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The biosensor based on imaging ellipsometry (BIE) is a practical technique to measure protein interactions such
as the immobilization of biomolecules and the recognition between ligand and analyte. In this paper, to avoid the
working condition optimization before each measurement, a fixed linear working condition for the silicon wafer
chip is established at the angle of incidence of 75° with the fixed azimuths of the polarizer and the analyzer P =

90° and A = 45°. Further, a quantitative model is constructed to establish the standard curve between the
ellipsometric signal and the protein concentration. As a result, this model is used to deduce the dissociation
equilibrium constants of three relevant blood proteins as well as their antibodies. This work bridges the gap
between the biochemical demand and BIE for sensing applications.

1. Introduction

A biosensor based on imaging ellipsometry (BIE), as a label-free, high
sensitivity characterization technique for a thin layer [1,2], has greatly
progressed since the concept put forward in 1995 [3]. It is a direct op-
tical visualization method that offers a distinct graph for qualitative or
quantitative analysis of protein interactions on a solid surface.
Compared with the traditional immunoassays for proteins measurement
such as enzyme linked immunosorbent assay (ELISA) [4], a label-free
method offers advantages as a direct means of detecting
protein-protein binding and avoids the limitations of labeling. For
example, labeling may affect the activity of the binding site on small
molecules, or face the need for excitation and fluorescent bleaching in
fluorescence tags. To date, various non-labeling detection methods have
been reported including surface plasmon resonance (SPR), atomic force
microscopy (AFM) and quartz crystal microbalance (QCM), etc..
Although SPR technique can meet the requirement of high throughput,
the sensitivity is limited [5]. AFM with high lateral resolution is
destructive to the sample and requires specific working condition [6].
QCM is often operated in dry air or nitrogen in order to guarantee the
identical conditions before and after each measurement of the process
[7]. Thus, BIE with advantages of label-free, non-destruction, good
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sensitivity and simplicity can be used as a powerful method for protein
detection. It has already been applied to monitoring antigen-antibody
kinetics [8,9], disease biomarkers detection [10,11] and environ-
mental pollution monitoring [12].

However, the azimuths of the polarizer and the analyzer need to be
optimized to get a sensitive response to the protein binding interaction
before each measurement in application, which limits the promotion
and use of the sensor. For sensor applications, the users prefer focusing
on the sample measurement to the optimization of the equipment. Thus,
the azimuths of the polarizer and the analyzer should be fixed. Further,
in biochemical applications, instead of the ellipsometric parameters
such as y and A or the thickness of the layer, a standard curve on the
signal vs. sample concentration is preferable. It is worthy of constructing
a detailed quantitative model which could bridge the gap between the
biochemical demand and BIE.

In this paper, we optimize the azimuths of the polarizer and the
analyzer for our sensing purpose. Since spectroscopic ellipsometry (SE)
can tell about 0.1 nm film thickness variation which is widely used to
measure the film properties by collecting the amplitude ratio and phase
difference of the reflected polarized light [13], a quantitative model is
constructed to establish the correlation between the ellipsometric signal
and protein concentration. Furthermore, three relevant blood proteins
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as well as their antibodies are used to testify the model.
2. Experimental details

2.1. Chemicals and materials

The silicon substrate has a silica layer of approximately 2 nm, P-type
monocrystalline silicon doped with boron, purchased from the General
Research Institute for Nonferrous Metals (China). Components of the
study including 3-aminopropyltriethoxy-silane (APTES), glutaraldehyde
(Glu), human immunoglobulin G (IgG), goat anti-IgG, bovine serum
albumin (BSA), rabbit anti-BSA, human fibrinogen (Fib) and goat anti-
Fib are produced by Sigma-Aldrich (Missouri, USA) and used without
further purification. All solutions are prepared in ultrapure water pro-
duced by a Millipore Milli-Q ion exchange apparatus. The proteins are
diluted to different concentrations by using phosphate buffered saline
(PBS) (pH 7.4 at 25 °C).

