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T-rays is sensitive to covalently cross-linked proteins and can be used to probe unique dynamic
properties of water surrounding a protein. In this paper, we demonstrate the unique absorption
properties of the dynamic hydration shells determined by hemagglutinin (HA) protein in ter-
ahertz frequency. We study the changes arising from di®erent concentrations in detail and show
that nonlinear absorption coe±cient is induced by the dynamic hydration water. The binary and
ternary component model were used to interpret the nonlinearity absorption behaviors and
predict the thickness of the hydration shells around the HA protein in aqueous phase.
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1. Introduction

T-rays, also called terahertz (THz) radiation, THz
waves or THz light, is a region of the electromag-
netic spectrum (EM) between far-infrared and

microwaves. The T-rays region is typically de¯ned

as ranging from 0.1 to 10THz (1THz ¼ 1012 Hz) in

frequency, or 3mm to 30�m in wavelength.1 This

radiation has very low photon energy and thus it
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will not cause harmful ionization in biological tis-
sues; this makes it very attractive for medical ap-
plications. The vibrational modes corresponding to
protein tertiary structural motion lie toward the
far-infrared end of the T-rays range: the molecular
properties that can be probed at these frequencies
sensitively include bulk dielectric relaxation modes,
phonon modes and intermolecular vibrations.2–4

In°uenza remains a major medical problem and is a
constant threat to human health. In°uenza virus
hemagglutinin (HA) is a glycoprotein integral to the
in°uenza virus envelope. HA is involved in two
major functions: recognition of target cells, by
binding to their sialic acid-containing receptors, and
fusion of the viral and the endosomal membranes
succeeding endocytosis.5 However, biological pro-
teins often require an aqueous phase in order to be
transported to their target sites. Proteins in°uence
both the spatial and dynamic arrangement of
neighboring liquid layers through weak inter-
molecular interactions.6 Understanding the struc-
ture and dynamics of HA in solutions is essential for
designing novel antiviral agents that can potentially
inhibit its binding or fusogenic activities. Thus, we
investigate whether the THz absorption properties
of HA proteins are a®ected by the presence of the
dynamical hydration shell around HA to determine
if THz spectroscopy could potentially be used for
label-free in°uenza virus detection in future.

2. Experimental Methods

Spectra in the T-rays region were acquired using a
commercial Z-3TM Time Domain THz spectrometer
(Zomega THz Corp., Troy, USA).7 In this system,
optical excitation is achieved by a mode-locked Mai-
Tai laser which emits less than 120 fs pulses cen-
tered at a wavelength of 800 nm, with a 80MHz
repetition rate and an average power of �1W. The
measurements were conducted in the typical
transmission geometry because data showed fewer
artifacts (such as etalon and ¯rst surface re°ection
interference). The THz-TDS works at room tem-
perature (�298K), the optics are purged using
nitrogen gas to remove the water vapor from the air
to decrease the humidity down to less than 1%. The
usable frequency range is from about 0.1 to 2.5THz
but the valid range tends to decrease when the
sample is in aqueous phase due to signal attenuation
by the sample.

Our selected protein, Recombinant In°uenza A
Virus H9N2 HA protein (Sino Biological, Inc.), is a
DNA sequence encoding the extra cellular domain
(Met1-Lys523) of the in°uenza A H9N2 HA (A/
Guineafowl/HongKong/WF10/99(H9N2)) which
was expressed in human cells, fused with a C-
terminal polyhistidine tag. It comprises of 516
amino acids and has a predicted molecular mass of
approximately 65–75 kDa band in SDS-PAGE
under reducing conditions. PBS (pH 7.4) was used
to dilute the original solution to obtain concen-
trations of 0.43, 0.225, 0.113, 0.056, 0.029, 0.015 and
0.0075 mg/ml. The solutions at room temperature
are clear and without precipitates.

