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The bio-molecular interaction has been one of the most challenging subjects to probe due 
to its complexity. In the thesis，we have been attempting to answer fundamental questions 
about bio-molecular interactions in the terahertz (THz) region from the macroscopic to 
microscopic level. Terahertz radiation (defined as 0.1-10 THz) can excite intermolecular 
interactions such as the librational and vibrational modes. These attributes make it 
feasible to probe the. dynamic characteristics of the bio-molecular system. Furthermore, it 
is worth investigating whether terahertz technology could potentially be used as a novel 
tool in the biomedical diagnosis field in the near future. 

We develop a controlled study to investigate the effects of formalin fixing on the THz 
properties of two different tissue types. The optical properties are measured using THz 
reflection spectroscopy. The results present how the fixing process can affect image 
contrast in THz images of biological samples. 

Secondly, we focus our aims on investigating protein molecules due to the possibility of 
being able to explain the mechanism of molecular interactions more clearly. Two kinds of 
labeled immunoglobulin G were investigated using a reflective THz-TDS system. The 
dielectric properties were sensitive to the conjugation of the antibody. Additionally, 
terahertz spectroscopy is able to evaluate the depth of the hydrogen shell and shows that 
the hydrogen-bonded networks of charged protein solutions play an important role in 
determining the dielectric. 

Thirdly, using a transmission THz-TDS system we investigated a biomarker protein and 
observed distinct spectral differences at various temperatures. This work demonstrates 
that terahertz spectroscopy can be used to evaluate the anharaionicity of the vibrational 
potential. By comparing the absorption spectra of the THz-TDS and Synchrotron results 
it is possible to deduce the approximate localization of the vibrational modes within the 
molecular chain. 

Finally, based on theoretical calculations and experiments, we present a development 
model (DDRA model) to describe the interaction between the protein and its solvent 
molecule. The parameters derived from this model provide good fits to the 
experimentally determined complex dielectric constant, making it of the model valuable 
benchmarks for other theoretical treatments of bio-molecular system. 
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Abstract 

Bio-molecular interactions are one of the most challenging subjects to probe due 

to their complexity. In the thesis, we have been attempting to answer fundamental 

questions about bio-molecular interactions in the terahertz (THz) region from the 

macroscopic to microscopic level. Terahertz radiation (defined as 0.1-10 THz) lies 

between the microwave and infrared regions can excite intermolecular interactions 

such as the librational and vibrational modes. These attributes make it feasible to 

probe the dynamic characteristics of the bio-molecular system. Furthermore, it is 

worth investigating whether terahertz technology could potentially be used as a 

novel tool in the biomedical diagnosis field in the near future. 

Several THz studies of freshly excised tissue have highlighted the sensitivity 

of THz imaging to biological tissues. However, it is not always possible to obtain 

fresh samples for a study; the most common preservation technique is formalin fix-

ing. Along with sample variability, the sample distortion caused by formalin fixing 

can present a significant challenge. In this thesis we develop a controlled study to 

investigate the effects of formalin fixing on the THz properties of two different tis-

sue types. The optical properties of fresh and formalin-fixed samples are measured 

using THz reflection spectroscopy. The results are compared, and we discuss how 

the fixing process can affect image contrast in THz images of biological samples. 

Secondly, we focus our aims on investigating protein molecules due to the possib-

ility of being able to explain the mechanism of molecular interactions more clearly. 

In this thesis, two kinds of labeled immunoglobulin G were investigated using a 

reflective THz-TDS system. The dielectric properties of each solution containing 
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an antibody were sensitive to the conjugation of the antibody. Additionally, through 

consideration of the hydrogen dynamic effects of the antibody at terahertz frequen-

cies, terahertz spectroscopy is able to evaluate the depth of the hydrogen shell for 

each antibody. This work shows that the hydrogen-bonded networks of charged 

protein solutions play an important role in determining the dielectric properties as 

detected by terahertz spectroscopy. • 
f 

Thirdly, using a transmission THz-TDS system we investigated a biomarker pro-

tein (HER2) and observed distinct spectral differences at temperature from 15 K to 

294 K. This work demonstrates that terahertz spectroscopy can be used to evaluate 

the anharmonicity of the vibrational potential which relates to the strength of the 

reset force of the oscillating system. Important parameters relating to the dynamics 

of the molecules' low frequency relaxation motion can be extracted using a simple 

model. By comparing the absorption spectra of the THz-TDS and Synchrotron re-

sults it is possible to deduce the approximate localization of the different vibrational 

modes within the molecular chain. 