2.2. Ellipsometry measurement system

The experiments are carried out with the BIE developed in our lab-
oratory and the SE (J. A, Woollam RC2) respectively. BIE system consists
of microfluidic array system used for surface patterning and array
fabrication as well as imaging ellipsometry (IE) used for reading the
protein adsorption layer [14]. As a typical ellipsometry technique, IE is
based on a polarizer-compensator-sample-analyze (PCSA) configuration
shown in Fig. 1(a). The Xenon lamp light beam is directed to a colli-
mating and extending system after passing through an optical filter at
632.8 nm wavelength which increase the ellipsometric contrast of
image. The linearly polarized light beam strikes the sample at the angle
of incidence of 75° after passing via a compensator (quarter wave plate)
after the polarizer. Following the reflection, the light beam passes

(a)

Light source
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through a second polarizer, which is termed as the analyzer, and is
received into the charge coupled device (CCD). The signal of IE is the
light reflection intensity of the fabricated protein microarray surface
which could describe the adsorption of the protein layer intuitively. The
distribution of the protein layer thickness is simultaneously detected by
SE. In our current work, the RC 2-D of J. A Woollam with a spectrum of
193-1000 nm is applied to examine various protein samples at the angle
of incidence 75 °. For saturated and dense single-layer protein film, the
six layers structure model (Air - Cauchy layer - Self assembled mono-
layers (SAMs) - SiOq - Interface layer - Si substrate) is used to fit the
thickness of protein film in order to approximate the actual physical
configuration, and the thickness measurement precision can reach 0.1
nm. (The refractive index for proteins absorbed on the Si substrate are in
the range of 1.48-1.57 according to previous work [15], and for the
fitting process of the same protein sample, the refractive index is
regarded as invariant.)

2.3. Procedures

Take the IgG/anti-IgG as an example. The general detection pro-
cedure for the protein adsorption layer is depicted in Fig. 1(b) including
surface modification, ligand immobilization, and analyte binding.
Referencing our previous stuff [16], the surface modification procedure
of silicon wafers as the IE immunosensor substrates is modified with
SAMs by coupling APTES and Glu. To prepare the ligand immobiliza-
tion, IgG solutions of various concentrations (0.006, 0.06, 0.3, 0.6, 3, 6,
30 and 80 pg ml™!) enter the surface through the microarray at 1 pL
min~! for 10 min followed by washing with PBS. The unit with saturated
ligand molecular layer with enough high concentration (80 pg ml™?) of
1gG solution will continue the binding process of analyte. Previously, the
blocking buffer is injected at 1 pL min~! for 30 min to block the
non-specific binding sites with the subsequent washing with PBS. Then
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Fig. 1. (a) Schematic diagram of BIE based on PCSA configuration; (b) Schematic diagram of ligand immobilization and analyte recognition on the pro-

tein microarray.
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the anti-IgG solutions with the same concentrations ratio as the ligand
solutions are injected to react with saturated IgG specifically at 1 pL
min~! for 10 min. After being rinsed and dried, the surface information
of surface-bound protein is measured by IE and SE, respectively.

Considering the current procedure, ligand molecules (IgG) can
covalently bind to different areas of the modified substrate due to the
Schiff reaction between aldehyde group (-CHO) on the surface and
amino group (-NH2) in the ligand protein. In this case, each IgG bound
area of the microarray may function as a probe which can capture the
corresponding target (anti-IgG) in the analyte solution. When the anti-
IgG in the solution interact with the probe in the microarray, they
form a complex due to the affinity and the layer covering the surface
area of the interaction becomes thick (or surface grayscale increase). A
significant increase in the attached layer thickness (or surface grayscale)
indicates that the solution contains the analyte anti-IgG.

3. Theory

3.1. The optimal azimuths of the polarizer and the analyzer for linear off-
null working condition of BIE

We need to fix the optimal azimuths of the polarizer and the analyzer
for BIE biochemical applications. In general, the expression for the
detected intensity of IE in a typical PCSA system is given by [17]

R’

R
I= G4c052y/ [1 — cos2ycos2A + sin2ysin(2P 4 A)sin2A] 1)

where y and A are the ellipsometric parameters defined by
tany = |Ry|/|Rs| and A = A, — A, when R, = |Ry|exp(jA,) and Ry =
|Rs|exp(jAs) are the complex reflection coefficients for p and s polarized
parts, respectively. P and A are the azimuths of polarizer and analyzer. G
is a device dependent parameter.

