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ABSTRACT

The imaging ellipsometry biosensor (IEB), first proposed in 1995, has advanced from a simple concept to a powerful biosensor with high
throughput, high sensitivity, high specificity, and low sample consumption. By combining the technique with surface plasmon resonance,
IEBs operating under total internal reflection conditions can perform real-time multisample detection of biomolecule interactions. In this
paper, the authors discuss the basic theory, principles of operation, design requirements, sensing chip modifications, methodologies and per-

formance, and applications of IEBs.

Published under license by AVS. https://doi.org/10.1116/1.5129596

I. INTRODUCTION

Interactions between biomolecules are essential for life.
Characterization of these interactions is not only the first step
toward uncovering the basis of life but also is of great medical and
clinical signiﬁcance.1 As a basic characterization tool, biosensors
are essential for studying key interactions, such as protein—protein,
DNA-protein, and ligand-receptor interactions, that play impor-
tant roles in physiological processes.” A typical biosensor combines
a biological substrate with a physicochemical detector. Interactions
between biomolecules are sensed by the biological component, and
the physiochemical detector transforms the sensed interactions to
detectable physical signals, such as optical, electrical, or thermal
signals.” Among the designs of biosensors, optical biosensors are
the most common in academia and industry owing to their high
sensitivity and the capability for minimal disturbance and disrup-
tion to the sensed biomolecule.”

In general, optical biosensors may be categorized into two
groups: labeled biosensors and label-free biosensors. Labeled bio-
sensors tend to possess impressive sensitivity because the label
compounds can amplify the optical signal through the use of fluo-
rescence,S enzymes,(’ radioactivity,7 nanoparticles,8 and quantum
dots.” For example, by introducing a fluorescent label, a labeled

biosensor has the ability to perform single molecule detection.'’
Despite their huge success in the past two decades, labeled biosen-
sors have several problems. First, the introduction of labels is time-
consuming.'’ Second, the label may affect the bioactivity of the
target biomolecule. Third, it is difficult to perform quantitative
detection because the label will introduce a degree of inhomogene-
ity for the target biomolecule. Last, but not the least, not all bio-
molecules can accept the same label, especially in the case of small
biomolecules.

To overcome these limitations, label-free biosensors have been
proposed. Of these label-free biosensors, the most successful one
is the biosensor based on the surface plasmon resonance (SPR)
phenomenon. The SPR technique can characterize biomolecular
interactions in real-time with high sensitivity and accuracy.'” To
further improve the throughput for multisample detection, SPR
imaging (SPRi) has been developed by replacing the photonic
detector with a charge coupled device (CCD) camera. However, the
sensitivity of the biosensor based on SPR or SPRi is inferior to that
of the labeled biosensor."”

As a phase sensitive optical technique, traditionally, ellipsome-
try has been used to measure the thickness and the refractive index
of thin films."* Besides its success in the semiconductor industry,

J. Vac. Sci. Technol. B 38(2) Mar/Apr 2020; doi: 10.1116/1.5129596
Published under license by AVS.

38, 024002-1


https://doi.org/10.1116/1.5129596
https://doi.org/10.1116/1.5129596
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/1.5129596
http://crossmark.crossref.org/dialog/?doi=10.1116/1.5129596&domain=pdf&date_stamp=2020-01-27
http://orcid.org/0000-0003-2380-1006
mailto:niuyu@imech.ac.cn
https://doi.org/10.1116/1.5129596
https://avs.scitation.org/journal/jvb

AVA = =

Journal of Vacuum Science & Technology B

ellipsometry was employed at an early stage to study biomolecule
interactions. In 1945, Rothen, who invented the word “ellipsometry,”
used the technique to study the attractive forces between an antibody
and an antigen."” In 1965, Vroman and Lukosevicius employed
the technique to observe the surface activation of blood clotting
in real time.'’

To measure the lateral distribution of a complex formation over
a large sample area, the imaging ellipsometer (IE) was conceived.'”
The IE technique combines optical imaging with traditional ellips-
ometry. The technique has been used to visualize the changes of
optical properties and microstructures, such as thin films and bulk
samples, and to monitor dynamic surface processes.

