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a b s t r a c t

The biosensor based on total internal reflection imaging ellipsometry (TIRIE), regarded as an automotive
real-time research approach for biomolecular interaction, is introduced to analyze the kinetic process of
the weak interaction between tris and lysozyme. The experiment is performed by delivering lysozyme
solution diluted to different concentrations to the biosensor substrate interface immobilized with tris. By
applying pseudo-first-order interaction kinetics model, we are able to obtain the kinetic parameters from
fitting experimental data. The calculated association rate constant and dissociation rate constant of tris
and lysozyme interaction are in 10�2 mol�1 s�1 and 103 s�1 magnitude, respectively. To further improve
TIRIE!s ability for kinetically characterizing biomolecular interaction, a theoretical method to deduce
associate rate constant before experiment is proposed.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Biomolecular interactions control all kinds of biological phe-
nomenon [1e3], since every life process is resulted in the physical
or chemical changes caused by the interactions between biological
and chemical molecules, such as neural signal transduction [4],
immunological reaction [5], affection of enzyme to substrate [6],
and etc. Kinetic analysis of bimolecular interaction process can help
us to obtain kinetic parameters and to reveal the laws of life pro-
cesses [7], especially the weak affinity interaction which usually
presents a transient process. Weak affinity interactions, which play
significant roles during physiological process in living organisms
[8,9], used to being regarded as non-specific and they have been
ignored for a long time. With the development of research tech-
niques in recent years [10e12], study of the weak affinity interac-
tion begins available.

There are many experimental methods, including surface plas-
mon resonance (SPR), enzyme-linked Immunosorbent assays
(ELISA), quartz crystal microbalance (QCM) and TIRIE biosensor,
now being applied to observe the bimolecular interaction process
[13e16]. Working at the total internal reflection mode, TIRIE which
ing ellipsometry.

ution to this work.
integrated with the imaging ellipsometry system and micro-fluidic
system can monitor the real-time bimolecular interaction process
with high sensitivity and throughput [17e19]. In our previous
work, TIRIE biosensor is proved that it is competent for the detec-
tion of the representative weak affinity interaction between tris
and lysozyme [20]. However, the kinetics of tris and lysozyme
interaction remains unknown. In this paper, wewould like to utilize
TIRIE biosensor to explore the kinetics between tris and lysozyme.

To improve TIRIE's ability of obtaining kinetic parameters, the
commonly used theoretical models, including Langmuir model
[21], diffusion particle model [22] and pseudo-first-order interac-
tion kinetics [23], are needed to fit the experimental data. As all the
abovemodels can only be applied after the experimental data being
collected, the kinetic parameters obtained by the fittings are
depended on the experimental data. The pseudo-first-order inter-
action kinetics, which is closest to the physical pictures of bio-
molecular interactions taking place in the micro-fluidic system of
TIRIE biosensor, is chosen for the kinetic parameters acquisition.
2. Material and methods

