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Terahertz (THz) spectroscopic techniques were employed to study the hydration shell formation around
anti-estrogen receptor alpha (AER-a), an important biomarker in breast cancer diagnosis, and to detect
the binding reaction between AER-a and estrogen receptor peptide alpha (ERP-a), in aqueous solutions.

A remarkable nonlinear relation between THz absorption and AER-a concentration was demonstrated,
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shedding some light on the formation process of the hydration shell around AER-a. THz spectroscopic

properties of the AER-a were also shown to be significantly affected by the binding with the ERP-a, to
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1. Introduction

Research on tumor markers for breast cancer, breast cancer risk
assessment, early differential diagnosis, prognostics, and drug
sensitivity tests have gained attention given the increasing
incidence of breast cancer. Estrogen receptor is a nuclear
steroid hormone receptor. Estrogen receptor alpha (ERa) is
a crucial and useful biomarker in breast cancer diagnosis and
treatment.'” The presence of ERa in two-thirds of tumors and
its role in cancer regression with hormonal therapy established
this biomarker as a useful clinical target.*”

Estrogen receptor o antibody (AER-o) has been shown to be
highly specific and sensitive for the detection and quantification
of estrogen receptor in human breast lesions using immunohis-
tochemical methods.? The antibody-antigen reaction leads to
arich phenomenology that is essential in diagnostics studies. For
example, comparing ER antibodies (AER) for the study of ER levels
in breast carcinomas and evaluating whether potential differences
are significant for therapeutic decisions.® The availability of AER
and the advent of heat mediated antigen retrieval made it possible
to assess ER with immunohistochemistry on paraffin sections.™
Characteristics and utility of ER antibodies AER in analysis,
characterization and localization of ER isoforms in various tissues
were demonstrated," as was sensitive binding assay for the
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the extent that THz transmission and attenuation could be used to investigate the dielectric properties of
antibody—antigen binding reactions.

interaction between ER and ER antibody AER."> Comparison of
the specificities of antibodies raised to different regions of ERa
or ERa for detecting recombinant human ERa (rhERa) and
recombinant rat ERo (rfERa) when bound to a consensus
estrogen response element (ERE) was also carried out."

Understanding of the binding reaction of antigen-antibody is
essential in diagnostic studies because of the diversity and
complexity associated with such reactions. Several research
approaches were used to explore this interaction, including
immunofluorescence technique,* radioimmunoassay,' enzyme-
linked immunosorbent assay,'® luminescence immunoassay,"’
immuno-polymerase chain reaction,"” and chemiluminescence
immunoassay (CLIA)." These methods invariably require
labeling. CLIA is recognized globally as an advanced labeling
immunoassay technology. In CLIA, free-state chemiluminescent
(antigen-antibody complex) can be obtained after an antibody or
antigen is labeled by the chemiluminescentrelated substance
that binds to the antigen or antibody to be measured; chemilu-
minescent systems related to other substances are then added to
detect antigen or antibody qualitatively and quantitatively.

Terahertz (THz) wave refers to electromagnetic waves with
the frequency from 0.1 to 10 THz. As an emerging molecular
detection technology, THz wave has several unique advantages
over other popular spectroscopic techniques.* For instance, the
energy level of THz largely coincides with the level of the
molecular low-frequency motions including vibration, rotation
and translation of the molecular skeleton. These movements
may be identified through fingerprint characteristics in the THz
transmission or absorption spectroscopy.*>* In addition, the
energy of THz wave is relatively low (~4 meV per photon), which
is mild to most molecules and will hardly cause the ionizing
damage to the structure of molecules.***

This journal is © The Royal Society of Chemistry 2017
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Water exhibits a strong absorption in the terahertz range. At
room temperature, the absorption coefficient of water at 1 THz
frequency is greater than the absorption coefficient of most
biomolecules. Strong absorption of terahertz radiation is
a formidable obstacle in the study of liquid samples composed
of polar molecules, but it is an advantage in studying the
collective hydration dynamics of biomolecules, because the
biomolecules can form hydration shells in aqueous solution,
whose THz absorption characteristics is markedly different
from that of bulk water. In the THz band, the fast hydration
dynamics of biomolecules can be detected on a picosecond
timescale, and THz spectroscopy has proven to be effective in
detecting biomolecules and their hydration, and shown unique
advantage in probing the coupling between shells, compared
with X-ray crystallography, nuclear magnetic resonance, or
conventional dielectric spectroscopy.

