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Abstract Sensitivity of the THz frequency range to the solutions of biomolecules originates
from the decrease of absorption and dispersion of water in its bound state. Correct measure-
ment and interpretation of the THz spectra of water-containing samples is still a challenging
task because the reliable relaxation model for such spectra is not well established. The
transmission and the attenuated total internal reflection geometries data were combined for
precise analysis of the spectra of the aqueous solutions of bovine serum albumin within the
range 0.05–3.2 THz. We compare the concentration dependencies of the dielectric function at
Blow,^ Bmiddle,^ and Bhigh^ frequency and do not confirm an anomalous increase in
absorption for concentrations below 17 mg/mL published by other teams.

Keywords Terahertz time-domain spectroscopy. Transmission . Attenuated total internal
reflection . Protein solution .Water . BSA . Relaxationmodel

1 Introduction

The terahertz sensing of protein solutions has a fundamental scientific (a) and applied (b)
significance: (a) the studies of the collective motion of water molecules around protein ones
and determination of the size of the protein hydration shell; (b) analysis of protein
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concentration in solution in pharmacological and medical studies. In aqueous environment,
proteins demonstrate their most important biological functions. Up to now, a large amount of
data relating to the nature of protein dissolution in aqueous solutions has been collected.
Fundamental results are obtained on the interaction of water molecules with dissolved proteins,
and it is established that this influence is mutual [1, 2]. We focus on bovine serum albumin
(BSA) because the optical and biological properties of this protein are extensively studied.

Three relaxation processes named β-, γ-, and δ-relaxations are known in the absorption
spectra of aqueous BSA solutions at low-frequency side (MHz–GHz frequency range) [3]. The
β-relaxation, occurring in the frequency range around 10 MHz, and γ-relaxation, which is
around 20 GHz, can be attributed to the rotation of the polar protein molecules in their aqueous
medium and the reorientational motion of free water molecules, respectively [4]. The third δ-
process, located between β- and γ-relaxations, may be attributed to bound water relaxation [3,
4]. The contribution from γ-relaxation (also responsible for hydrogen-bonded absorption)
dominates in the resulting solution spectra from megahertz up to 1 THz frequency [5].
Terahertz time-domain spectroscopy has become a complementary method to study protein
solutions because changes in the relative proportions of free and bound water and in relaxation
properties for either of these states can all be observed in the typical 0.2–3 THz frequency
range. The spectra of aqueous BSA solutions in MHz–THz frequency range do not have
narrow peaks; the presence of BSA appears as a modification of broadband γ-relaxation of
water. At the high-frequency side, above 10 THz, the spectroscopic response of BSA solution
has narrow resonances, provided by specific molecular groups in protein molecules and their
protonation state and participation in the formation of hydrogen bonds [6]. For the aqueous
solution of albumin, amide III band (~ 37 THz), amide II band (~ 46 THz), amide I band (~
50 THz), N–H, and O–H stretching bands (~ 100 THz) are observed [7].

The studies of BSA solutions in the specific terahertz range have been carried out by many
scientific groups [7–12], although with different experimental techniques, solvent concentra-
tions, and pH values. Several authors state that the absorption of BSA solutions becomes
greater than that of water for concentrations lower than 17 mg/mL [9, 10], another study shows
contrary results [8]. In our opinion, the use of thin (100 μm or less) solution layer in those
works does not allow an accurate measurement of the complex dielectric permittivity of the
sample.

To clear out this situation, we used a thicker cell and performed a thorough and detailed
study of Blow^ BSA concentrations (1–30 mg/mL) in aqueous solutions. Our terahertz time-
domain spectrometer (THz-TDS) was adapted to study low frequencies and thick water layers.
To detect small-scale changes in solutions, we combined the results obtained in transmission
studies in a thick cell and attenuated total internal reflection (ATR) configuration. The reliable
frequency range of the obtained complex dielectric function spectrum is thus considerably
broadened (0.05–3.2 THz); BSA concentrations above 10 mg/mL demonstrate reproducible
and noticeable influence on the water terahertz response in the low-frequency part of the
spectrum.