2.1. TIRIE biosensor system

The work principle of TIRIE biosensor has been elaborated in
Refs. [17,24] and the schematic diagram of its integrated system is
shown in Fig. 1. The TIRIE biosensor consists of an imaging
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Fig. 1. Schematic illustration of TIRIE biosensor system. Intergraded by an optical detection system and a micro-fluidic reactor system, TIRIE biosensor can real-time monitor the
kinetic process of biomolecular interactions.
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ellipsometry system which works at the total internal reflection
mode and a micro-fluidic reactor systemwith 24-cells micro-array.
A golden substrate, the bottom of which contacts the micro-array
reactor and the glass side of which closely link with a prism, is
utilized as bio-sensing interface and also optical detection surface.
By the substrate, the imaging ellipsometry system can be inter-
graded with the micro-fluidic reactor system to perform the real-
time analysis of bio-molecular interaction process. From the light
source, the light beam goes through the polarizer and the
compensator and then penetrates into the coupling prism
perpendicularly. Since the incident angle set larger than the total
internal reflection angle, the light beam is reflected totally at the
substrate interface. An evanescent wave appearing at the substrate
interface is used to detect the surface mass concentration change
induced by the biomolecular interaction on the substrate. By the
bio-activity, the ligand molecules immobilized on the substrate
interface could capture the target molecules during the flow solu-
tion, leading to a change of the surface mass concentration. The
micro-fluidic reactor system is made of polydimethylsiloxane
(PDMS), which includes a 3 � 8 cell array and each cell volume is
about 150 nL. Any kinds of molecule solution can be individually
delivered to each cell by themicro-fluidic system. High-throughput
detection can be easily achieved with the combined imaging
ellipsometry system with micro-fluidic reactor system. Since the
time interval for CCD storage is 0.13 s, the complete process of the
biomolecular interaction can be continuously recorded to form a
real-time curve (grayscale/time).
Fig. 2. The real-time curve for the interaction between tris and lysozyme at different
concentrations. During 60s, lysozyme at the concentrations of 6.6, 13.2, 26.4 and 33 mM
is delivered to the tris immobilized surface, which increases the sensor signal. When
PBS injected for rinsing the surface, the sensor signal decrease, indicating that the
complex formed by tris and lysozyme is unstable.
2.2. Experimental procedure

TIRIE biosensor substrate is cleaned in piranha solution
(H2SO4:H2O2 ¼ 3:1, v/v) for 30 min and then washed with de-
ionized water and pure ethanol alternately for three times. After
being dried under pure nitrogen flow, the substrate is immersed
into 11-mercaptoundecanoic acid (MUA) ethanolic solution (1 mM)
for 18 h. Finally, the modified substrate is rinsed by ethanol and
water alternately to remove the excessive MUA.

After the optical settings optimization (the incident angle, the
azimuth angle of the polarizer and the analyzer are set to 54�,
163.5� and 131.5�, respectively), the MUA modified substrate is
equipped into the TIRIE biosensor system. The first step, 30 mL of a
mixture solution prepared with 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimidehydrochloride (EDC) and N-hydroxyl-succini-
mide (NHS) at the concentration of 0.2 mol/ml and 0.05 mol/ml in
deionized water is passed across the interface of the substrate at a
flow rate of 5 mL/min, by the micro-fluidic system. After rinsing
with phosphate buffered saline (PBS), 75 mL of 1 M tris is delivered
to each reaction cell at a flow rate of 5 mL/min to immobilize tris on
the sensing surface. And then, PBS is added to each reaction cell to
rinse the tris surface. After that, 25 mL of lysozyme solutions whose
concentration ranges from 6.6 mM to 33 mM is delivered to the tris-
immobilized surface at a flow rate of 5 mL/min. Eventually, PBS is
passed to all the reaction cells to rinse the substrate.
3. Results

3.1. Kinetic analysis with the first order reaction kinetic model

TIRIE biosensor provides us with a method to analyze the ki-
netics of the weak affinity interaction between tris and lysozyme,
and the real-time curves recorded by TIRIE biosensor for tris and
lysozyme interaction are presented in Fig. 2. Due to the weak
binding between the two molecules14, the real-time curves appear
a typical transient reaction trend that the complex formed by the
two molecules dissociates after PBS injection. To resolve the kinetic
parameter of the interaction between tris and lysozyme, the
pseudo-first-order interaction kinetics which relates to the one-
step simple reactions is introduced (see Eq. (1)) [25].
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dcAB
dt

¼ koncAcB � koff cAB (1)
where dcAB/dt is the net rate to form the complex of tris and LZM.
kon and koff are the association and disassociation rate constants,
respectively. cAB indicates the amount of compound AB, cA and cB
represent the concentration of the ligand and target molecule.
According to the description in Refs. [26], the ordinate of the
experimental results can be converted from grayscale to surface
density by Eq. (2),

s ¼ 0:113�
�
I � I0
K

�
(2)

During the formation, s and I represent the surface density and
the grayscale value respectively. The number in formulation is
determined by the initial grayscale in the experiments and the
LorentzeLorenz theory [27]. After the ordinate of the experimental
data converted from grayscale to surface density, the real-time
curves of the two molecules binding part are fitted using pseudo-
first-order interaction kinetics model. The fitting plots and kinetic
results are shown in Fig. 3 and Table 1, respectively.