THz spectroscopy is a powerful tool for determination of
collective hydrogen bond dynamics on a picosecond time-
scale.”””® This approach involves measurement of the collective
hydration dynamics of biomolecules® and binary mixtures.*
The unique advantage of THz spectroscopic technique is its
ability to detect features of hydrogen-bonded collective
networks of water in low-polarity environments** and biological
interfaces.** The amplitude and phase of the THz radiation field
propagating in solutions can be obtained by THz time domain
spectroscopy (THz-TDS). The THz waveform in time domain is
converted into frequency domain through Fourier transform.
This method allows for ready acquisition of optical parameters,
such as absorption coefficient, complex refractive index and
complex dielectric constant.*

Dielectric spectroscopy offers a simple and sensitive
approach for exploring proteins.** The advent of pulsed THz-
TDS techniques facilitated the development of broadband
(0.1-10 THz) dielectric characterization of proteins. Dielectric
loss tangent is extremely sensitive, specific, and holds applica-
tions in many fields, such as power measurement,* nano-
material exploration,®* and investigations of molecular polari-
zation*” and protein structures.*® This parameter facilitates the
detection of specificity and sensitivity of protein-binding reac-
tions through THz spectroscopy.*

In this report, we describe our recent successful attempt at
label-free detection of the immune response of ER-a, including
its specific antibody AER-o. in aqueous solutions using THz
time-domain spectroscopy. Absorption coefficient and dielec-
tric loss tangent of AER-a and its binding with ERP-a at different
concentrations are determined and compared. Difference in the
concentration dependence of these parameters before and after
binding is discussed, and is subsequently employed to probe
the binding reactions of biological activity of these proteins.
The remainder of this report is organized as follows. We first
briefly describe the experimental details, including AER-o. and
ERP-o. preparation, experimental setup and the data analysis,
followed by results and discussion of the use of the THz-TDS
spectrometer to investigate the binding reactions of AER-
a with ERP-a in aqueous solutions. Summary and conclusions
are presented in the last section.
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2. Experiment
2.1 Experimental setup

THz spectral measurements were performed using a Picometrix
T-ray 5000 fiber-coupled THz-TDS spectrometer (Advanced
Photonix, Inc., MI, USA) in transmission mode (Fig. 1a). The
spectrometer used femtosecond near-infrared laser pulses and
LT-InGaAs photoconductive antenna (PCA) chips to generate
and coherently detect the electric field of ultra short THz elec-
tromagnetic pulses in the time domain. The experimental
measurements were conducted at an ambient temperature of
21.0 £+ 0.4 °C, a relative humidity of <2.0% with the purge of
nitrogen gas.

The sample cell (Fig. 1b) used in this work was modified
from a standard Bruker liquid sample cell (model A145, Bruker,
Ettlingen, Germany)* and was adopted in our previous
measurement.** Two framing aluminum holders stabilized the
demountable cell. The Teflon (PTFE) gasket and neoprene
gasket next to the aluminum plates separated the optical
window made of quartz from the metal surface of the two
aluminum plates, respectively. The PTFE film (thickness of 100
pum) was tailored into rectangle on which a rhombus was hol-
lowed out.

The nominal frequency range of the spectrometer was from
0.1 THz to 3.0 THz, but its valid range tended to decrease at the
high-frequency end when the sample was in aqueous solution.
Spectral frequency resolution of the spectrometer is 12.5 GHz.
Each sample was measured at least three times on different
days in order to eliminate the influences of humidity and
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Fig. 1 Schematic diagram of the THz-TDS spectrometer (a), and
stereo diagram showing the sample cell (b).
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instrument performance fluctuations. For each measurement,
the sample holder was cleaned with alcohol and the sample was
pipetted in the sample holder. Errors that resulted from
changes in the location of the sample and the heterogeneity of
solution were minimized by spectral averaging.