2 Materials and Methods

Our THz-TDS measurements, based on 100-fs, 800-nm laser pulses, were performed in two
spectrometers described previously [11, 13]: a Blow-frequency^ spectrometer and a Bhigh-
frequency^ one, see Fig. 1. Relying on our previous studies, we shifted the maximal dynamic
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range of the Blow-frequency^ spectrometer to 0.1 THz by choosing proper emitting and
detecting photoconductive antennas [14]. Special attention was paid to the lowest spectral
region 0.05–0.1 THz, where the sampling range was extended to 100 ps. For the Bhigh-
frequency^ spectrometer, the maximal dynamic range was shifted to 2 THz by using 0.3-mm
ZnTe crystals for both emission and detection (see Fig. 1a). Two configurations were used in
both spectrometers: transmission, with a cell 1000 to 100 μm thick (for low and high
frequencies, respectively), and reflection configuration using a silicon prism surface (Fig.
1b). Commercially available cell holders and spacers were used; cell windows were self-
made from polystyrene Petri dish base 0.7 mm thick. Polystyrene is an optimal polymer
material because it is stiff enough to keep constant cell thickness, and transparent enough for
the frequency range involved [15].

For the high-frequency part of spectra, the transmission configuration is not very reliable
since it requires a thin cell, which means large errors, so we mainly used Blow-transition,^
Blow-reflection,^ and Bhigh-reflection^ configurations, Fig. 1. It is essential that the temper-
ature and the chemical composition of albumin solutions are the same for all measurements.

The best developed method for THz-TDS solution measurements is a transmission through
a thin cell [9, 10, 12]. Usually, the thickness of water layer under measurement is 50–100 μm
(smaller than the wavelength!). In this case, a small variation of thickness introduces noticeable
errors, especially for refraction index. Moreover, the solution properties themselves may be
modified in the vicinity of the interface [16]. Hence, a thick cell is preferable. It gives
considerable advantages in the low-frequency part of the terahertz spectra where water
transmission is not so strongly attenuated. To avoid retro-reflections in the cell window
influence, it is helpful to use the transmission of a thin solution layer (d = 50–100 μm) as
the measurement for normalization. The only adjustable parameter for the evaluation of
absorption (and refraction) spectra is layer thickness—d; in this case, it is set by a large-area
teflon spacer and controlled by a micrometer. Typical uncertainty of d (after cell refilling) is
5 μm, which is critical for a 0.1-mm cell, but it is not so critical for a 0.5–1-mm cell.

α

57°

Transmission

Reflection

d

ER

Ecell

ba

Fig. 1 (a) Experimental signal transmitted (curve 1) or reflected (curves 2, 3) for the aqueous solution of BSA,
for the Blow-frequency spectrometer^ (curves 1, 2) and Bhigh-frequency spectrometer^ (curve 3). Vertical lines
indicate particular frequencies for further analysis. Signals are normalized to the noise level (curve 4) at the high-
frequency part of the spectra. (b) A sketch of the experiment: arrows indicate the path of the THz waves; d,
solution layer thickness

842 J Infrared Milli Terahz Waves (2018) 39:840–853



To extract the spectra of the complex dielectric function ε(f) from complex experimental
transmission T(f), we use the known methods [17, 18].

T ωð Þ ¼ Ecell 1 ωð Þ=Ecell 2 ωð Þ ð1Þ

α ωð Þ ¼ −ln jT ωð Þjf g= dcell 1−dcell 2ð Þ ð2Þ

where Ecell_i(ω) stands for the spectra transmitted through the cell with solution layer,
its thickness is dcell_i.. ω=2πf and f is the frequency in terahertz. Using normalization
to Ecell_2(ω), we get rid of reflection losses and retro-reflections in cell windows (see
Fig. 1 b); they are identical for cell_1 and cell_2 and are canceled. Retro-reflections
in a solution layer can be neglected even in the low-frequency part, since we use a
thick layer in that case.