Finally, based on theoretical calculations and experiments, we present a devel-

opment model (DDRA model) to describe the interaction between the protein and 

its solvent molecule. The parameters derived from this model provide good fits to 

the experimentally determined complex dielectric constant, making the frequency-

dependent dielectric constants of the model valuable benchmarks for molecular dy-

namics simulations and other theoretical treatments of bio-molecular system. 
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摘要 

研究生物分子間的相互作用己成為L=l前極具挑戰性的課题之一。太赫兹(THz)技術是近年來 

發展起來的一個新型交叉前沿領域,其重要學術惯值己得到國際科學界公認。THz波是一種 

介於遠紅外和微波之問的電磁波譜,太赫兹射線可以無1：離的激發分子間振動或轉動模式， 

這些特贸使得THz波非常適合用於研究生物分子之問的動態特徵。本論文致力於從宏親到 

微觀角度,研究生物分子在太赫兹頻率下相互作用的特贴,為將來把太赫兹技術用於窗際llllJ 
床診斷領域提供理論及贲驗败據依據。 

在臨床診斷中.為保持組織的形態特徵,榇品往往經過固定才爪於組,織舉檢测。福爾馬林溶 
液固定是最常用的方法之一。木文巾，我們將利用太赫兹反射成像系統,研究福爾馬林固定 
射太赫兹幅射下組織樣品的作用，並揭示固定過程對組織太赫兹成像對比的影容。 

為進一步了解分子問相互作用的機制,本文利用THz-TDS反射系統,研究了兩種形態相似 

的抗體蛋白(IgG)在液體環境下的分子劻態特性。资驗證明,太赫获輻射下蛋白贸抗體的介 

電常败對其配體結構十分敏感；太赫兹光譜可揭示出蛋白贸分子的水合作用，收可用於蛋向 

質分子水合屑厚度的評估。此項研究還表明，帶電性逛白質溶液的疯鍵網絡在利用太赫兹 

光證測帮介蜜常数的過程中，發揮著極其觅要的作用。 

此外,利用THz-TDS透射系統,我們對癌症標記适白(HER2)進行了一、系列研究。通過從ISK 
到室溫的測贵,我們得到一系列光譜信息。贫驗證明,太赫兹光譜可以用來探測蛋白贸分子 

的非简諧振動,並揭示了振子間作用力的變化。我們採用經典模型,提収了HER2蛋白在太 

赫迎頻率下的動態參败,並通過THz-TDS透射系統及同步加速器對蛋質吸收光譜的測:i： 

比較,證资太赫兹輻射可預測分子鍵中不同振動模式在頻譜中的位置。 

最後,-基於理論計每及官驗败據的對比,我們針對堡白贸分子與其周圍溶劑分子之間的相 

作兩，提出一種DDRA(Double Debye Resonant Absorption)模型。該模型參数與試驗測量 
的介堪常败相符。模型.屮恶於頻率的介堪常败對分子動態模擬及其它生物分子系統理論研 

究具有較高的參考惯值。 
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Chapter 1 

Introduction 

Terahertz radiation, also termed THz waves, THz light, or T-rays, is situated in the 

far infrared range which is one of the least explored ranges of the electromagnetic 

(EM) spectrum. In 1975, David Auston at AT&T bell Laboratories developed a pho-

toconductive emitter gated with an optical pulse that led towards bridging this gap. 

This device, known as the "Auston switch", emitted broadband terahertz radiation 

up to 1 mW [1]. Subsequent improvements in the generation and detection of co-

herent terahertz radiation enabled terahertz time-domain spectroscopy and imaging 

techniques to be pioneered for applications in various fields. Now, researchers are 

able to extensively explore the material interactions occurring in the terahertz spec-
/ 

tral region due to the ready availability of the ultrafast pulsed sources and detectors. 