2.2 Sample preparation

AER-o (rabbit no. bs-2098R) and ERP-u. (rabbit no. bs-2098P)
were purchased from BIOSS Co., Ltd (Beijing, China). Clas-
sical methods of immunohistochemistry (IHC) and enzyme-
linked immunosorbent assay (ELISA) were used to verify the
binding reaction between AER-a. and ERP-a, as detailed in the
ESI.7 All experiments were performed in compliance with the
“Laboratories - General requirements for biosafety (GB 19489-
2008)”, BIOSS BIOTECHNOLOGY CO., Ltd. has approved the
experiments. AER-a was stored in sterilized PBS at pH 7.4. ERP-
o was obtained as freeze-dried powder. AER-a. was prepared
with the following concentrations using PBS as diluent: 7.8,
15.6, 31.3, 62.5, 125, 250, and 500 pg ml~*.

2.3 Data analysis

The THz optical refractive index of solution is calculated using**

) = 1010~ o]

+1 (1)

where ¢4(w), ¢ref(w) are the phase angles of the Fourier trans-
forms of the power transmission of the solution sample I, and
the reference (the blank sample cell) I,.f, respectively; ¢ is the
speed and w the frequency of the THz radiation in free space;
d is the thickness of the sample. The absorption coefficient of
the protein solution is derived according to the Beer-Lambert
law to be***
2
a(w) = — In[p(w)]. 2

where p(w) is the amplitude ratio of the Fourier transforms of I
and I..;. The extinction coefficient is obtained as,

c

4n(w)
21twd (3)

k(w) =1
) “L(w){n(wmf

and the complex relative dielectric constant é(w) is expressed as

é(w) = [n(w) — k()] = ¢ — i, (4)

where ¢ and ¢” are the real and imaginary parts of the complex
dielectric constant, respectively.

3. Results and discussion

The liquid phase of AER-a protein did not exhibit any charac-
teristic absorption peak in the THz spectral region considered
(Fig. 2). The confidence intervals and average of multiple
measurements are plotted as error bars to determine whether
the differences are statistically significant. The absorption
of each concentration nonlinearly increases with increasing
frequency.
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Fig. 2 Absorption coefficients of AER-a solution at various concen-
trations (from 7.8 to 500 pg ml™Y). The data present mean values, and
error bars represent the standard deviation.

Fig. 2 also shows that the change in absorption coefficient of
AER-a. solution with protein concentration is highly nonlinear
as well: the absorption coefficient of the 62.5 pg ml~* solution
is higher than those of all other concentrations between
7.8 ug ml~* and 500 pg ml .

To illustrate the dependence of absorption coefficient on
concentration and frequency, the absorption coefficients are
plotted against AER-a. concentration in the frequency band
from 0.2 to 1.4 THz in Fig. 3, showing that the absorption
coefficient decreases with increasing AER-a concentration up to
15.6 ug ml~". Between concentrations of 15.6 ug ml~"' and 62.5
ug ml™?, the absorption coefficient increases and reaches the
maximum at 62.5 ug ml~". Thereafter it decreases with further
increase in concentration. The remarkable change in absorp-
tion coefficient is manifested in a zigzag form, which bespeaks
the nuances of the interaction between protein and water
molecules in aqueous solution, particularly of such interac-
tion's subtle dependence on the relative abundance of the two
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Fig. 3 Dependence of the absorption coefficient of AER-a at different
concentrations and at various frequencies (0.2 to 1.4 THz).
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participants. To shed light on this point, we pick a typical curve
from Fig. 3 to illustrate more clearly the evolution of the
absorption coefficient as the AER-a concentration changes,
which is re-plotted in Fig. 4, depicting the absorption coefficient
of AER-a at 1.1 THz, as a function of AER-o. concentration. It is
apparent that dynamic hydration shell was not observed around
the AER-o. molecules at low concentrations of 7.8 to 15.6 ng
ml ™. In region A of Fig. 4, bulk water absorption dominates, as
the THz absorption of bulk water is higher than that of the
protein. Thus, absorption coefficient decreases as AER-
o concentration increases, as water is pushed out of the way by
the protein molecules.

The behavior in region A (Fig. 4) follows a binary-component
model (bulk water and protein), whereas region B is better
understood in terms of a ternary-component model (bulk water,
protein, and hydration water).”*** If the solution followed
a strictly single-component Beer-Lambert's law, the absorption
coefficient would have shown a linear dependence on protein
concentration. However, the absorption coefficient decreases
with increasing AER-o. concentration up to 15.6 pg ml~ ' in Fig. 4.
The schematic molecules are employed to illustrate the formation
and overlapping of hydration shells for interpreting the nonlinear
absorption behavior. The absorption coefficient of the solution
does not simply decrease with increasing protein concentration.
A complex relationship exists between the absorption coefficient
and the solute concentration as shown in Fig. 4.