To evaluate refraction index spectra, we use:

n ωð Þ ¼ −arg T ωð Þf g∙c= ω∙ dcell 1−dcell 2ð Þð Þ þ 1; ð3Þ
And finally, we get the complex dielectric function ε(ω) as:

ε ωð Þ ¼ n ωð Þ−iα ωð Þ∙c=ωð Þ2; ð4Þ

For high terahertz frequencies, ATR experiment configuration is preferable, because it
does not suffer much from strong absorption by water [19–21]. Besides, the use of a
prism allows us to eliminate the error associated with the thickness of water layer.
Typically, ATR signal ER_solution is sufficient to measure the water solution reflection
spectrum in the range of 0.25–3.5 THz. The solution volume for a single measurement in
the ATR configuration was 800 μL (this means a 1-mm-thick layer on the prism surface),
while in the transmission configuration, it was 400 μL (for 1-mm cell thickness). For
reflection normalization, we just use spectra of dry prism surface—ER_air. There are two
parameters to adjust for the evaluation of ATR spectra: the incidence angle θ and prism
refraction nSi (sensitive to ambient temperature) [17]. In addition to direct measurements,
those two parameters are controlled by the best fitting to the known spectra in case of
distilled water. To extract the spectra of the complex dielectric function ε(f) from
complex experimental reflection R(f), we use the following relation [18]:

ε ωð Þ ¼ n2Si

1þ R ωð Þð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ R ωð Þð Þ4−sin2 2θð Þ 1−R ωð Þ2

� �2
r

2cos θð Þ2 1−R ωð Þð Þ2 ð5Þ

where R(ω) = ER_solution/ER_air, nSi = 3.41. The reflected signal increases with frequency.
Hence, reflection configuration is preferable for the high-frequency spectral region. To detect
small changes in dilute solution, we normalize the solution signal to the case of distilled
water—ER_water.
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To improve the sensitivity, we will analyze not the extracted ε(f) but the most direct
experimental data T(f,C,d) or R(f,C), normalized to the corresponding case of distilled wa-
ter—C = 0.

TBSA=Twater f ;C; dð Þ ¼ Ecell f ;C BSA; dð Þ=Ecell f ;C ¼ 0; dð Þ; ð6Þ

RBSA=Rwater f ;Cð Þ ¼ ER f ;C BSAð Þ=ER f ;C ¼ 0ð Þ; ð7Þ
Thus, we cancel the strong background of water absorption and dispersion, and it is easier

to observe small deviations of TBSA/Twater or RBSA/Rwater from 1 for low values of protein
concentration C. To relate the observed changes in T or R to solution properties, we fit
experimental data by the transmission or reflection, calculated from ε(ω,C) model [13]:

Tm f ;C; dð Þ ¼ Tmodel f ;C; dð Þ=Tmodel f ; C ¼ 0ð Þ; dð Þ ð8Þ

Tmodel ω;C; dð Þ ¼ exp −i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε ω;Cð Þ

p� �
dω=c

� �� �
ð9Þ

Rm f ;C; dð Þ ¼ Rmodel f ;C; dð Þ=Rmodel f ; C ¼ 0ð Þ; dð Þ ð10Þ

Rmodel ω;Cð Þ ¼
n*2 ωð Þcos θð Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n*2 ωð Þsin2 θð Þ

q

n*2 ωð Þcos θð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n*2 ωð Þsin2 θð Þ

q ; n* ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε ω;Cð Þ

p
=nSi ð11Þ

The solutions of BSA (Sigma, USA) were prepared in double-distilled water. Dry samples
were weighed and dissolved in water to obtain the concentration within 1–100 mg/mL
(14.5 pM–1.4 mM). To distinguish the differences at these low concentrations, the result
was averaged over three independent experiments (with cell refilling and reference measure-
ment) and for each type of measurement.

3 Results and Discussion

3.1 The Model

For the interpretation of experimental measurements, we compare them with the model. The
specific feature of the terahertz spectroscopy of solutions is very strong absorption and
dispersion by water itself. Actually, we do not study solute, as its contribution is negligible.
We study how the solute modifies the solvent, the appearance, and the structure of hydration
shell around the solute molecules. To detect small changes in the smooth spectra of the
solution, we are to precisely describe solvent properties within a broad spectral range.