For the sensing applications, our imaging ellipsometry biosensor
often focuses on the relative change at the interface instead of the exact
ellipsometric parameters, which implies the maximum detected in-
tensity variation after the adsorption at the optimal azimuths of the
polarizer and the analyzer. Further, a linear response is expected for the
small variations. Thus, the Taylor expansion of Eq. (1) is given by

R
IR| ” [tany + cos2Atany + sin2Asin(2P + A)|Sy

ol =G
2cos?

|2

RS
+G|

doos’y sin2Asin2ycos(2P + A)SA (2)

Let’s denote f = 6, thus, to optimize the azimuths of P, we have % =
0, that is

R R
G% sin2Acos(2P + A)Sy — G 2|c0l‘s‘21// sin2Asin2ysin(2P + A)SA =0
(3a)
Or
2 oy
tan(2P + A) = — 3b
an(2P +A) sin2y 6A (3b)

When Sp<A tan(2P + A) ~ 0, P=—SorP =24

In our BIE configuration, silicon wafer is used as the substrate, in the
neighborhood around pseudo-Brewster angle of which A jumps from —
180" to 0. For example, at the angle of incidence of 75°, A ~ 180°, P =

+90°. For g% =0, we get

I _ G Ll (—2sin2Atany)sy + G R (2c0s2Asin2y)sA =0 (4a)
0A " 2costyt vy 4cosy yjea =
or
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2tany Sy 0

2A = 4b
0 sin2y 5A (4b)
Thus A = +45° and the maximum detected intensity is
R R
ol = tanyo 2p6A
G 2cos?y anyoy + G 4cos?y sy )

Eq. (5) suggests a linear off-null working condition in which I # 0,
the detected signal varies linearly with the perturbation of the ellipso-
metric parameters which is advantageous for small signal variation
compared with a quadratic variation of the conventional null-off null
condition.

On the other hand, the ellipsometric parameters éy, 4, is propor-
tional to the layer thickness variation 6d [18]

Syodd, SAxdd (6)
According to Egs. (5) and (6), we have
Slexdd @]

Therefore, it is not hard to obtain the variation connections between
the detected light intensity and the layer thickness. Fig. 2(a) shows the
ellipsometric parameter variation from the growth of 1 nm SiO; (n =
1.457) on the silicon substrate at the angles of incidence from 73° to 78°
under the wavelength of 632.8 nm. It can be seen that the maximum
amplitude change can be achieved at 75.5°, the pseudo-Brewster angle,
and the phase difference jumps from —180° to 0° around the angle. Thus,
the incident angle is set at 75°, near the pseudo-Brewster angle, to
exploit the sensitivities from both ellipsometric parameters. As is seen in
Fig. 2(b), two working conditions are compared when the thickness of
SiOy, d, disturbs less than 10 nm at the angle of incidence ¢, = 75°. The
response to the disturbance is parabolic under the traditional null-off
null condition and the responses under the linear off-null condition
are 10 times higher than that of the null-off null condition. Under the
optimal azimuths of P = 89.6° and A = 44.8°, the maximum response is
almost the same as that of P = 90° and A = 45° (represented by red
dashed and solid lines, respectively). Thus, the angle of incidence is set
to 75° and the azimuths of the polarizer and the analyzer is fixed at P =
90° and A = 45° for the sensing application. There is a linear relationship
between the detection light intensity and the film thickness.

3.2. The IE signal response to the protein concentration

Eq. (7) suggests that the increase of the film thickness of the protein
layer 4d is proportional to the light reflection intensity 6. However, it is
of interest to obtain the surface mass density I'(ug /cm?) rather than the
layer thickness d (nm) for protein film measurement. The surface mass
density is calculated by using de Feijter’s equation [17].

_ iy —na)

r
dn/dc

€))

where ny is the refractive index and dy the thickness of the mixed poly-
electrolyte multilayer. The dn/dc and n; are assumed constant in this
case and must be determined independently. The relation of the varia-
tions between the surface concentration and film thickness is given by

(ry — 1a)
o' = ~——+dd 9
dn/dc ©)
Egs. (7) and (9) in combination lead to
SI<sT = Sy-M (10)
where 5y and M represent the amount of surface density of the protein
layer and the protein molecular weight, respectively.