The concept of the imaging ellipsometry biosensor (IEB) was
proposed in 1995 (Ref. 18), and after development for two decades,
the IEB has advanced from a simple concept to a powerful biosen-
sor with high throughput, sensitivity, and specificity and low
sample consumption. The technique has been used to image and
quantify various analytes, such as antibodies, pathogenic viruses,
disease biomarkers, bacteria, and so on.'” Furthermore, combined
with SPR, a real-time IEB technique, termed total internal reflection
imaging ellipsometry biosensor (TIRIEB), has been developed to
study the dynamic interaction processes of antigen/antibody
systems”” and redox processes at sensing surfaces.”'

In this paper, we review the basic theory, principles of opera-
tion, design features, methodologies, sensing chip modifications,
and applications of IEBs.

Il. PRINCIPLES OF THE IMAGING ELLIPSOMETRY
BIOSENSOR

A. Relationship between the ellipsometry signal and
the biological signal

The fundamental principle of the IEB is the same as reflection
ellipsometry, namely, reflection of polarized light by a stratified
planar structure as described in standard textbooks.”” In this
section, a focus is given on how to interpret the parameters of the
ellipsometry signal in terms of the biological signal.

The IEB is used to image the surface mass density distribution
of the protein layers absorbed at a patterned solid substrate in the
grayscale, as shown in Fig. 1. When the analyte in solution interacts

Image in grayscale
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@
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FIG. 1. Principle of IEB for detection of biomolecule interactions.
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with a corresponding ligand, the molecules assemble into biocom-
plexes because of the affinity interactions. The surface mass density
of the protein layer increases along with the ligand-analyte interac-
tions, and the increase of surface mass density can be obtained
through the imaging characterization process of the IE, thereby ver-
ifying quantitatively the analyte concentration in the solution.

The basic measurement parameters in ellipsometry are the
amplitude y and phase A of the complex reflectance ratio p,

p = tanye = p(No, N1, d, Na, ¢y, 1), (1)

where Ny, Nj, and N, are the refractive indices of the ambient envi-
ronment, the layer, and the substrate, respectively, d is the layer
thickness, ¢, is the angle of incidence, and 4 is the wavelength.

For biomolecule interactions, the biomolecule layer thickness
is usually between 1 and 10 nm, a thickness which is below the
detection capability for IEB. Thus, in the case of a fixed angle of
incidence, we have

Sy o< 8d, (2a)

A oc bd. (2b)
Given that the increase of the film thickness of the protein
layer 8d is proportional to the surface mass density variation 6T,

the ellipsometry parameters change with the variation in the surface
mass density of the protein layer on a proportional basis,

Sy oc OT, (3a)

S6A oc T (3b)

As IEB uses a conventional polarizer-compensator-sample-analyzer
(PCSA) configuration, the signal 61 may be expressed as

OR;
5I=IO(R +a15l//+a25A), (4)

where I, is the detected light intensity for the bare substrate and R;
is the reflectance for s-polarized light. y§ and SA are the ellipsomet-
ric parameter variations, while ; and a; are the coefficients for yd
and JA, respectively. The explicit expression for o and a, is
reported elsewhere.”” For IEB, silicon (Si) or gold (Au) may serve as
the substrate. Thus, R; is insensitive to the change of film thickness
on the surface, which implies SR, ~ 0. It can be deduced that

81 oc 6T = 8y - M, (5)

where 8y and M represent the amount of surface density of the
protein layer and the protein molecular weight, respectively.

Equation (5) suggests that for a given analyte, the signal varia-
tion for IEB is proportional to the amount of surface density of the
biomolecule layer; therefore, IEB may be used for monitoring bio-
molecules. Typical applications are outlined in Sec. V.
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B. The dynamic process observed by TIRIEB

The IEB operating in the external reflection mode is concerned
mainly with the equilibrium of the ligand-analyte interaction.
Real-time detection provides an opportunity to sense the dynamic
interaction process, which is crucial for weak affinity detection and
multianalyte recognition.”” The first design configuration to demon-
strate real-time measurement was based on an external reflection IEB
using an open glass cell. The sample consumption for this design
was around 5ml'* To reduce the amount of biological sample and
avoid poor imaging quality caused by solution disturbance, the
TIRIEB technique was proposed, the TIRIEB method being based on
establishing the internal reflection condition and combining the SPR
phenomenon with the IE technique. A detailed discussion on this
topic is available elsewhere.”” Here, we briefly review the fundamen-
tals of the SPR phenomenon and the relationship between the
TIRIEB signal and the SPR signal. Then, we will discuss the dynamic
processes that may be observed by TIRIEB.