This aspect continues until hydration shell begins to form at
around 15.6 ug ml~*. The absorption of hydration shell in the
THz region is higher than that of the bulk water.*® Moreover,
absorption coefficient increases (start of region B in Fig. 4) as
protein concentration rises. This phenomenon continues until
hydration shells begin to overlap at about 62.5 ug ml~ . This
overlap causes the absorption coefficient to decrease continu-
ously as the protein concentration rises. Region A (blue line in
Fig. 4) can be understood based on a two-component model that
contains protein and bulk water; region B (red line in Fig. 4)

AER-0 @ 1.1THz

AER-a Absorption (cm™)

150 :
0 50

100 150 200 250 300 350 400 450 500 550
Concentration (pg/ml)

Fig. 4 Absorption coefficient of AER-a solutions at 1.1 THz as
a function of concentration. Red dot represents protein molecule; red
dot with blue shell represents protein molecule with hydration shell
bound to it.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

shows the behavior of a ternary component model that contains
protein, hydration water, and bulk water. This structure shows
that the absorption coefficients of water molecules that
surround the solute differ with varying solute concentrations
because of the distinct properties of hydration water.*

To investigate protein-binding reactions, ERP-a (~1.7 kD) at
two different concentrations of 0.5 and 1.0 ug ml~* was mixed
into AER-a solutions with concentrations varying from 7.8 pg
ml™" to 500 pg ml~* at 1: 1 volume ratio. The mixtures were
incubated with gentle mixing for 30 min at room temperature
and then overnight at 4 °C to allow the binding reaction and
complex formation. Precipitate was not observed in the
samples.

Usually, two single ERP-o can saturate one AER-a, ie. the
ratio of binding sites (RBS) of AER-o. to ERP-o is 2:1. The
concentration of ERP-o. was chosen (Table 1) to explore the
relationship between the absorption coefficient and concen-
tration. Thus, optimum ratio was achieved at an AER-
o. concentration of around 62.5 pg ml~'. Obtaining the
complete features of THz absorption depends on the frequency
and concentration of the solution. The 3D plots of AER-
o binding ERP-o [Fig. 5a and b] are shown from 0.2 to 1.4 THz.

To highlight the comparison of absorption behavior with the
RBS of AER-a binding ERP-a solutions, we present the data at
1.1 THz in Fig. 6. A remarkable feature of the absorption of AER-
o was observed at 62.5 pg ml™" at 1.1 THz because of the
occurrence of overlapping of the hydration shells according to
the three-component THz absorption model.”****

The red line in Fig. 6 (AER-o. and ERP-¢. binding (0.5 pg ml™*)
reaction) shows that a similar absorption feature can be

Table 1 AER-o binding ERP-a. (0.5 pg ml™) reaction ratio

AER-a Ratio of binding Molar ratio,

(ng ml™h) sites, AER-o. : ERP-o, AER-0. : ERP-0

7.8 0.352: 1 0.176: 1

15.6 0.706 : 1 0.352:1

31.3 141:1 0.706 : 1

62.5 2.82:1 1.41:1

125 5.64:1 2.82:1

250 11.28: 1 5.64:1

500 22.56: 1 11.28: 1
2501 @ 0352:1 (b)
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Fig.5 Concentration dependence of the absorption coefficient for (a)
AER-a binding ERP-a (0.5 pg ml™), (b) AER-a binding ERP-¢: (1 pg ml™")
solutions from 0.2 to 1.4 THz.
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Fig. 6 Absorption coefficient of AER-a, AER-a binding ERP-a (0.5 pg
ml™), and AER-a binding ERP-a (1 ng ml™) solutions at 1.1 THz.

observed at a RBS of 2.82:1. However, the green line (AER-
o and ERP-o. binding (1 ug ml™") reaction) shows hardly any
absorption peak at an RBS of 1.41 : 1, indicating that the green
line corresponds to the case that most of the AER-a was
consumed, such that the hydration shell of AER-a. completely
disappeared. The binding interaction between AER-o. and ERP-
o causes the charged sites to diminish (red line in Fig. 6), and
even to disappear (green line in Fig. 6). This is also observed for
hemagglutinin protein binding with its antibody at different
RBS or concentrations.* Before binding, polarized water
molecules and charged sites on the surface of the protein shape
the hydration shell around the protein by electrostatics; after
binding interaction, the charged sites decrease due to the
neutralization, weakening the formation of hydration shells.