As shown in Table 1, with the dissociation constant (KD) calcu-
lated to 10�5 M magnitude, tris and lysozyme interaction belong to
the weak affinity interactions, which is defined as KD more than
10�6 M. And the association rate constant (kon) acquired is in
102 M s�1 magnitude; while kon in the strong affinity interactions is
generally more than 103 M s�1. It is induced by the reason that tris
molecule reacts lysozyme molecule with hydrogen bond [28], in
which the bond energy is only equivalent to 1/10 of that in covalent
binding.
Fig. 3. Curve-fitting of the surface density curve for lysozyme at different concentrations.
simulation curve of the first order reaction kinetic model. (A) (B) (C) (D) represent the c
references to color in this figure legend, the reader is referred to the web version of this ar
3.2. kon acquisition by a theoretical method

For further verifying the accuracy of kinetic parameters ob-
tained by the pseudo-first-order interaction kinetics model, a
theoretical approach to deduce kon is proposed. Compared with the
traditional posterior-type models, the theoretical method could
predict kon before experiment. The establishment of the theoretical
method is based on the assumption of pseudo-first-order interac-
tion. Several experimental conditions, such as temperature, flow
quantity, binding energy and coverage rate of binding site, have
been considered in the theoretical approach to deduce kon quan-
titatively. The expression of kon is shown as

kon ¼ a$Q$N0$
1

1þ e�DE=kT
(3)

where a is the cross sectional area of ligand molecule, T means
temperature and DE is the binding energy. Q represents the flow
quantity of target molecule and N0 is Avogadro's constant. The
detailed derivation of kon is eliminated in Appendix A. The above
equation indicates that kon is independent of the target molecule
concentration and the surface density of the ligand molecule
immobilized on the sensing surface, so all the related parameters
could be obtained from the reference or the experimental condi-
tions before the experiment.

According to Eq. (3) and the data shown in Table 2, kon is
calculated to 2.26� 102 mol�1 s�1, which is in good agreement with
the result by fitting experimental data (the deviation between
experimental results and theoretical results is less than 5%). This
result confirms the accuracy of kon obtained by the pseudo-first-
The black curve represents the experimental results. The green curve expresses the
urve for lysozyme at 6.6,13.2,26.4 and 33 mM, respectively. (For interpretation of the
ticle.)



Table 1
Kinetic parameters of lysozyme at different concentrations binding to tris immobilized on the sensing surface. Experimental data is fitted to the first order reaction kinetic
model.

Ligand Target Concentration kon (mol�1 s�1) koff (s�1) KD (M)

Tris Lysozyme 6.6 mM 1.9 ± 0.2 � 102 3.3 ± 0.5 � 10�3 1.74 ± 0.15 � 10�5

13.2 mM 2.4 ± 0.4 � 102 4.6 ± 0.9 � 10�3 1.92 ± 0.37 � 10�5

26.4 mM 2.1 ± 0.1 � 102 3.8 ± 0.4 � 10�3 1.81 ± 0.28 � 10�5

33 mM 2.2 ± 0.3 � 102 3.1 ± 0.6 � 10�3 1.41 ± 0.41 � 10�5
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order interaction kinetics model and also indicts that the theoret-
ical method is competent for deducing kon.