Consider the internal reflection for a glass/solution system.
When the incident angle is larger than the critical angle, total internal
reflection occurs. An evanescent wave emerges along the interface,
and this wave decays exponentially in solution (the medium with low
refractive index). The penetration distance of the evanescent wave is
about 100 nm, and the distance is sensitive to a variation in the
optical thickness at the interface.”® Thus, a variation in optical thick-
ness can be utilized to monitor the physical and chemical distur-
bances at the sensing surface. When an Au film of thickness about
50 nm is introduced at the interface, the intensity of the evanescent
wave from the p-polarized light will be enhanced by SPR. The reflec-
tance of the p-polarized light decreases and reaches a minimum at a
specific angle, which is called the SPR angle. At the same time, the
phase of the p-polarized reflection changes abruptly around the SPR
angle. Working under this condition, solution disturbance will be
reduced significantly. Moreover, the consumption of the biological
sample can be reduced dramatically by using a microfluidic system.

The fractional change of the p-polarized reflectance and the
s-polarized reflectance can be interrelated by

SR, &R, 46
0% _ oK, OV

R, Ry sin2y’ ©
Therefore, according to Eq. (4), we have
I OR, 46y
—=—r - ) SA. 7
I R, (0“ sin2|//> vt 2

Equation (7) implies that the optical signal for the TIRIEB can
be categorized in two parts: the response due to SPR and the response
due to the ellipsometry variation at the sample surface. By having a
configuration that ensures proper alignment of the polarized light,
the ellipsometry response will be such that the TIRIE signal response
is at least 10 times more sensitive than that of SPR.*"**

Typically, there are two types of dynamic processes observed
by TIRIEB: (1) the formation of ligand-analyte complexes at the
sensing surface and (2) the diffusion of molecules in the neighbor-
hood of the interface.

ARTICLE avs.scitation.org/journalljvb

1. Formation of ligand-analyte complexes at the
sensing surface

The recognition process involving the ligand and analyte’'
may be represented as

ka
ligand + analyte = ligand - analyte, (8)
ka

where k, and k; are the association rate constant and the dissocia-
tion rate constant, respectively. Thus, the equilibrium constant for
the dissociation is defined as Kp = k,/k,. Assuming a pseudo-first
order interaction, the rate equation for the formation of the ligand-
analyte complex is given by

dcligandfanalyte/dt = kacligandcanalyte - deligandfanalytm (9)

where Canalytes Cligands ANd Cligand—analyre are the concentrations of the
analyte and the ligand in solution, and the ligand-analyte complex
on the sensing surface, respectively. The solution for Eq. (9) can be
given by

Canal}'te(yligund)o : (1 - e_(kuAca"a[erkd)‘t)

Kp + Canalyte

Cligand—analyte = (10)

where (Vjiggn4), is the initial amount of the ligand before the
analyte solution is delivered to the substrate.

Given that 8I" 0C Cligand—analyte> We have
Canalyt6(7ligand)0 (1 — e—(ku'fanulym"'kd)-t)
Kp + Canalyte

8l oc (11)

Equation (11) implies that the dynamic process of the ligand-
analyte complex is governed not only by the analyte concentration
but also by the rates of association/dissociation. Thus, by observing
the dynamic process of the variation in signal response, biomolecu-
lar interaction analysis can be performed using TIRIEB. A typical
example is given in Sec. V.

2. Diffusion of molecules near the interface

The diffusion of molecules near the sensing surface will be
influenced by the local refractive index. The change in refractive

. 23 . .
index™ is given by

SN, = > 05C(z, 1)] (12)

z=0°

where 6C(z, t)|,_, is the molecule concentration near the
electrode and 6 is the local refractive index change for the
complex per unit concentration for each molecule. Furthermore,
we have

51//0C5N2, (133)

OA o< ON;. (13b)

According to Egs. (4), (12), (13a), and (13b), the optical signal
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originating from molecule diffusion at the interface is given by
81 o<y 05C(z, 1),y (14)