The liquid cell was fabricated from TOPASTM

5013L-10; this material (which is a Cyclic Ole¯n
Copolymer, COC) was chosen as it has very low at-
tenuation atTHz frequencies.8Moreover,TOPASTM

was chosen over other THz transparent materials
because it is chemically inert to the biomaterials.9,10

Since water strongly attenuates T-rays, the pen-
etration depth of the T-rays into liquid sample is
typically less than 500�m. Therefore, a thin liquid
layer in the liquid cell was prepared which is of the
order of a few millimeters thick. Furthermore, the
thin layer can also avoid unwanted re°ections signal
from the surface of the sample during the measure-
ment. The gradual di®erence in the concentration of
the protein solutions from 0.0075 to 0.43 mg/ml was
calculated and was found ready to be used in tubes.
Before each measurement, the liquid cell was cleaned
using acetone and then dried at ambient temperature
to remove any surface contamination. The hydrated
protein formulation was extracted and pipetted into
each cell for the THzmeasurement. Each sample was
measured four times. By averaging the spectra, sys-
tematic errors producedbywrongpositioning, aswell
as present heterogeneities in the sample, were mini-
mized. The clean homogeneous empty sample cell
was also measured as a reference (refractive index
�1:53) enabling the spectroscopic properties of the
sample to be accurately determined.

3. Results and Discussion

3.1. Liquid cell in transmission
geometry

A typical sample cell geometry used for liquid
measurement in transmission system is illustrated
in Fig. 1.
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The cell allows for a small volume of solution to
reside between the plates. Here, a spacer with a
thickness, dliquid, is inserted in between the parallel
plates. T-rays radiation is illuminated through the
window cells to produce Ereference [see Fig. 1(a)]. For
the sample measurements, the air gap with thick-
ness, dliquid, is ¯lled with liquid. Illumination by T-
rays radiation through this window cell set up
produces Esample [see Fig. 2(b)]. Taking the ratio of
Ereference and Esample gives the complex transmission
coe±cient T ð!Þ as follows:
~T ð!Þ ¼ ~n3liquidð~n2þ 1Þ2

ð~n2þ ~n3liquidÞ2
exp

�i!dliquid
c

ð~n3liquid � 1Þ
� �

;

ð1Þ
where the complex refractive index of the window
cell is ~n2 ¼ ~n4. The refractive index of air is denoted
as ~n1 ¼ ~n5 ¼ ~nair ¼ 1. Here, ~n3 liquid is the com-
plex refractive index of the liquid. With the above
assumption, the analytic expression for the THz
material parameters can be found with some ap-
proximation given in Duvillaret et al.11 Substituting
the complex refractive index, ~n3liquid ¼ n3liquid� i�3liquid
into Eq. (1) reveals the frequency-dependent mag-
nitude:

�ð!Þ ¼ n3liquidð!Þðn2 þ 1Þ2
ðn2 þn3liquidð!ÞÞ2

exp �!dliquid
c

�3liquidð!Þ
� �

:

ð2Þ
The frequency-dependent refractive index can be

simpli¯ed and expressed as,

n3liquidð!Þ ¼
�ð!Þc
!dliquid

þ 1: ð3Þ

The parameter �ð!Þ is the frequency-dependent
phase extracted from Eq. (1). The frequency-
dependent extinction coe±cient can be obtained by
rearranging Eq. (2). Thus, the extinction coe±cient
can be expressed as

�3liquidð!Þ ¼ � c

!dliquid

� ln �ð!Þ ðn2 þ n3liquidð!ÞÞ2
n3liquidð!Þðn2 þ 1Þ2

" #
: ð4Þ

The frequency-dependent absorption coe±cient
can be written as follows:

�liquidð!Þ ¼ 2
�3liquidð!Þ!

c
: ð5Þ

One may rewrite Eq. (4) with (5) as follows:

�liquidð!Þ ¼ � 2

dliquid

� ln �ð!Þ ðn2 þ n3liquidð!ÞÞ2
n3liquidð!Þðn2 þ 1Þ2

" #
: ð6Þ

In Fig. 2, we show the typical T-rays waveform
of the reference pulse (red line) and sample pulse
(blue line). The fast Fourier transformation of
the electric ¯elds in the time-domain (Fig. 2(a))
yields the frequency-domain spectral (Fig. 2(b)).

(a)

(b)

Fig. 2. Typical temporal waveform and frequency spectral for
a reference and a sample signal. A bandwidth of up to 1.6 THz
is obtained from our experimental setup.

(a) (b)

Fig. 1. Transmission schematics for the liquid sample cell
geometry. This schematic illustrates the notation for specifying
T-rays radiation propagation through liquid sample, inserted in
polymer window cell.
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According to the frequency spectral, a bandwidth
of approximately 1.6THz is achieved in our setup
con¯guration.