4. Discussion

TIRIE biosensor has been introduced to analyze the kinetics of
the weak affinity interaction between tris and lysozyme. The ki-
netic process of tris and lysozyme interaction is real-time recorded
by TIRIE biosensor. With the traditional posterior-type model, ki-
netic parameters are acquired by fitting the experimental data. For
confirming the accuracy of fitting results, a theoretical method,
based on the assumption of the pseudo-first-order interaction and
the physical picture of biomolecular interaction occurring in TIRIE
biosensor, has been proposed to deduce kon of tris and lysozyme
interaction before experiment. The theoretical results are in good
agreement with the experimental results. These results imply that
TIRIE biosensor is an effective tool for the kinetic examine of weak
affinity interactions.

This is the first time reported that kinetic parameters are
deduced by a theoretical method, rather than simulation methods
or fitting experimental results. For the traditional posterior-type
model, the theoretical method regarded as a priori-method is an
excellent supplement and development. By introducing the priori-
method, the instability of kinetic parameter calculated by
posterior-type model, which induced by the experiment condi-
tions, can be effectively reduced.

Conflict of interest

The authors have no conflict of interest.

Acknowledgments

The authors acknowledge the financial support to the National
Basic Research Program of China (2015CB352100), to the National
Natural Science Foundation of China (21305147, 81472941), to the
International Science & Technology Cooperation Program of China
(2012DFG31880), and to the Seventh Sino-Portugal Scientific and
Technological Cooperation of 2013e2015.

Appendix A. kon theoretical derivation

To predict kon before carrying out experiment, a theoretical
method has been established on the first order reaction kinetic
model and the experimental condition of the micro-fluidic reactor
in TIRIE biosensor as shown in Fig. 4.

A typical biomolecular interaction can be expressed by Eq. 4. A
and B represent the target molecule and the ligand molecule,
Table 2
Related data for kon expression (a, b from protein data bank).

Interaction Cross sectional
area (a)

Temperature (T) Flow
quantity(Q)

Binding
energy (DE)

Tris-lysozyme 5 � 10�19m2a 293 K 5 mL/min 3.51 � 10�20J
mol�1b
respectively, while AB is the compound formed due to the bio-
activity between A and B.

Aþ B⇔AB (4)

By utilizing a peristaltic pump, a steady and continuous liquid
flow of molecule A solution can be delivered to the substrate and
react with B. During the interaction, the concentration of molecule
A can be regarded as a constant due to the continuous delivery of its
solution. Within a unit time, the amount of molecule A that arrives
at the sensor surface can be expressed as:

NA ¼ cA$Q$N0 (5)

where cA represents the concentration of molecule A, Qmeans flow
quantity and N0 is Avogadro's constant. Within NA, only a fraction of
molecule A can encounter molecule B, since molecule B may not
cover the entire sensor surface. The coverage rate of molecule B on
the interaction surface may be given as:

RB ¼ a$sB (6)

where a is the cross sectional area of molecule B and sB represents
the surface density of molecule B immobilized on the sensor sur-
face. The information of a can be obtained in Protein data bank.
When molecule A contacts with molecule B, the probability that
they can chemically combine obeys Boltzmann's law [29], as
follows:

PAB ¼ 1
1þ e�DE=kT

(7)

DE is the binding energy which has been acquired. Therefore,
the increase of the surface density of AB due to the interaction
between A and B per unit time can be given as:
Fig. 4. The physical picture of the interaction between ligand molecule and target
molecule in the micro-fluidic reactor of TIRIE system.
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DsAB ¼ NA$RB$PAB ¼ cA$Q$N0$a$sB$
1

1þ e�DE=kT
(8)

The increase of the surface density of AB per unit time in the
pseudo-first-order interaction kinetics is expressed as:

DsAB ¼ kon$cA$sB (9)

Thus, compared with Eq. (9), we have

kon ¼ a$Q$N0$
1

1þ e�DE=kT
(10)

The above equation indicates that kon is independent of cA and
sB and all the parameters can be obtained from the reference or the
experimental conditions before experiment.
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