Equation (14) suggests that the optical response from molecular
diffusion is governed by the local concentration of the molecules.
Normally, the determination of the local molecular concentration is
difficult. However, under certain circumstances, the concentration
may be described by Fick’s second law”” as follows:

2
% _plc, 1s)
ot 022

where C and D are the concentration and the diffusion coefficients,

respectively. Using the initial boundary conditions and the given

boundary conditions will provide a specific solution, which has been

shown to be in agreement with the experimental results.””

lll. SYSTEM DESIGN AND PROCEDURES
A. System design

As typical ellipsometry techniques, IEB and TIRIEB are based
on a PCSA configuration as shown in Fig. 2. The light beam from a
Xe lamp is extended and collimated to the polarizer. Beyond the
polarizer, the linearly polarized light beam passes through a com-
pensator (quarter wave plate) and impinges on the sample. After
reflection, the light beam passes through a second polarizer, which

(@ &

Polarizer Analyzer

Compensator

Sample substrate (Silicon)

(b) \

4
N
v l ccp
Xe lamp
Lens I 'Lens
Filter
Polarizer

Compensator ,~ ,Analyzer

Sample substrate (Gold)

FIG. 2. Schematic illustration of (a) IEB in the external reflection condition and
(b) TIRIEB. A trapezoidal prism is used to couple the detection beam to the
sensing surface. The polarized collimated beam is propagated perpendicularly
to the prism and onto the sensing surface.
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is termed the analyzer, and strikes the detector, a CCD camera.
The IEB operating in the external reflection mode is illustrated in
Fig. 2(a), and the TIRIEB is depicted in Fig. 2(b).

B. Microfluidic reactor

In a traditional ellipsometry sensor, the biomolecules are
spotted or printed onto the substrate surface. However, it is difficult
to produce perfect spots and the procedure of spotting is time-
consuming, hence the need for a fabrication technique with easier
operation and low sample consumption. Microfluidic devices require
much smaller reagent volumes, offer short reaction times, and give
the possibility for parallel operation. The devices also hold the
promise for integrating an entire measurement system onto a single
chip. Therefore, a microfluidic reactor is employed in IEB.

As shown in Fig. 3, a typical reactor may have 24 independent
interaction cells. Each cell (~100nl) is attached to microtubes via
an inlet and an outlet port. The inlet ports are connected by trans-
fer tubing to sample solutions, and the outlet ports are connected
to a peristaltic pump.

C. Procedures

The analytical procedures for implementing IEB consist of four
steps. First, the substrate is modified by the delivery of the chemical
reagents, in a process called surface modification. Then, the modified
substrate is placed on the microfluidic reactor. The ligand and the
target are then pumped successively onto the surface of the substrate.
Finally, the ligand is combined with the target to form a biological
complex for biological interaction. The whole procedure is recorded
by the CCD, as illustrated in Fig. 4.

(a)
— Prism

—— Substrate

— Micro tube

— Peristaltic pump

Inlet Outlet

g0 0O 0O 0O GO 0O ©O C°
oD 0O 0O 0O GO GO 0O 0O

gD 0O 0O 0O ©O O OO OO

FIG. 3. Schematic of (a) microfluidic reactor and (b) microarray with 24 cells.
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IV. SENSING CHIP MODIFICATIONS

For practical applications, modifications of the sensing chip
play a key role in biosensing in terms of facilitating the recognition
of the target analyte and preventing nonspecific adsorption. In this
section, we will summarize chip modification procedures for IEB.

A. Physical adsorption

To immobilize the ligand on the biosensor surface and
prevent unspecific binding, physical adsorption was first used for
the immobilization step. Silicon wafers previously etched by a
piranha solution were incubated in a dichlorodimethylsilane solu-
tion to form a highly hydrophobic surface.'*” Through hydropho-
bic interactions, protein ligands were immobilized such that the
sensing surface was formed. However, the immobilized proteins
were prone to partial denaturation, tended to wash off the surface,
and replaced with more active proteins by competitive adsorption.”

B. Covalent immobilization

To overcome the aforementioned problems, covalent immobi-
lization was introduced whereby the proteins were immobilized via
strong and stable covalent bonds. Wang and Jin modified an Si
surface with 3-aminopropyltriethoxysilane (APTES), which was then
activated with glutaraldehyde (GLU) to immobilize the protein cova-
lently for IEB.” Later, this method was used successfully for immu-
noassay techniques.””™ Some procedures for surface modification
and ligand immobilization are outlined below.