Interestingly, a new absorption peak emerged at a RBS of
0.352 : 1 (at AER-o concentration of 31.3 pg ml~*, green curve in
Fig. 6), due to excess of ERP-u, as the AER-o. was consumed
completely, with the remaining ERP-a after the binding inter-
action with AER-o at a proper ratio still substantial in quantity,
and it is difficult to hydrate at other concentrations. These
excessive ERP-o has a similar interaction dynamics with water,
as that of the pure ERP-a (black curve in Fig. 6), forming new
hydration shells and leading to a new absorption peak before
overlapping of the hydration shells occurs to dominate.

The terahertz spectroscopic data of AER-o. binding ERP-
a indicate that the absorption coefficient began to decrease with
an increasing ratio of the binding sites of AER-a to ERP-
o beyond the optimum value (2.82 : 1 for the red curve, and
1.41 : 1 for the green curve). After that, the absorption coeffi-
cient shows a decreasing trend due to the excessive AER-a in
solution. Therefore, from the variation of THz absorption of the
mixed solution of the antibody and antigen before and after
binding reaction, we can see that the THz spectroscopy can be
used as an effective tool to detect the antigen-antibody binding
reaction.

3.1 Dielectric loss measurement for AER-o binding ERP-o

As is customary in microwave engineering, the dielectric loss
tangent is defined as tan 6 = ¢”/¢/, which characterizes the
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Fig. 7 Plots of the dielectric loss tangent for AER-a, AER-a binding
ERP- (0.5 png ml™Y), and AER-a binding ERP-o. (1 pg ml™Y) at 1.1 THz.

inherent dissipation capacity of a dielectric material in an elec-
tromagnetic field, where ¢’ is the real part and ¢” is the imaginary
part of the complex dielectric permittivity, respectively.

Fig. 7 presents the dielectric loss tangent for AER-a, AER-
o binding ERP-o. (0.5 pg ml™') and AER-o. binding ERP-o. (1 pg
ml~") at 1.1 THz. In these three cases, the maximum dielectric
loss appears at the concentration of 62.5 ug ml~" and at the
RBSs of 2.82:1 and 0.352: 1, respectively, which are quite
consistent with the positions appearing for the maximal THz
absorption in Fig. 6. The large dielectric loss tangent at a given
concentration describes the ability of the medium in converting
electrical energy into heat. From Fig. 6 and 7, similar change
trends of the THz absorption and the dielectric loss tangent
with the AER-a concentration are easily observed. Hence, this
dielectric loss tangent method is another means of verifying the
exact antibody-antigen binding reaction.

4. Conclusion

THz spectroscopy was employed to detect the binding reaction
of AER-a with the AER-a-specific antigen ERP-o.. Compared with
classical methods of ELISA and IHC (see ESIf), THz spectros-
copy is fast, convenient and label-free, which can potentially
avoid the interference of the fluorescent agent in the binding
reaction, and better reflect the true physiological state of the
antigen-antibody binding. The measurement results showed
that the hydration shell was constantly present in the AER-a,
and AER-o/ERP-a solutions, and played an important role in the
THz absorption of these solutions. However, the binding
interaction of AER-o. and ERP-a. effectively caused the hydration
shell to diminish gradually until it disappeared. This hitherto
unreported phenomenon shows that THz spectroscopy can be
used to detect the configurational change of protein caused by
occupation and population of antibody/antigen binding sites.
Dielectric loss tangent was employed as a useful tool for

This journal is © The Royal Society of Chemistry 2017
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monitoring the AER-o. and ERP-a binding interaction with high
sensitivity. The measurements of AER-a with its specific antigen
ERP-a indicate the unique capabilities of THz spectroscopy in
the label-free probing of antibody-antigen binding. The
approach presented herein demonstrates the potential appli-
cations of THz spectroscopy in reagent analysis and pharma-
ceutical synthesis.
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