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Weak affinity interactions among biomolecules have attracted more and more attentions for they play a signifi-
cant role in organisms. However, it is difficult to characterize these interactions due to the limitation of the detec-
tion approaches. The biosensor based on total internal reflection imaging ellipsometry (TIRIE) is a real-time
analysis method for biomolecular interaction detection with the advantages of high throughput and sensitivity.
The interaction between tris and lysozyme (LZM), a typical example of weak affinity interactions, has been de-
tected with TIRIE as a trial. Tris is immobilized on the gold thin film substrate to form the biosensing surface
and then LZM as well as its negative controls is delivered to the tris-immobilized surface. The interaction process
between tris and LZM is recorded by TIRIE biosensor to form a real-time curve and its dissociation constant is de-
duced as 7.6 × 10−5 M, which is in agreement with the results in the reported work by other investigators. The
results indicate that TIRIE biosensor is competent for weak affinity interaction analysis.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Biomolecular interactions in organism are of great importance for a
number of necessary functions in biological bodies [1–4]. Although
varying significantly from one to another, the biomolecular interactions
can bedivided into two categories [5–7]: strong affinity interactions and
weak affinity interactions. The interactions, the apparent dissociation
constant (KD) of which is lower than 10−6 M [5], are considered as
the strong affinity interactions, for example the specific binding be-
tween antigens and their immunoglobulin G type antibodies; while
the weak affinity interactions are defined as KD more than 10−6 M [5],
such as the pathway of immune response [8], molecular recognition
[9], cell adhesion [10] and microorganism infections [11]. Weak affinity
interactions aremainly formed by hydrogen bonds, van delWaals inter-
actions and their binding complexes are usually transient and unstable
[5,12], which gives rise to the great difficulty to characterize.

The biosensor based on total internal reflection imaging ellipsometry
(TIRIE) which is developed from the conventional surface plasmon reso-
nance (SPR) technique with the introduction of imaging ellipsometry
method has been utilized as an automatic real-time analysis tool to detect
biomolecular interaction processes. TIRIE biosensor is performed under
the total internal-reflectionmode [13–16] and hence can observe the dy-
namic process of the biomolecular interaction with a sensitivity 10 times
oad, Beijing 100190, China.
larger than the conventional SPR in theory [14]. After constructing the
TIRIE engineeringmodel and optimizing its optical setting systematically,
TIRIE biosensor has been used for the dynamic analysis of several biomo-
lecular interactions [17] and the real-time detection results can achieve as
good sensitivity as expected in theory. These advantages might render
TIRIE biosensor the capability of weak affinity interaction detection.

The interaction between tris and lysozyme (LZM) whose KD is
deduced to the magnitude of 10−5 M by high-performance affinity
chromatography [18] has been reported as a typical weak affinity inter-
action. Tris is a widely-used compound to prepare biomolecule buffer.
However, the specific binding between tris and proteins which may
cause false-positive results in many experiments [18] is commonly ig-
nored because of the detection difficulty. In this investigation, the inter-
action between tris and LZM has been detected with TIRIE biosensor to
evaluate its capability of weak affinity interaction detection.

2. Materials and methods

2.1. TIRIE biosensor

Theprinciple of TIRIE biosensor has been described in references [13,
19] and its engineeringmodel in our lab (shown in Fig. 1) [20] is mainly
composed of an imaging ellipsometer operated under the total internal
reflection mode and a micro-fluidic reactor with the throughput of 24
independent reaction cells. By a prism, the bottom ofwhich tightly con-
tacts with the glass side of a TIRIE biosensor substrate, the ellipsometric
imaging system can be coupled with the micro-fluidic reactor and can
be used for the dynamic analysis. The ellipsometric imaging system
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Fig. 1. The schematic diagram of the engineering model of the TIRIE biosensor in our lab [20].

464 T. Kang et al. / Thin Solid Films 571 (2014) 463–467
uses a Xe lamp as its light source and a wavelength selector to form an
expanded collimating light probe in a certain wavelength. The light
beam from the optical fiber goes through a polarizer and a quarter
wave plate (compensator) and then penetrates into the sidewall of
the coupling prismperpendicularly. Since the incident angle is set larger
than the total internal reflection angle, the light beam is reflected totally
at the substrate interface. An evanescent wave appearing at the gold/
ambient interface is utilized as the optical probe to detect themass sur-
face concentration change of biomolecules absorbing on the substrate.
With the immobilization of ligand molecule and the recognition to the
target molecule, the protein layers vary on the substrate, leading to a
change of the surface mass concentration. The polarization of the eva-
nescent wave is modified by the formation of biomolecule layers on
the surface so that the polarization state of the reflection light changes
at the same time. After the reflection light beampasses through another
dichroic polarizer (analyzer) and focusing lens, its intensity is detected
by the charge coupled device (CCD) camera in the format of 16-bit gray-
scale image. Since the time interval to capture and store the reflection
light intensity is less than 1 s, the complete process of the biomolecular
interaction can be continuously recorded to form a real-time curve (il-
lustrated in Fig. 2). Compared with the conventional SPR biosensor
that has been commonly used for protein interaction analysis as a
label-free tool, TIRIE biosensor introduces the phase-sensitive
ellipsometric method and the imaging sampling approach, obtaining
Fig. 2. The process of TIRIE biosensor to detect protein interactions. The expanded polarized ligh
glass/gold film and liquid. With the biomolecule layer formation on this interface, the reflective
grayscale. By processing a series of continuous images, biomolecule reactions that take place o
the improvement in detection sensitivity and the capability of high
throughput detection.