The most simplified but exact expression to describe the dielectric function ε(ω) of
aqueous solutions within the 0.1–5-THz frequency range is a well-known two-
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component relaxation (Debye) model with overdumped oscillator and conductivity
additional terms [5, 11, 13, 19, 20]:

ε ω;Cð Þ ¼ ε∞ þ Δε1 Cð Þ
1þ iωτ1ð Þα þ Δε2

1þ iωτ2
þ A1

ω01
2−ω2 þ iγ01ω

þ iσ=ωε0 þ⋯ ð12Þ

where τ1 and τ2 are the relaxation times for the first (main, Bslow,^ γ-) relaxation process and
the second (Bfast^) relaxation term, Δεi are the contributions into permittivity from the first
(Δε1) and the second (Δε2) terms, A1 is the amplitude, w01 is the frequency, γ01 is the linewidth
of the oscillator term, σ is the static conductivity, and ε0 is the dielectric constant [11, 19, 20].
We suppose, that when the solute concentration C is nonzero, the only one variable parameter
is Δε1(C). The sum of the amplitudes of the considered terms should be equal to the precisely
known static permittivity εs (εs = 78.3 for water at 25 °C, see Fig. 2b):

εs ¼ ε∞ þ Δε1 þ Δε2 þ A1

ω01
2
þ⋯ ð13Þ

This useful additional condition (11) fixes ε∞ value, depending on the number of considered
terms in (12).

The main term of the Bslow^ process is in the form of Cole–Cole model (α ≤ 1) which takes
into account symmetrical broadening of the permittivity spectrum, which is observed for
proteins dissolved in water [11, 24] in the gigahertz range; when α = 1, it is simplified to
Debye model [5] that is the case for distilled water, for example. In our case, α ≤ 1 improves
the agreement of (12) with the experimental data for frequencies below 0.1 THz, but this
improvement is not essential for our analysis, so we simplify it to α = 1 case.

Physical processes related to the presented parameters in (12) are the following: τ1 is
assigned to the cooperative reorientation time of hydrogen-bonded (HB) bulk water molecules
involving HB switching events [19, 20]. τ2 (Bfast^) relaxation process can be explained by the
two-fraction model of water, where a part of water is classified as non-hydrogen-bonded water
isolated from the HB network, and τ2 is assigned to the collisional relaxation of non-hydrogen-

0,01 0,1 1
1

10

inf

A/
0

2
2

1

Re
(

)

Frequency, THz

fhigh=3 THz

fmiddle=1 THz

flow=0.1 THz
s

ba

Fig. 2 a The imaginary part of the dielectric function of water and the contribution of each term of the model
function; the selected frequencies for the concentration dependence study are 0.1, 1, and 3 THz, indicated by
vertical lines. b The real part of the dielectric function of water. Dashed horizontal lines indicate the amplitudes of
the corresponding process. The literature data from [22, 23] corresponds to 20 and 27 °C, respectively. The data
are presented as the average value ± SD (n = 3)
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bonded water [11, 25]. The noticeable sensitivity to the Bfast relaxation^ value is found in
conductive ionic solutions [12, 26], or in water–alcohol mixtures [27]. Resonance processes
correspond to several known vibrational modes in the terahertz region [28, 29]. The only
significant vibrational mode for our frequency range is located at 5.3 THz.

All known processes in polar solutions below tens of terahertz are very broadband, so it is
essential to combine several experimental techniques, each for its own spectral range, to obtain
the spectra over many octaves. From the low-frequency side, it is well established dielectric
spectroscopy [30], while from the high-frequency side, it is mostly FTIR spectroscopy [31].
When studying relaxation or overdumped oscillation processes, log–log plots of spectra are
most demonstrative (Figs. 1 and 2).

To describe the dielectric function ε(ω) spectra of a protein solution, we fit the experimental
complex spectra with model (12) with only the amplitude of the first relaxation term varied.
We suggest that, instead of complicating the models used for the analysis of experimental data,
it is necessary to improve the accuracy and repeatability of experiments and to expand the
spectral range of measurements [11, 32]. We examine the three parts of the THz-TDS spectral
range in detail and check the contribution from each term of model (12) into the complex
dielectric function of albumin solution. We divide the available frequency range in three parts:
Blow^ for slow relaxation dominating, Bmiddle^ for fast relaxation, and Bhigh^ for oscillator
term [20, 32] (Figs. 1 and 2). From the model, we can visualize processes that dominate in
each selected frequency region. At Blow^ frequency flow = 0.1 THz, the contribution from the
Bslow^ relaxation term (Δε1, τ1) into total absorption (Im(ε)) is 98%. At the Bmiddle^
frequency fmiddle = 1 THz, the contribution from the Bslow^ relaxation term into total absorp-
tion is 55%, the rest contribution comes from Bfast^ relaxation 35% and from oscillator 10%.
At the Bhigh^ frequency fhigh = 3 THz, the contribution from the Bslow^ relaxation term into
total absorption is 25%; the Bfast,^ 27%; and the oscillator, 48% (see Fig. 2a). Thus, if the
changes in the terahertz response of the BSA solution are determined by the Bfast^ relaxation
or by oscillation processes, then the best sensitivity to BSA concentration will be for Bmiddle^
or Bhigh^ frequencies. If the only change with solution properties is related to γ-relaxation,
i.e., to the Bslow^ relaxation term, then at the frequency flow, the differences of the protein
solution from the solvent (water) are expected to be three to four times (98 vs 25%) stronger, as
compared to the fhigh case.

