lysozyme�NAG3 reaction obtained from our approach and others
reported in the literature.

Method Kd (mM)

Electrospray Ionization Mass Spectrometry [29] 19
Transient Induced Molecular Electronic Spectroscopy [3] 39.81
Nanoelectrospray Ionization Mass Spectrometry [30] 39
This Work 44.02 (Mixing ratio: 1:2.5)

50.84 (Mixing ratio: 2.5:2.5)
83.35 (Mixing ratio: 2.5:1)
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only in PBS solution is different from that of lysozyme mixed with
NAG3. A calibration technique in ruling out the screening effect was
developed to obtain the real reagent concentration in the mixture.
The association rate constant, ka, and the dissociation constant, Kd,
extracted in our approach are comparable to those from other ap-
proaches in the literature. Since TFTs and microfluidic channels can
be fabricated in array, our method provides a platform that is
capable of massively determining biochemical characteristics,
which possesses the potential for applications in high-throughput
measurement for the pharmaceutical industry.
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Abbreviations

TFT thin film transistor
NAG3 tri-N-acetyl-D-glucosamine
ka association rate constant
Kd dissociation constant
cAMP fluorescent cyclic adenosine monophosphate
SPR surface plasmon resonance
MS mass spectrometric
NMR nuclear magnetic resonance
ITC isothermal titration calorimetry
QCM quartz crystal monitor
LOD limit of detection
PDMS polydimethylsiloxane
Mo molybdenum
RIE reactive ion-etching
PECVD plasma enhanced chemical vapor deposition
ROI region of interest
11-MUA 11-Mercaptoundecanoic acid
PBS phosphate buffered saline.
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