Arising from its ability to penetrate deep into many organic materials without the 

damage associated with ionizing radiation, the application of the terahertz radiation 

in biomedical detection has been attracting an increasing number of investigators. 

Within this thesis, we do not want to suggest an unrealistic "Utopia" for the im-

provement of the terahertz technology since it is clear that there is still a long way 

to go. before such a goal may be realised. However, as a relatively new and the ad-

vantageous technique, it is worth investigating whether terahertz technology could 

potentially be used as a novel tool in the biomedical diagnosis field in the near 

future. ‘ 



2 

1.1 Terahertz Radiation 

Now that the hurdle of 'generating terahertz radiation has been overcome [2]’ there 

is increasing interest in the terahertz (THz = 10'^ Hz) region which lies between 

the microwave and infrared regions of the EM spectrum. The terahertz regime is 

typically defined as ranging from 0.1 to 10 THz in frequency, or 3.33 cm"' to 33.3 

cm~' in wavenumbers, and photon energies of 2.0 x 10一22 to 1.3 x 10"^° J [3]. 

This region has only recently been explored due to a previous lack of appropriate 

sources and detectors. In fact, it was commonly referred to as the "terahertz gap" 

before advances in semiconductor physics enabled this so-called gap to be bridged. 

low frequency. 
high frequency 
bond vibrations 

molecJiaf rotations (gas) 
amplitude vibrations ^ 

H hvd 
hydrog jn bond dynamics. 

ation dynamics 

microwave 
普 

THz region I, mid-infrared ^ 
11 — > 

T— 
0.01 

•||諷11麗| 

Oil 
II U ••••I 恳 

1 
Frequency, THz 

凰 • » i i i | •賺• • • 羅 _ • • • • • 

10 iO< 
wavenumber. cnV* 

• t i l l 戴 • 雁 • 

！ 丨 000 

T-rays 
协fraroci VIsibJ©� UV X-ir©ys 

1 I ~ I r 
109 1010 10” 1012 1013 1014 1015 1016 1017 

Frequency, Hz 

Figure.l-.l: The THz region and molecular transitions in the electromagnetic spec-
trum 

On the basis of this recent improvement of the ultrafast pulsed visible and near-

infrared lasers, the coherent generation and detection of sub-picosecond, broad-

band (0.05-10 THz) pulses became possible. This, in turn, stimulated research into 
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the application of terahertz radiation, both as an imaging technique and in spec-

troscopy. Terahertz technology, because of its unique features, has allowed many 

fascinating and important applications in modem society to be investigated, e.g., in 

quality management, security and with special potential applications in medicine 

and biology [4]. The water content of a material, a frequently considered ques-

tion in- terahertz technology because water displays strong absorption characteris-

tics at terahertz frequencies, is able to show distinctive contrast in medical imaging. 

In addition, many organic substances have characteristic absorption spectra in this 

frequency range [5, 6], which is a benefit for the research into spectroscopy for 

biomedical applications. In this thesis, the interaction of terahertz radiation with 

both tissues and biological molecules has been investigated. 

1.2 Interaction with Molecules in THz Regime 

Understanding the interactions between molecules and terahertz radiation also re-

quires an understanding of molecular energy states and an appropriate theoretical 

framework. The potential energy surfaces of a molecular system are probed by 

molecular vibrations via a variety of spectroscopic techniques. Of particular inter-

est in the terahertz region, for the typical diatomic polar molecules including atoms 

with atomic masses less than 20 as an example, the energy separation between two 

consecutive rotational states AE is approximately 1.602 x 10一22 J [7]. A£" therefore 

corresponds to a frequency of 0.242 THz, confirming that the absorption of tera-

hertz radiation is likely to produce changes in the rotational states of simple polar 
、 

diatomic molecules. Bernd Fischer reviewed and showed that the spectral separa-

tion between external and internal molecular vibrations is due to the remarkable 

difference in the strengths of the internal covalent bonds, with energies in the range 

of 300-400 kJ/mol, and the weak intermolecular forces, e.g., van-der-Waals forces 

of about 1 kJ/mol. This separation is, however, significantly smaller in ionic crys-

tals composed of polar molecules (electrostatic ion-ion interactions are on the order 
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of 20 kJ/mol) or in hydrogen-bonded substances, where the hydrogen-bonds have 

typical energies of 10-40 kJ/mol [8]. 