For each spectral range, a particular experimental method is the most reliable one: thick-cell
transmission for Blow,^ thin cell and ATR for Bmiddle,^ and ATR for Bhigh.^ Actually, all
methods have considerable intersection in frequencies, so we combine the results obtained by
four different methods (two spectrometers × two configurations) and thus we obtain a broader
frequency range (mainly in the low-frequency side) than that typically published in THz-TDS
papers on water solution spectroscopy. In all four cases, we start with the evaluation of the
spectra of distilled water, until sufficient agreement with published data and with model is
obtained (Fig. 2).

It follows from Fig. 2 that our data on the dielectric function of water are consistent, within
the errors, with literature data [22, 23] and model (12). Previously published model [20] does
not ideally describe experiments in the region below 0.1 THz; therefore, we had to modify the
parameters of the slow relaxation term. We use the following parameter values [11], which do
not contradict the most reliable published data: ε∞ = 2.3, Δε1 = 74.9, τ1 = 9.47 ps, Δε2 = 1.67,
τ2 = 250 fs, εs = 78.5; A/ω0

2 = 1.14, ω0 = 5.3 THz/2π, γ0 = 5.35 THz/2π. Careful experimental
studies of water and bio-solution dielectric function in gigahertz–terahertz range can be also
found in [28, 33–35].
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3.2 The Most Appropriate Fitting Parameter in the Relaxation Model

In order to investigate the dependence of the terahertz response of the solution on the
concentration, a particular model parameter should be chosen, and its value should be related
to the concentration value. Such model should accurately describe the change in the whole
detected spectrum for this concentration. The applicability of this approach was first checked
for a high (100 mg/mL) concentration of BSA. All the data on this BSA solution (from four
measurement methods) were accurately combined in the form of ε(ω) and compared with
water data [36]—the difference in spectra is mainly manifested in the imaginary part, at low
frequencies. Such a difference is best fitted by a decrease in the amplitude of the slow
relaxation amplitude Δε1.

An alternative approach is to use τ1(C) as the only varied parameter instead of Δε1, as it was
done for glucose solution [37, 38]. At frequencies above f = 0.3 THz, it is mathematically
almost equal to vary τ1 or Δε1 because ωτ1 >> 1 and it is just a coefficient at the slow
relaxation term in (12). Actually, Δε1/τ1(C) is a more appropriate parameter to describe spectral
changes at high terahertz frequencies [38], see Fig. 3a. For gigahertz frequencies for BSA
solution, the changes of both Δε1 and τ1 are pronounced in the experimental spectra [39, 40],
but for the terahertz range we restrict only to Δε1 variation. In Fig. 3, we plot solution
transmission normalized to the transmission of the solvent using Relations (8)–(9). In this
case, the influence of cell windows and all reflections are canceled out, so it is the most stable
and direct data evaluation. We demonstrate that the variation of both Δε1 and τ1 can describe
the presence of BSA in solution; above f = 0.3 THz, we cannot distinguish which parameter
should be varied. But below 0.1 THz, the variation of Δε1 (using (1) and (8)) fits the
experiment much better, which confirms the applicability of our choice. There is one more
often varied parameter in dielectric function model (1)—the so-called fast relaxation termΔε2;
its variation modifies solution spectra mostly at 0.3–2-THz frequencies. We checked whether
Δε2(C) can described observed experimental changes, using reflection data and Relation (10).
We see in Fig. 3b that for high frequency, the variation of Δε1(C) fits the experiment
(reflection is evaluated with (10)) quite well, while the variation of Δε2(C) cannot describe
the observed changes.