Equation (14) implies that for a given protein layer, the signal
variation for IE is proportional to the amount of surface density of the
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Fig. 2. (a) The ellipsometric parameter variation from the growth of 1 nm SiO, (n = 1.457) on the silicon substrate at the angles of incidence from 73° to 78°; (b) The
signal responses to SiO, film less than 10 nm under null-off null condition (black line) and linear off null condition (red line).

protein film. Therefore, BIE combined IE and microarray in this work
can monitor the biomolecules quantitatively.

As mentioned in 2.3, the modified surface formed by the SAMs can
capture the ligand by the Schiff base reaction, achieving the covalent
immobilization of the ligand, firstly. Then the ligand on the substrate
interacts with the analyte in the solution to form ligand-analyte com-
plex, enabling analyte recognition. Since the time-scale of the protein
interactions is around the nano-second level, these reactions can be
considered as quasi-equilibrium in our measurement time. Moreover, it
is practicable and appropriate to approximate equilibrium with quasi-
equilibrium in the short-term reaction time of few minutes as far as
sensing is concerned because the time scale for complete equilibrium of
proteins interaction might range from seconds to days. Thus, the ligand
immobilization is regard as a dynamic equilibrium process performed by

kq
Substrate — CHO + Protein — Nsz:Substrate — CH = N — Protein
d

When S equals Substrate-CHO, Ligand equals Protein-NH,, S-Ligand
equals the complex. the reaction above can be expressed as

ka
S+ Ligand;—‘S — Ligand
d

where k, and k,; are the association rate constant and the dissociation
rate constant, respectively, and thus the dissociation equilibrium con-
stant Kp = kq/kg.

Under a pseudo-first-order interaction assumption, a link between
the variation of surface mass density of the IE caused by the formation of
the S — Ligand complex and the ligand concentration in solution is
derived [10]. According to the Eq. (10), the light reflection intensity can
be further expressed by

(vy)o CLigana
Kp + crigana

51Ligz/nd°(5FL[gand = yS—Ligand 'MLig(md = Ligand (11)

where cjjqnq are the concentrations of the ligand in solution, which can
be regarded as a constant since the ligand solution is continuously and
uniformly transported to the sensing surface through the microfluidic
system. And (), stands for the initial amount of the -CHO before
ligand solution is delivered to the sensing substrate.

Similarly, the process of specific recognition of analytes and ligands
can be formulated as

ka
S — Ligand + Analyte= S — Ligand — Analyte
Ky

d

/ . . .
where k', and k4 are the association rate constant and the dissociation

rate constant of recognition, respectively, and thus the dissociation
equilibrium constant k'p = ko /K 4.

At the equilibrium of the recognition process, the relationship be-
tween the sensing signal and the analyte concentration can also be
derived as
—(Ky" Joliend

D+CLigand )

(}/s>0'cAnulyte
it U _MsJ0 mAnalyte
KD + CAnalyte

7 12)
K D + CAna/yze

51Annlym°<6FAnalwe = M Apalyte = 'MAnalym

As ligand concentration, cjmq , can be several magnitudes larger
than Kp, making —X2—+ 1 ~ 1, Obviously, Egs. (11) and (12) have the

CLigand

same expression, indicating that the same formula can be used to fit both
ligand immobilization and analyte binding.

4. Results and discussion

4.1. The linear relationship between the light reflection intensity and
protein layer thickness

To verify the linear relationship between the light reflection intensity
and protein layer thickness under the optimized conditions calculated in
3.1, the corresponding ellipsometry of the sensing signal, IE and SE are
respectively used in this work. The measurement experiments of the
ligand covalent immobilization and the analyte specific recognition are
optimized by the incidence angle of 75° as well as the azimuths of P =
90° and A = 45°, respectively. The surface modification of the amino
silane self-assembly method is accomplished by coupling APTES with
Glu-molecules, with the concentration and working conditions being
adjusted in accordance with prior studies [19]. The results of surface
sensing signal and layer thickness at various protein concentrations are
presented in the Fig. 3. On the one hand, (a), (c) and (e) describe the
change curves of the ligand surface sensing signals (black line) and the
layer thickness (red line) of IgG, BSA and Fib with different concentra-
tions. On the other hand, for the specific recognition of anti-igg, anti--
BSA and anti-Fib, the curves of the sensing signal of IE and SE with the
concentration of antibodies are shown in right column such as (b), (d),
.