3.2. Concentration-dependent

measurements

The published X-ray crystal structure of HA protein
indicates a cylinder-shaped trimer �135Å long,
varying between 35 and 70Å along the radial
direction12 as shown in Fig. 3. Theoretically, a small
particle is subject to the random wandering of
Brownian motion. Thus, the aquatic HA proteins
obey the laws of di®usion in their approach to
another particles. Di®usion transport depends on
di®usivity of the solute and the transport rate for a
cylinder model which is given by Eq. (7)13:

Jc ¼ 2�dsDvV 0:52
L

d

� ��0:33

þ 0:45
L

d

� �
0:43

� �
;

ð7Þ
where d is the cylinder's diameter, L is the length
of cylinder, Dv and V represent the di®usivity
constant and the concentration of the protein and
ds is the volume-equivalent spherical diameter. The

e®ect of shape (L=d) relative to that of a sphere of
the same volume is given by the factor within the
square brackets. Following Eq. (7) we can see that
particle shape does not greatly a®ect its transport
rate in the solutions, hence we assume that HA
protein can be considered as a spherical particle in
all subsequent dynamic analysis.

Figure 4 shows the concentrations dependence of
the absorption coe±cients of HA protein in sol-
ution. T-rays absorption spectra are very sensitive
to crystalline structures,14,15 but the liquid protein
form of HA lacked any distinct peaks in the spectral
region studied. To get a full picture of how the
absorption coe±cient depends on both frequency
and concentration, we have drawn a 3D plot in
Fig. 5. Although the di®erences on the absorption
coe±cients di®er for these frequencies, the overall
variation in the absorption with concentration
presents the same trend. We extracted the concen-
tration dependence absorption of HA protein in

Fig. 4. T-rays absorption coe±cients of HA protein in sol-
ution at concentrations from 0.0075 to 0.43 mg/ml.

Fig. 5. Di®erence in the T-rays absorption coe±cient against
HA protein concentration from 0.15 to 1.50THz.

Fig. 3. The trimeric structure of HA protein.
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bu®er solutions at 0.53 THz as shown in Fig. 6 for
further description. The 95% con¯dence intervals
are plotted as error bars to determine whether
di®erences are statistically signi¯cant.

In concept, T-rays absorption coe±cient �idealð!Þ
is a linear function with increasing protein concen-
tration in the solvent volume V based on Beer–
Lambert law. As expected, the proteins were much
less absorbing than the bu®er solution and so the
absorption coe±cient decreased with increasing
protein concentration. We used Eq. (8)16 for the
absorption coe±cient of an ideal mixture. This
equation is based on the two-component excluded
volume model and was used to ¯t absorption coef-
¯cient versus protein concentration.

�idealð!Þ ¼ A1�proteinð!Þ þA2�solventð!Þ; ð8Þ
where �i is the absorption coe±cient for each
component, and the coe±cient A1 ¼ Vprotein=V and
A2 ¼ ðV � VproteinÞ=V . In the protein solutions, the
absorption of the two-component model which was
a®ected by only the absorption of the bu®er and
the protein would lead to the linear concentration
dependence. Since the protein solutions with low
concentration were nearly transparent in the T-rays
frequency, a liner decrease of the absorption coe±-
cient with increasing protein concentration in a
solvent volume V was indicated. In Fig. 6, at low
concentrations from 0.0075 to 0.029 mg/ml, the
absorption coe±cient decreases with increasing
protein concentration, which presents the typical
two-component excluded volume model described in
Eq. (12). After that, the absorption coe±cient

increases linearly with protein concentrations up to
0.113 mg/ml and then drops, leading to non-
monotonic and nonlinear concentration dependence
behaviors which cannot be explained just by a two-
component excluded volume model.