ba

Fig. 3 a Transmission spectra of BSA 100 mg/mL water solution in a 500-μm cell, normalized to the case of
water in the same cell; experimental data, open circles. Solid lines, model transmission (10) with the same
thickness and normalization. Red line with modifiedΔε1 × 0.87 (Δε1/τ1 = 0.87) and blue line with modified τ1 ×
1.15 (Δε1/τ1 = 0.87). b Reflection spectra ratio (dots) and corresponding model (12); solid line, variation ofΔε1;
dashed line, variation of Δε2. The data are presented as the average value ± SD (n = 3)
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Thus, in the whole used frequency range 0.05–3.2 THz, variation of the only one parameter
Δε1(С) describes solution spectra changes within our experimental error range. With this
hypothesis, we will further analyze small differences in BSA solution around three selected
frequencies (0.1, 1, 3 THz); the terahertz spectrum of BSA solution at concentration C will be
characterized only by the value of Δε1 [11].

The microscopic mechanism responsible for the observed effect is the formation of
bound water around solute molecules. Protein molecules themselves do not have so
strong absorption and dispersion as water molecules do; we neglect the contribution from
the protein itself into resulting spectra, the hydrated water shell is its contribution. It is
known that the process of slow relaxation (Δε1) in bound water is shifted to lower
frequencies (τbounded > τ1), so that its contribution to the terahertz band becomes small
[41]. The conversion of a part of the volume of water molecules from the free to the
bound state is described for the terahertz range as a decrease in the amplitude of slow
relaxation. Moreover, the ratio Δε1(C)/Δε1(0) describes the relative volume of bound
water in this simplified model.

ba

Fig. 4 a The low-frequency part of BSA solution Im(ε) spectra for a number of concentrations (data from the
transmission in 500-μm cell); on the inset, model curves of this part of the spectrum for a number of values of
Δε1 described below. b The high-frequency part of the spectra of Im(ε) of BSA solution from reflection data

ba

Fig. 5 a The ratio of the transmission amplitudes of the BSA solution to water Tw at low frequencies and a
model. b The ratio of reflection amplitudes Rw at high frequencies
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3.3 The Dielectric Function of the BSA Solution

The dielectric function, extracted from 0.5-mm cell transmission, using (1)–(4), is rather
sensitive to BSA concentration only for the low-frequency part of the spectrum. Regardless
of the model, we observe a decrease in Im(ε) with an increase in concentration C, see Fig. 4a.
We can simulate this spectral change by decreasing Δε1 value, see inset in Fig. 4a. This is the
way in which we relate Δε1 to C for further analysis. We also evaluate Re(ε), but it is less
sensitive to BSA concentration in the terahertz range because of large constant background
ε∞ >> Re(Δε1/(1+iωτ1)).

For the high-frequency part of the spectrum, the extracted dielectric function (from
reflection data, using(5)) is not so precise; the changes in Im(ε) values are clearly distinguish-
able only for high BAS concentrations, starting from 50 mg/mL, see Fig. 4b.

For each concentration, we preformed three independent measurements of the sample and
the reference spectra, and averaged them. The presented error is a square root of standard
deviation from this mean value.

3.4 Relative Spectra Analysis

The method to relateΔε1 to C allows us to detect small (C < 5 mg/mL) BSA concentrations—
see Fig. 5a. This approach describes the observed spectral changes within the whole frequency
range used (0.05–3.2 THz) and for a number of concentrations from 10 mg/mL to the saturated
BSA solution [11]. We perform fitting simultaneously for both parts of complex Tw or Rw,
which complicates an exact agreement in a wide frequency range but increases the repeatabil-
ity of the obtained Δε1(C) value.

ba

Fig. 6 a The dependence of slow relaxation process amplitude Δε1 (normalized to Δε1 of water) from BSA
concentration in water. Data is evaluated for three frequency subregions 0.1, 1, and 3 THz. Dashed lines are to
guide the eye and to mark the bend at C = 30 mg/mL. b The absorption index normalized to water absorption at
corresponding frequency vs concentration

Table 1 BSAwater solution properties at 22 °C

C, mg/mL ε at 0.1 THz ε at 1 THz ε at 3 THz α, cm−1 at 0.1 THz α, cm−1 at 1 THz α cm−1 at 3 THz

0 7.33-i12.5 4.151-i2.28 3.536-i1.74 79.3 227 564
30 7.21-i11.8 4.150-i2.21 3.535-i1.71 76.1 220 556
100 7.07-i10.9 4.149-i2.12 3.535-i1.68 72.3 211 547
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For frequencies above 2.5 THz in our setup, the signal-to-noise ratio is insufficient to
determine low concentrations, but the overall trend is visible.