1. Silicon surface modification

There are two common methods for surface modification
of an Si substrate. The first one is that the Si substrate is
modified with APTES and GLU successively to fabricate a
—(CH,);N=CH(CH,);—CHO moiety for capturing amino groups
of protein ligands. The other method is that the Si substrate is modi-
fied with APTES and succinic anhydride successively, and then the
modified surface is activated with N-hydroxysuccinimide (NHS) and
1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochloride (EDC)
to bind the amino group of proteins.

ARTICLE avs.scitation.org/journalljvb
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The ligand surface concentration influences directly the
amount of analyte that is captured; this aspect is important to
ensure satisfactory IEB performance. To further optimize the
ligand surface concentration and minimize nonspecific adsorp-
tion, methyltriethoxysilane (MTES) is mixed with APTES under
various experimental conditions to modify the Si surface. The
results suggest that the immobilized IgG provides better bioactivity
on the APTES/MTES-GLU modified surface than the IgG on the
surface without APTES/MTES-GLU.”

2. Au surface modification

There are two main methods for surface modification of Au.
One is to prepare alkanethiol-based self-assembled monolayers
(SAMs),””™* which can easily form a highly organized and
extremely stable organic thin film at the nanometer scale with good
reproducibility.”* After an activation process with NHS or EDC,
the SAMs with exposure to the carboxyl groups can be used to
bind covalently with amine groups of the target proteins. To sim-
plify the procedure, another modification is introduced, which is to
immerse the Au substrate in a solution containing carbon disulfide
(CS,) and the binding protein. The CS, can spontaneously react
with amine groups to form dithiocarbamates, which can immobi-
lize some compounds with primary or secondary amine groups.

3. Oriented immobilization

To ensure the ligands present with an enhanced bioactivity,
especially in the case of antibody ligands, oriented immobilization
has been employed. Protein A can bind selectively the Fc domain
of antibody molecules*” and expose the outer Fab portion where
specific recognition occurs. This feature is applied when there is a
need to design a method for the oriented immobilization of anti-
body ligands. A hydrophobic surface may first be incubated in a
solution of protein A and blocked with bovine serum albumin, and
then incubated in an IgG solution to form the antibody sensing
surface. Finally, anti-IgG solution is delivered to the IgG sensing
surface. The amount of anti-IgG bound with IgG immobilized by
protein A on the Si surface is much more than that achieved with
IgG physically adsorbed on a surface, thus confirming that protein
A can be used to immobilize antibody molecules in a highly
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oriented manner and maintain the antibody molecular functional
configuration on the Si surface with excellent reproducibility.

V. APPLICATIONS

After a period of sustained development, IEB has been applied
to diverse applications, including early tumor diagnosis,”’ clinical
therapy marker detection,® interaction affinity analysis,34 and envi-
ronmental pollution monitoring.”'

A. Detection of disease biomarkers

Alpha-fetoprotein (AFP), alpha-L-fructosidase (AFU), and
ferritin are important liver tumor biomarkers. Jin et al have
designed a liver tumor biomarker joint detection system for AFP,
AFU, and ferritin as indicated in Fig. 5.2%%7 Pirst, protein A is
assembled on a carboxyl modified Si surface. Then, the antibodies
for AFP, AFU, and ferritin are immobilized on the modified Si
surface. In addition, standard samples of AFP, AFU, and ferritin
covering several concentrations are used to prepare a calibration
curve for IEB. The detection ranges for AFP, AFU, and ferritin are
from 1 to 64ng/ml and 5 to 160 ng/ml. The ROC (receiver

@

Normal

Normal

Patient

11

!