2.2. Compounds and substrates

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimidehydrochloride
(EDC), N-hydroxyl-succinimide (NHS),11-mercaptoundecanoic acid
(MUA), tris(hydroxymethyl)amino methane, human serum albumin
(HSA), ovalbumin (OVA), LZM, phosphate buffered saline buffer
(PBS, pH = 7.4) and 1-iodonaphthalene (its refractive index is near
1.72) as the refractive index matching oil are all purchased from
Sigma-Aldrich. SF10 glass slides which are coated by 50 nm thickness
gold thin film are produced in our lab as TIRIE biosensor substrates. Hy-
drogen peroxide, concentrated sulfuric acid and pure ethanol are in an-
alytical grade. Ultra-pure water is obtained from a MILLI-Q purification
system (18.2 mΩ at 25 °C) and used to prepare all the solutions.

2.3. TIRIE biosensor substrate preparation

TIRIE biosensor substrates are cleaned in piranha solution (H2SO4:
H2O2 = 3:1, v/v) for 30 min and then washed with ultra-pure water
and pure ethanol alternately for three times. After being dried under
pure nitrogen flow, the substrates are immersed into MUA ethanolic
solution at the concentration of 1 mM for 18 h. Eventually, the
t beam goes through the side wall of the prim, being incident on the interface between the
beam changes significantly, which can be quantitatively recorded in the image format in

n the gold surface can be converted into a real-time curve.
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Fig. 3. The real-time curve to confirm tris immobilization. Tris solution at the concentra-
tion of 1 M and PBS as the control are delivered to theMUAmodification gold surface, re-
spectively. Then, OVA solution at the same concentration of 0.2 mg/mL is added to tris
immobilized and MUA surfaces.
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modification substrates are rinsed by ethanol and water alternately
to remove the excessive MUA and are stored in pure ethanol.

2.4. Tris and LZM interaction visualization

Tris immobilization is carried out in the micro-fluidic reactor. 40 μL
of a mixture solution prepared with NHS and EDC at the concentration
of 0.05 mol/ml and 0.2 mol/ml in deionized water is passed across the
gold surface of the substrate at a flow rate of 5 μL/min. With NHS and
EDC, carboxyl groups can form sulfo-NHS-ester and are able to immobi-
lize tris by reacting to the amino groups of tris. After rinsing with PBS,
75 μL of 1 M tris is delivered to each reaction cell at a flow rate of
5 μL/min to form the tris sensing surface. Then, PBS is immediately
added to each reaction cell to rinse the tris surface. Once TIRIE biosensor
signal keeps stable, 50 μL of LZM solutions whose concentration ranges
from 3.3 μM to 52.8 μM is delivered to the tris-immobilized surface at a
flow rate of 5 μL/min. Eventually, PBS is passed to all the reaction cells to
rinse the substrate. The entire process above is continuously recorded in
the format of grayscale image by TIRIE biosensor and converted into a
real-time curve to present the biosensor signal change.

2.5. KD deduction of tris and LZM interaction

The interaction between tris and LZM has been monitored by ob-
serving changes in TIRIE biosensor responses. The ratio of tris and lyso-
zyme involved in their interaction is equal to 1:1, which is proved by the
results of molecular dockingmethod in a reported work by other inves-
tigators [18]. Assuming pseudo-first-order interaction kinetics, the net
rate of tris and LZM complex formation measured with TIRIE biosensor
can be expressed by Langmuir adsorption isotherm as Eq. (1) [21,22].

dRt=dt ¼ kaC Rmax–Rtð Þ–kdRt ð1Þ

where dRt/dt is the net rate to form the complex of tris and LZM. ka and
kd are the association and disassociation rate constants, respectively.
Rmax represents themaximum binding capacity of LZM on the substrate
in TIRIE biosensor signal. Rt is the TIRIE biosensor signal at a certain time
and its value is equivalent to the complex of tris and LZM, so that (Rmax

− Rt) is the number of free binding sites of tris left on the substrate. C is
the LZM concentration in the analyte solution.

At equilibrium, dRt/dt is equal to 0. Thus, Eq. (1) becomes Eq. (2).

kdReq ¼ kaC Rmax–Req

� �
ð2Þ

where Req represents the LZM binding amount at equilibrium in TIRIE
biosensor signal. Since KD is equal to kd/ka, Eq. (2) is converted into
Eq. (3).

1=Req ¼ KD=Rmax � 1=C þ 1=Rmax ð3Þ

A plot of 1/Req against 1/C can be used to obtain KD which is consid-
ered as the ratio of the slope and intercept of the fitting curve.