Furthermore, we have constructed the quantitative relationship
curve between the thickness variation 6d and the change of reflected
light intensity &I of the various proteins bound to the same surface in
Fig. 4. The linear regression analysis curve of the results showed that the
correlation coefficient of the two variables is 0.993, within the confi-
dence interval of 0.05, indicating a significant correlation. The slope,
k =10.604 + 0.190, illustrates the coefficient of the layer thickness and
light intensity for the silicon substrate with a silica layer of
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Fig. 3. The light reflection intensity (black line) and thickness (red line) corresponding to the binding surface of proteins at different concentrations.
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approximately 2 nm according to the Eq. (7), the relation is deduced as
8 = k-6d. The sensitive linear response of the sensing signal to the
thickness is established at the optimal azimuth setting, which is
consistent with the previous analysis.

4.2. The standard curve on the signal vs. sample concentration

Establishing a standard curve on the signal vs. sample concentration
is the main goal of the BIE quantitative model. Fig. 5 depicts the change
of the IE sensing signal for different concentrations of proteins, (a), (c)

and (e) express the ligand binding of IgG, BSA and Fib proteins with
different concentrations. On the other hand, for the specific recognition
of anti-igg, anti-BSA and anti-Fib, the curves of the sensing signal of IE
are shown in right column of Fig. 5 such as (b), (d), (f). Combined with
the Egs. (11) and (12), all the curves can be fitted to obtain the equi-
librium dissociation rate constant shown in Table 1.

It became clear that in the process of ligand immobilization, Fib has
the smallest dissociation constant and the strongest affinity with modi-
fied substrate, followed by IgG, and BSA has the weakest affinity due to
its configuration which is difficult to expose the amino group. It is worth
mentioning that all the dissociation equilibrium constants fitting of the
binding processes are lower than 10~% M, indicating that they are all
strong interactions. The affinities of the specific protein binding pro-
cesses are as anticipated, which confirm the quantitative model, and
appropriate standard equations are derived, as shown in Fig. 4.

5. Conclusion

To bridge the gap between the biochemical demand and BIE, the
signal response of BIE has been enhanced around 10 times in a linear off-
null working condition optimized at the incidence angle of 75° with the
fixed azimuths of the polarizer and the analyzer P = 90° and A = 45°
Under the optimized working condition, the standard curves of ellip-
sometric signal vs. protein concentrations under three proteins are
established by a quantitative model of binding process. The results
would benefit the promotion and use of the sensor.
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Fig. 5. The standard curves on the light reflection intensity vs. protein concentration.
in Mouse Plasma, J. Immunoassay Immunochem. 30 (2009) 418-427, https://doi.
Table 1 org/10.1080/15321810903188227.
The equilibrium dissociation rate constant of various binding proteins. [5] Y.M. Bae, B.K. Oh, W. Lee, W.H. Lee, J.W. Choi, Detection of insulin-antibody
- " = binding on a solid surface using imaging ellipsometry, Biosens. Bioelectron. 20
ligand Kq(10™ M) Analyte K’'p(10™" M) (2004) 895-902, https://doi.org/10.1016/j.bios.2004.03.032.
. [6] J. Hu, M.Y. Gao, Z.B. Wang, Y.J. Chen, Review on the applications of atomic force
BSA 10.801+1.704 Anti-BSA 69.709+6.790 . . Lo X . N A .
1gG 6.9190.787 Anti-IgG 4.92940.604 ;r:g‘zicgggzn?gggom proteins, Micron (2022) 159, https://doi.org/10.1016/j.
Fib 4.74240.586 Anti-Fib 7.644+1.185 y ' "

4The error is an estimate of the coefficient of the curves in Fig. 5, satisfying a
confidence interval of 0.05.
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