The water layer around the protein molecule,
which is usually called hydration water, is known to
exhibit distinct dynamical properties compared
with bulk water. The volume of the hydration water
increases with the protein concentration. If the
absorbance of the hydration water exceeds the
absorbance of the bulk water, the overall absorption
coe±cient will increase linearly with the protein
concentration. Hence, in Fig. 6 after the absorption
linearly decreases as described by the binary model,
the increasing absorption coe±cient can be explained
as the contribution of the dynamical hydration shell
around the protein molecule. Therefore, we con-
tinued our analysis in terms of individually deter-
mined absorption coe±cients using a ternary
component model (protein, hydration water and
bulk water), which assumes a distinct absorption
coe±cient of water around the solute molecule due
to distinct properties of the solvation water.17 In
this model expressed by Eq. (9), the ideal absorp-
tion coe±cient is described as the volume-weighted
fraction of the absorption of protein (A1), the hy-
dration water (A2) and the bulk water (A3Þ.
�idealð!Þ ¼ A1�proteinð!Þ þA2�hydration shellð!Þ

þA3�bulk waterð!Þ: ð9Þ
Note this in Fig. 6, the absorbance of the dyna-

mical hydration shell exceeds the absorbance of the
bulk water displaced by the shell and the protein,
where the overall absorption beginning at 0.029
mg/ml will at ¯rst increase linearly with protein
concentration. Then, the turnover at 0.113 mg/ml
can be explained as the beginning of overlap of the
dynamical hydration shells around the protein
molecule. Eventually, the shells get saturated at
0.225 mg/ml such that it is not possible to increase
absorbance with increasing concentration.

Hydrogen bond rearrangement in water occurs
on the picosecond time scale, which the T-rays
spectroscopy can access and directly investigate the
hydration layers around the HA proteins. The hy-
dration water around the protein contributes to a
dynamical-coupling issue which presents a non-
linear absorption spectrum in the T-rays region.
This fundamental work is the ¯rst T-rays study of

Fig. 6. Schematic diagram for overlap of the hydration shells
to interpret the nonlinear absorption behaviors depends on the
HA concentration using a binary component model (A) and a
ternary component model (B).
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the dynamical hydration absorption of hydrated
HA proteins: it demonstrates the fundamental
capabilities of T-rays spectroscopy as well as high-
lighting that HA has interesting features in the T-
rays range. Although the research has its aim, it is
perhaps limited to the analysis of T-rays spectra of
this system in terms of a binary and a ternary
component model. However, the water layer around
a biological molecule has been known to exhibit
distinct dynamical properties compared with bulk
water using relevant experiments,18 so we continue
our analysis in terms of these model with contri-
butions from HA protein, bulk water and hydration
water around HA.

According to this model, the absorption coe±-
cient starts to behave nonlinearly at a concentration
of 0.113 mg/ml — this is due to hydration shell
overlap, and gets saturated at 0.225 mg/ml. We,
therefore, use these concentrations for cprotein in the
formula below to determine limits for the average
radius R of the antibody molecule:

4�

3
R3 ¼ mmass

cproteinNA

; ð10Þ

where mmass is the molecular mass and NA is the
Avogadro constant. The molecular mass of the HA
depends on the result of glycosylation, so to deter-
mine the upper and lower limits of the radius we
also need to consider the highest and lowest possible
molecular masses with the lowest and highest con-
centrations for cprotein. These give limits on the
average radius for HA of R0:113 ¼ 62:6 � 1:5Å.
Similarly, the average radius for saturated HA is
R0:225 ¼ 49:8 � 1:2Å. From these we can directly
deduce the thickness of the hydration shell
(Rshell ¼ R0:113 �R0:225) to be 12.8� 1.3Å for HA
protein.17–19 This result corresponds to about 4 or 5
hydration water shells around a HA protein mol-
ecule (�3Å average extension per water molecule)
which is the similar value that has been reported.18

4. Conclusion

In summary, we have used T-rays pulse spectro-
scopic technology to determine the concentration-
dependent absorption coe±cient properties of HA
protein in solutions. The T-ray absorption spectrum
is sensitive to the nonlinear absorption coe±cients
of the protein molecules due to the dynamic hy-
dration shell around them. The nonlinearity has to
be attributed to the onset of overlapping of the

hydration layers. Furthermore, using T-rays spec-
troscopy, we are able to determine the size of the
hydration layer on the femtosecond to picosecond
time scale. Therefore, we predict that T-rays pulsed
spectroscopy could potentially be used for revealing
the dynamics of the hydration water which is sen-
sitive to the concentration of proteins. In further
work, we will also investigate di®erent dielectric
relaxation models for more complex HA antigen–
antibody systems in an aqueous phase, so as to
understand how to realize the label-free in°uenza
virus detection technology.
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