3. Results and discussions

3.1. Characterization of tris immobilization

Ellipsometric parameters and contact angle measurements are
utilized to characterize tris immobilization on MUA modification gold
surface. All the ellipsometry experiments are performed at the inci-
dence angle of 70° with a 632.8 nm He–Ne laser by a conventional
ellipsometer which is produced by SENTECH Instruments GmbH. Com-
pared with the bare gold, the ellipsometric parameter delta of the MUA
modification surface decreases about 1.4°, indicating that a layer forms
on the gold surface. Contact angle measurements are carried out by a
home-made optical equipment. After incubation in MUA solution, the
contact angle of the gold surface goes significantly down about 40°.
The surface wettability change is in agreement to the expectation of
MUA immobilization on the gold surface.

Since tris molecular weight is as low as 121 Da, it is difficult to char-
acterize its adsorption directly. In that case, OVA is introduced as a con-
trol to prove tris immobilization on the MUA modification surface. The
molecular weight of OVA is similar to LZM but OVA does not react
with tris. OVA solution prepared under the same condition to LZM is de-
livered to the tris immobilized surface andMUAsurface, respectively. By
comparing the TIRIE biosensor signal change on the both surfaces, it can
be deduced whether tris is immobilized on the MUA modification sur-
face. The corresponding real-time results are shown in Fig. 3. On the
MUA modification surface, TIRIE biosensor signal goes up about 800
grayscale after OVA addition. The increase which cannot be completely
removed by PBS rinsingmust have been contributed to the covalent im-
mobilization of OVA on theMUAmodification gold surface. On the con-
trary, TIRIE biosensor signal on tris immobilized surface increases less
than 200 grayscale before and after injecting OVA solution, which is
much less than that on tris surface. Tris is difficult to occupy the entire
MUA modification surface after the immobilization process, so MUA
left on the surface might be likely to react to OVA covalently, causing
the slight increase of TIRIE biosensor signal. The obvious difference be-
tween tris and MUA surface can prove that tris is immobilized on the
MUA surface.
3.2. Tris and LZM interaction detection

In order to confirm the specificity of the interaction between tris and
LZM, OVA andHSA that have similarmolecular weight to LZM are intro-
duced as the negative controls. After tris immobilization, LZM, HSA and
OVA solutions at the same concentration are injected independently to
react with tris surface. Their results are shown in Fig. 4. With OVA and
HSA, only slight increase less than 100 grayscale can be observed in
TIRIE biosensor signal. Since OVA and HSA cannot react with tris, the
change in TIRIE biosensor signal should be attributed to the non-
specific adsorption on the modified gold surface. However, LZM leads
to about 300 rise in grayscale value which is remarkably more than
that of OVA and HSA, indicating that LZM can recognize tris specifically.
Furthermore, the increase caused by the specific interaction completely
disappears after rinsing with PBS solution, suggesting that the binding
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Fig. 4. The real-time curve to confirm the specific interaction between tris and LZM. After
tris immobilization on the surface, LZM and its negative controls OVA and HSA at the con-
centration of 6.6 μmol/L are added to the tris immobilized surface. The inset in the figure
represents the recognition process between tris and LZM as well as its negative controls.

Fig. 6. The fitting curve to deduce KD of the tris and LZM interaction. In terms of Eq. (3), 1/Req
as the y axis is plotted against 1/C as the x axis and then processed by linearfitting. KD is con-
sidered as the ratio of the slope and intercept of the fitting curve.
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complex formed by tris and LZM interaction is unstable and easily to
decompose.
3.3. KD deduction of tris and LZM interaction

To measure KD value of the interaction between tris and LZM, LZM
solution at different concentrations is delivered to tris immobilized sur-
face and the result is presented in Fig. 5. With the increase of LZM con-
centration, the TIRIE biosensor signal goes up steadily after the addition
of LZM solution. In terms of Eq. (3) in Section 2.5, the inverse of TIRIE
biosensor signal in grayscale is plotted against the reciprocal of LZM
concentration to deduce KD of the interaction between tris and LZM
(shown in Fig. 6). KD of the tris and LZM interaction is calculated as
7.6 × 10−5M, which is consistent to the results obtained in the previous
work by other investigators [18].
Fig. 5. The real-time curve for the interaction between tris and LZM at different concentra-
tions. LZM is diluted to the concentrations of 3.3, 6.6, 13.2, 26.4 and 52.8 μmol/L and then
delivered to the tris immobilized surface. The inset in the figure is clearly to show the spe-
cific binding process between tris and LZM.
4. Conclusions

The dynamic process of the interaction between tris and LZM has
been visualized by the TIRIE biosensor as a trial to detect weak affinity
interactions. By the introduction of OVA and HSA as the negative con-
trols, the specific binding between tris and LZM is obviously observed
in the real-time curve obtained with TIRIE biosensor. KD of tris and
LZM interaction is in good agreement to other methods described in
the reported work by other investigators [18]. It is indicated that TIRIE
biosensor is competent as a tool to study weak affinity interactions.
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