i

¥ 5

i

:..’ ...........
0.21 | ey . Ferrtin

g — — AFP+AFU
0Lt - : - Reference line

0 0.2 04 06 08 1.0

Specificity

FIG. 5. (a) Example of joint detection image of AFP, AFU, and ferritin. Two
normal sera, two patient sera, and one negative control are detected simultane-
ously. (b) Schematic for design of the surface process. (c) The ROC curve anal-
ysis for AFP, AFU, ferritin, and AFP and AFU. The areas under the curve
(AUCs) are 0.827, 0.782, and 0.380 for AFP, AFU, and ferritin, respectively,
while the AUC for joint detection of AFP and AFU is 0.884. Reprinted with per-
mission from Jin et al., Thin Solid Films 519, 2750 (2011). Copyright 2011,
Elsevier.
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operating characteristic) curve analysis suggests that simultaneous
measurement of AFP and AFU is a more reliable measure for liver
biomarker status than measurement of the individual biomarkers.
For clinical analysis of low molecular weight proteins in
serum, a sandwich strategy has been introduced. One such
example is the determination of procalcitonin (PCT), a 13 kDa
protein which is a blood infection biomarker used for guiding
antibiotic therapy;*® the method in question is approved by the
Food and Drug Administration (FDA, USA). Li et al have
designed an analytical strategy based on a sandwich structure,
employing a capture antibody (cAb)-analyte-detection antibody
(dAD).*® The cAb is first immobilized on the substrate to capture
the analyte and then the dAb is introduced. Instead of employing
direct analyte detection, the analytical strategy relies on the
analyte concentration being sensed as a result of the signal varia-
tion occurring in the dAb layer. Not only is the detection signal
of the IEB amplified but also the nonspecific adsorption due to
the serum is avoided. The analytical procedure is outlined in
Fig. 6(a). The limit of detection (LOD), deduced from the calibration
data, is 0.081 ng/ml [see Fig. 6(b)], confirming that IEB can perform
serological analysis for PCT with good analytical performance.

Detection signal Detection signal

(a) 1] i

VA é R
® O
4 4 v 4
2lle o Ll Ll
- Direct - Sandwich

Y ° ' N
cAb Blocking Serum Analyte dAb

| ARee
Effective  Nonspecific Serum
(b) signal signal components
50
m The direct |IE immunosensor
® The SSIE immunosensor =

H
o
T

y=51.820x/(21.341+x)
Adj. R?=0.997

w
o
T

N
o
T

y=4.865x/(23.282+x)
Adj. R%=0.998

-
o
T

The IE immunosensor signal

o
T

0 20 40 60 80
PCT (ng/ml)

100 120 140

FIG. 6. (a) Schematic of the design process for surface detection of procalcito-
nin in serum by IEB. (b) The calibration curve for measuring PCT by IEB.
Reprinted with permission from Li et al, Anal. Chem. 90, 8002 (2018).
Copyright 2018, American Chemical Society.
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FIG. 7. (a) Real-ime curves for various concentrations of Sso2p interacting
with Ykt6p as measured by TIRIEB and a schematic of the design process for
surface detection of Sso2p. (b) The amplified real-time binding curves of
SNARE interactions measured by TIRIEB. (c) Best fits for the association phase
of the real-time binding curves for calculating the kinetic constants. Reprinted
with permission from Qi et al, Sci. Rep. 4, 5341 (2014). Copyright 2014,
Springer Nature.

B. Biomolecule interaction analysis

Biomolecule interactions control all types of biological phenom-
ena, such as neural signal transduction,”’ immunological reactions,”’
attachment of enzymes to substrates,”’ and so on. Kinetic analysis of
biomolecule interactions, especially the weak affinity interactions that
usually reflect transient processes, assists in obtaining kinetic parame-
ters and revealing the laws governing life processes.”

The soluble N-ethylmaleimide-sensitive factor attachment
receptor (SNARE) proteins (Sec22p, Ykt6p, and Sso2p) are a family
of proteins that mediate membrane fusion during cell fusion or
cellular trafficking.”” The qualitative and quantitative identifications
of SNARE interactions are the key to understanding the mecha-
nisms of fusion events. In 2014, as depicted in Fig. 7, Qi et al. used
an IEB to identify the weak interactions between SNARE proteins
and provide kinetic constants for the binding and dissociation.”*
The kinetic constants are listed in Table 1.