The frequencies associated with terahertz radiation are associated with a photon 

description and those which use an electromagnetic wave model to describe inter-

actions with matter. Thus, one approach is to use a classical EM wave description 

which characterizes the medium in terms of the permittivity e (the ability of the 

medium to be polarized) and conductivity cr (the ability of ions to move through 

the medium). These parameters readily describe interactions with collections of 

molecules, including water and proteins in macroscopic terms i.e. bulk motions of 

the molecules (polarization and conduction), rather than microscopic absorption of 

radiation due to transitions between molecular energy levels [3]. 

Although the intermolecular modes in the terahertz regime are usually mixed 

with intramolecular vibrations which obscures spectra and complicates assignment 

of individual modes, it has the advantage that the spectrum contains not only infor-

mation about the intermolecular arrangement, but also characteristics related to the 

internal molecular structure. Such modes usually carry far more structural informa-

tion than vibrations in the mid-infrared spectral region, which do not depend much 

on the overall molecular structure and configuration. 

1.3 Biomedical Applications of Terahertz Imaging 

1.3.1 Medical Imaging . 

THz radiation is non-ionizing, non-destructive and non-invasive [9’ 10]: the low 

energy of the THz radiation does not damage the sample [11]. One potential ap-

plication of THz imaging is the diagnosis of skin cancer. Work by Wallace et al 

has highlighted the potential advantages of being able to use terahertz imaging to 

study skin cancer ex vivo in time-domain by a Terahertz Pulsed Imaging (TPI) sys-

tem used in reflection geometry [12].The first in vitro measurements on skin cancer 
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demonstrating the ability of TPI to differentiate basal cell carcinoma (BCC) from 

normal skin was produced by Woodward et al [13]. It is promising that the po-
I 

tential of terahertz imaging technology as an in vivo tool for the study of skin hy-

dration levels have enabled differentiation between diseased, normal and inflamed 

tissue [14，15]^n a similar way to how terahertz imaging could assist the plan-

ning of skin cancer surgery, Fitzgerald et al. have investigated the use of terahertz 

imaging to aid the removal of breast cancer intra-operatively [16]. P. Knobloch et 

al. imaged histo-pathological samples including the larynx of a pig and a human 
) 

liver with metastasis [1^]. We have investigated the effects of formalin fixing on the 

terahertz properties of porcine adipose tissue and muscle (see Chapter 3). 

Another potential application of THz imaging is the diagnosis of dental caries 

[18]. Caries are a result of mineral loss from enamel, and this causes a change in 

refractive index within the enamel. This change in refractive index means that small 

lesions, smaller than those detected by the naked eye, can be detected [19]. 

1.3.2 Pharmaceuticals 

Furthermore，there has been a strong drive in the pharmaceutical industry for com-

prehensive quality assurance monitoring. This move opens the way for new tools 

providing useful analysis of tablet formulations. The ability of terahertz technology 

to determine both spectral and structural information has fuelled interest in the 

pharmaceutical applications of this technique [20]. To date, terahertz radiation has 

been established for pharmaceutical applications when used as a spectroscopic technique 

in polymorph identification and quantification [21-23], phase transition monitoring 

[24, 25], and distinguishing behaviors hydrated forms [26]. Here, we represent our 

previous investigation on non-invasive tablet inspection using terahertz pulsed imaging. 

Terahertz radiation can penetrate through plastic packaging materials. Figure 

1.2(c) is a terahertz image of the tablet taken through the packaging - from this 
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Figure 1.2: (a) The photograph presents the white side and the yellow side of the 
tablet in the plastic package, (b) Terahertz B-Scan image shows the stru(^ture of the 
cross-section of the tablet and the terahertz light paths at the edge of the tablet (path 
A) and the centre (path B). (c) Terahertz C-Scan image shows the tablet face, (d) 
Terahertz deconvolved waveforms in the time-domain reflected from the paths A 
and B in (b). -

image we can see the lettering on the surface of the tablet. The cross-section of the 

tablet is better conveyed by an image of the depth profile. To obtain this, we take 

a slice of the image along the x axis and plot the pulse intensity on a gray scale. 