3.5 BSA Concentration Dependence

The idea of all our data analysis is the following: to increase the accuracy of the obtained
numbers from the whole available spectrum, we need to obtain a single number that charac-
terizes the changes in the shape and amplitude of the real and imaginary parts of the spectrum
(reflection or transmission), with reasonable accuracy; for BSA solution (C = 5–500 mg/mL)
in 0.05–3.2-THz range, the most appropriate parameter of model (12) is Δε1. In this way, we
process the ratio of the spectra in all methods and frequencies (Fig. 5). For each concentration
C (and three spectral subregions—Blow,^ Bmiddle,^ and Bhigh^), we find one value Δε1 (Fig.
5). Errors of Fig. 6a are the result of averaging of three independent measurements.

Since the model is the same for the whole frequency range, the evaluatedΔε1(C) values for
three different frequencies should coincide in Fig. 6a, although it is measured in different
experiments, but the errors are less for low frequency because the sensitivity is higher there
(see Fig. 3). If we present solution properties as the absorption coefficient normalized to water
absorption, we see the difference in sensitivity to concentration for low and for high frequency
on Fig. 6b. This confirms our suggestion that the Bslow^ relaxation process is the only one
sensitive to BSA concentration. To simplify the comparison with other (past and future)
studies, we present our data for a number of concentrations and frequencies in Table 1.

Although for increasing concentration the difference in the absolute values of absorption
coefficient is maximal for the high-frequency part, the relative difference, on the contrary, is
maximal for low frequency, see Fig. 6b. We also see from Table 1 that the real part of the
dielectric function is much less sensitive to solute concentration than the imaginary part.

In the literature, the data on the terahertz response of BSA solution are presented in very
different ways for some frequencies and for some concentrations. Since we determine Δε1 vs
BSA concentration (see Fig. 6a) and prove the applicability of model (12) in the used
parameter range, we know the BSA dielectric function for a desired frequency and concen-
tration, so we can simulate (except pH value) relative absorption and compare it to the
published experimental results, see Table 2.

Still there is a lot of contradiction in the published data, so detailed and broadband THz
studies of the diluted solution of a well-known protein (BSA) should be conducted by all
available methods and compared.

4 Conclusion

The dielectric properties of BSA solution were thoroughly measured within 0.05–3.2 THz
using a combination of transmission and reflection methods, by optimizing the dynamic range
of TDS spectrometers to low and high frequencies. We compared BSA response in three
spectral subregions, around 0.1, 1, and 3 THz, and found the low-frequency part to be most
sensitive to BSA concentration in water. Solution spectra were modeled by the reduction of
Δε1, the amplitude of the Bslow^ or γ-relaxation process in water with increasing concentra-
tions of the solute. This one-parameter variation describes the changes of the complex
dielectric function spectra for the whole frequency range with reasonable accuracy. We have
not confirmed anomalous concentration dependencies of absorption observed in other papers
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[9, 10] at low BSA concentrations. The precision of our TDS method may be insufficient for
the high-frequency part of THz spectra, but in no case BSA solution is more transparent than
water (as it was published) for the studied frequencies and concentrations. The agreement with
published data is only in following: the dependence of total absorption from the concentration
of the solute is nonlinear and has a bend at the concentration about 10–60 mg/mL. We found
this bend point for the case of BSA in distilled water at 22 °C to be at C = 30 ± 5 mg/mL. Data
in Fig. 6a for the evaluated dielectric function (at 0.05–0.3 THz) confirm this concentration
bend regardless of the used models. At higher frequencies, data evaluation had to use model
fitting; though our model is simplified and semi-empirical, we prove that it is valid for the
broad range of frequencies and concentrations. We believe that, instead of complicating the
models used for the analysis of experimental data, it is necessary to improve the accuracy and
repeatability of experiments and to expand the spectral range of measurements, to increase the
interaction volume and dynamic range.
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