C. Environmental pollution monitoring

IEB is applicable not only to clinical analysis but also to envi-
ronmental measurement. Dissolved oxygen (DO) is an important
parameter for assessing water quality because of its influence on
organisms in natural waters.”” Without sufficient DO, fish and
aquatic animals cannot survive. Traditionally, an electrochemical
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TABLE 1. Kinetic analysis and constants for Ykt6p, Sec22p, and Sso2p by TIRIEB.
The constants for the interactions include the association rate constant (k), the dis-
sociation rate constant (kg), the association constant (Kj) (KA kalkg), and the
dissociation constant (Kp) (Kp = k4lks). Reprinted with permission from Qi et al.,
Sci. Rep. 4, 5341 (2014). Copyright 2014, Springer Nature.

ka kd KA KD
Ligand/target M~ts™h (s™H 1o*M™Y (107 M)
Sso2p/Ykt6p 336.5+62.6 0.0051+0.0013 6.7+1.3 1.5+0.54
Sso2p/Sec22p 351.0 £50.2 0.006 + 0.002 63+16 01.7+04
th6p/SSOZp 285.5+13.6 0.0053+0.00057 54+1.3 1.9+0.21
Sec22p/Sso2p 572.0 £13.4 0.0075+0.00044 7.7+1.9 14+04

sensor, the Clark electrode, has been used to monitor the redox
status of DO. However, the consumption of the electrode material
causes signal drift. To overcome this problem, TIRIEB has been
developed to monitor DO reduction in waters”*® as illustrated in
Fig. 8; the detection limit is 2-8 mg/l as shown in Fig. 9.”° By intro-
ducing an amplification medium, such as a surface tethered weak
polyelectrolyte, i.e., polyaniline with iron-porphyrin, the LOD for
DO was improved tenfold relative to that for the unmodified
surface without the amplification medium.

(a) Pt Electrode Calomel Electrode
Sample
Input of the Output of the
Electrolyte Electrolyte
Oxygen )
permeation e —_| .
membrane Au Working Electrode
Prism
Light Source Polarizer Analyzer CCD
(b)
Local pH has been modulated by the reaction:
024+2H20+4e—40H~
€00 #~c00 #-c00
-c00 (-cod (-co0
- C00H - COOHC; COOH ) )
TC00H ~C00H{"-COOH("-CO0H EH’ (At A
€00 €00" £C00 Fcod
Electrode

FIG. 8. (a) Schematic of the TIRIEB used for total internal reflection imaging
ellipsometry and electrochemistry measurement. Polyaniline (the rectangle on
the Au Working Electrode) modified Au layer (30 nm) was deposited on the
base of an SF10 glass slide as the working electrode for simultaneous electro-
chemical and optical measurements. Reprinted with permission from Li et al.,
Electroanalysis 26, 374 (2014). Copyright 2014, John Wiley and Sons. (b) Local
pH modulation by the dissolved oxygen reduction would elongate the carboxyl-
ated poly(OEGMA-r-HEMA) moiety. Reprinted with permission from Liu et al.,
J. Electrochem. Soc. 163, H286 (2016). Copyright 2016, IOP Publishing.
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FIG. 9. (a) Open circuit potential (the solid line) and gray scale (the dashed
line) responses for the EC-TIRIE sensor with a polyaniline modified Au surface
for various oxygen concentrations. (b) Saturated DO reduction at the Au
covered sensing surface (the solid line is the electrical signal, while the dashed
line is the optical signal). Reprinted with permission from Li et al,
Electroanalysis 26, 374 (2014). Copyright 2014, John Wiley and Sons.

VI. CONCLUSION AND PERSPECTIVE

Since its inception in 1995, IEB has advanced from a simple
concept to a powerful biosensor detection platform for many target
analytes. Phase sensitive imaging ellipsometry provides high sensitiv-
ity, high throughput, and multisample detection. The microfluidic
system reduces sample consumption from the milliliter to the micro-
liter level. Modification of the sensing chip can increase the specific-
ity and avoid nonspecific adsorption effects. Furthermore, combined
with the SPR phenomenon, TIRIEB may be used to study in real
time the dynamic interactions of ligand-analyte complexes and mol-
ecule diffusion at the sensing surface. However, for trace analysis of
small molecules, the sensitivity for IEB remains an issue. To improve
measurement sensitivity, three strategies can be adopted: (1) intro-
duction of comparative adsorption, (2) introduction of nanoparticles
to amplify the optical signal,”” and (3) noise suppression of the system.
Furthermore, for online testing, the size of IEB should be reduced and
a compact IEB should be brought to market.
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