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Tris-HCI buffer solution is extensively used in biochemistry and molecular biology to maintain a stable
pH for biomolecules such as nucleic acids and proteins. Here we report on the high-precision THz dielectric
spectroscopy of a 10 mM Tris-HCI buffer. Using a double Debye model, including conductivity of ionic
species, we measured the complex dielectric functions of Tris-HCI buffer. The fast relaxation time of water
molecules in Tris-HCI buffer is ~20% longer than that in pure water while the slow relaxation time changes
little. This means that the reorientation dynamics of Tris-HCI buffer with such a low Tris concentration

is quite different from that of pure water.
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I. INTRODUCTION

Biological buffer solution, a mixture of weak acid and
its conjugate base, is used to maintain pH when a moderate
amount of acid and base is added to it. Tris-HCI buffer is
one of the most widely used buffers in biochemistry and
molecular biology because of its high stability and compatibility
[1]. In particular, Tris-HCI buffer in the range of pH 7.0-9.0
has been used as a neutralizing buffer to maintain optimum
pH for various biological processes such as unzipping and
hybridization of DNA [2], conformational dynamics of DNA
including bending, cleavage and breathing processes of enzymatic
proteins [3-5]. For biomedical applications, Tris-HCI buffer
has also been used in sequence-specific DNA biosensors
and protein biochips for disease screening and diagnosis
[6-11].

THz dielectric spectroscopy (THz-TDS) has recently been
used to study spectroscopic information of various biomolecules
and biomedical tissues since it can probe molecular vibration
and hydration dynamics of biomolecules such as RNA, DNA,
and proteins [12-15]. Almost all of these THz measurements

have been performed in biological buffers, not in pure water.
However, in spite of the physiological importance of pH
environment, there have been only a few studies on biological
buffers at THz frequencies [16-18], and the THz dielectric
property of Tris-HCl buffer has not been reported so far.
The biochemical change of solute molecules in a buffer
solution usually yields only a small difference in the THz
dielectric property of an aqueous solution. For example,
with commonly encountered dilute DNA solutions, it is very
challenging to probe the conformational changes of DNAs
and proteins by THz-TDS. The THz permittivity is usually
obtained from THz transmission coefficient using a theoretical
model based on effective medium approximation where bio-
molecules with hydration layers (inclusions) are randomly
distributed in a buffer solution (background medium) [19-21].
Therefore, it is necessary to precisely characterize the THz
dielectric properties of the buffer solution, especially for a
low concentration of biomolecules. In this work, we performed
high-precision THz-TDS to obtain THz complex dielectric
functions of Tris-HCI buffer and pure water.
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Il. EXPERIMENTAL RESULTS AND
DISCUSSION

We used purified water (DEPC-treated and sterile filtered,
Sigma Aldrich) to prepare 10 mM Tris-HCI buffer solution
with a pH of 7.4 at 25°C. THz pulses were generated using
an InAs wafer pumped by a Ti:sapphire laser with a pulse
width of 100 fs, and detected by a photoconductive antenna
fabricated on a low-temperature-grown GaAs substrate. A
quartz liquid cell was placed at the focal point of the THz
beam between two off-axis parabolic mirrors in a transmission
geometry. To prevent the absorption of THz radiation by
atmospheric water vapor, the entire THz-TDS system was
enclosed in a chamber that was continuously purged with
dry air during the measurements.

The liquid cell consists of two fused quartz plates with
a small gap. The THz absorption of water has a strong absorption
coefficient (~200 cm’ at 1 THz), and the gap thickness should
be chosen carefully to ensure high sensitivity of THz-TDS.
In this work, we used a 50 um gap for the optimum
sensitivity of THz-TDS. As a calibration procedure, we
first measured THz transmission coefficient of the liquid
cell with an air gap to obtain the THz complex dielectric
functions of the fused quartz by using transfer matrix analyses
[22]. The thicknesses of the fused quartz and air gap were
simultaneously determined in a self-consistent manner using
a least-square method based on the Levenberg-Marquardt
algorithm [23]. From these calibration data, we measured
the THz complex dielectric functions of Tris-HCI buffer
and pure water. We used an extended double Debye model,
including conductivity of ionic species (Tris-H and CI),
to obtain the slow and fast relaxation times of water molecules
in the buffer and pure water.

Figure 1(a) shows the THz pulse signals transmitted through
the liquid cell with water and Tris-HCI buffer. The THz
pulse for Tris-HCI buffer is delayed by ~70 fs and the
positive peak is reduced by 0.3 nA, compared with that
for water, which means that the Tris-HCI buffer has slightly
higher refractive index and absorption coefficient. The fast
Fourier transformed (FFT) amplitude and phase spectra in
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Fig. 1(b) and 1(c) also show very small differences between
the two liquids, demonstrating the high precision of our
measurements.

We obtained the complex dielectric functions using a double-
Debye model with slow and fast relaxation processes [24],
including conductivity of solute ions such as Tris-H'and CI:
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where @ is the angular frequency, Si (S2) and 71 (7o) are
the dielectric strength and relaxation time of the slow (fast)
relaxation process, respectively, & and &, are the static and
high-frequency permittivities, respectively, and ¢ is the conducti-
vity of ionic species.

As shown in Figs. 2(a) and 2(b), the measured complex
dielectric functions are in good agreement with the best-fit
curves for both water and Tris-HCI buffer. At 1 THz, the
real and imaginary parts (g1 and &) of the complex dielectric
function of the Tris-HCIl buffer are ~ 10% and 4% larger
than those of water, respectively. This is because the ionic
components in the Tris-HCI buffer decrease the dielectric
strengths (S1 and $>) and increase the relaxation times (T
and 1) due to the hydration shell around the ionic com-
ponents. We also obtained the refractive indices and absorption
coefficients from the complex dielectric function as shown
in Fig. 2(c) and 2(d). Although we used a dilute buffer
with a low Tris concentration, [Tris-H'] /[H,0] = 1.80x10,
we observed the clear distinction between complex dielectric
functions of two liquids. This is in sharp contrast with a
previous result [16] where any measurable difference between
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FIG. 1. (a) THz pulse signals of water and Tris-HCI buffer and the difference signal. (b), (¢) THz amplitude and phase spectra of
Tris-HCI buffer and water, and the difference spectrum (dashed blue).
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FIG. 2. (a), (b) Real and imaginary parts of THz complex
permittivities (open circles) and their best-fit curves (solid
lines) of water (black) and Tris-HCI buffer (red). (c)
Refractive indices (open circles) and the best-fit curves (solid
line) of water (black) and Tris-HCI buffer (red). (d)
Absorption coefficients of water (black), Tris-HCI buffer
(red) and the difference (dashed blue).

TABLE 1. Dielectric relaxation parameters of water and
Tris-HCI buffer

Water Tris-HCI (0.01M)
S 75.9 74.4
T 9.30 9.31
Sz 1.73 1.72
() 0.274 0.327
6 (Q'em™) 0 113
€0 3.67 4.14

phosphate buffer and water was not observed even with a
higher concentration (50 mM) of potassium phosphate. Table 1
shows the best-fit Debye parameters and conductivity,
where S; decreases by ~ 2% and 1, increases by ~20% for
10 mM Tris-HCI buffer compared to water.

I1l. CONCLUSION

We have performed high-precision THz time-domain
spectroscopy of 10 mM Tris-HCI buffer and water. The
measured and best-fit complex dielectric functions have
shown the difference between the two liquids very clearly
even with a dilute Tris-HCI buffer solution. These findings
suggest that the high-precision THz-TDS is a powerful
spectroscopic tool for probing various biochemical processes
even in physiological buffer solutions.
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