In this way we can see the reflections off the different interfaces at depth (this is 

similar to an ultrasound B-scan and is illustrated in Figure 1.2(b)). Here we can 

see the beveled edge of the tablet through the packaging. It is interesting to look 

at the pulses that make up this image. The pulses reflected off the sample were 

deconvolved by the reference measurement of the mirror and then filtered using a 

(Gaussian) band pass filter. In this way we obtained the deconvolved waveforms. 

Terahertz pulses are reflected first off the front surface of the package and then 

from any subsurface structure within it resulting in multiple pulses returning to the 

detector. The dashed arrows in Figure 1.2(b) mark out the terahertz light paths at the 
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edge of the tablet (path A) and the centre (path B). In path A the beveled edge means 

that there is an air gap between the packaging and the tablet and this corresponds to 

a greater optical delay between the reflected peaks in the waveforms illustrated in 

Figure 1.2(d). Thus, terahertz imaging has non-destructively revealed the structure 

of the tablet through the packaging. 

a) 

-rti—iV 

Figure 1.3: (a) Terahertz C-Scan section imaging shows the tablet face without the 
package, (b) Terahertz B-Scan section imaging shows the structure of the cross-
section of the tablet without the package, (c) The frequency domain terahertz spec-
trum of the each side of a tablet, (d) The geometric structure of the tablet corre-
sponding to the THz B-Scan section imaging (as dash line shown). 

The tablet was then removed from the packaging and imaged on both sides. The 

terahertz image of the "RORER" (yellow) side of the tablet (with no packaging) is 

presented in Figure 1.3(a). It was formed by using a gray-scale to plot the amplitude 

of the maximum peak of the reflected terahertz pulse at each pixel. From this image 

we can clearly see the engraved lettering. In Figure 1.3(b) we show a B-scan of 

a horizontal slice taken at a height containing the lettering. Since the lettering is 

engraved the horizontal line is broken in places. The terahertz beam was focused 

on to the plane of the tablet rather than the engraved lettering. Thus，to extract our 

c) 
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spectral information, we use data from pixels which are not involved in the lettering. 

Figure 1.3(d) shows the frequency domain reflectance terahertz spectrum from each 

side of the tablet. The spectral amplitude tv in Equation 1.1) is determined by 

dividing the data from the sample by that of the mirror in the frequency domain: 

FFT(sample) 
(1.1) 

|FFT(reference)| 

Terahertz spectroscopy is able to distinguish between polymorphic forms [24], 

and it is also sensitive to the small variations in a material [27]. From Figure 1.3(c) 

there are differences between the white side and the yellow side of the tablet at 

terahertz frequencies: the amplitude of the white side is greater than that of yel-

low one for all frequencies apart from between 0.8 THz and 1.4 THz. In this fre-

quency range, the amplitudes coincide which is likely to be due to some common 

component or structure. To interpret the differences observed in Figure 1.3(c)，let 

( u s consider the molecule structure of the pharmaceutical components of the two 

sides. Aluminum hydroxide (gibbsite, A1(0H)3) has a typical metal hydroxide 

structure with hydrogen bonds. It is built up of double layers of hydroxy 1 groups 

with aluminum ions occupying two-thirds of the octahedral holes between the two 

layers [26]. The basic structure of magnesium hydroxide (brucite) forms stacked 

sheets of octahedrons of magnesium hydroxide (Mg(0H)2) and is closely related to 

the structure of aluminum hydroxide. However the lower charge in magnesium (+2) 

as opposed to aluminum (+3) does not require that one third of the octahedrons of 

a central ion be vacant in order to maintain a neutral sheet. The different symmetry 

of gibbsite and brucite is due to the different way that the layers are stacked [28]. 

Terahertz radiation is sensitive to crystalline phonon modes and hydrogen-bond vi-

brations - it is differences in these aspects which our spectroscopy in Figure 1.3(c) 

has probed. 
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1A Biomedical Applications of Terahertz Spectroscopy 

THz spectroscopy is complementary to THz imaging and is primarily used to deter-

min^pt ica l properties in the frequency domain. Since THz pulses are created and 

^^^^tected using short pulsed visible lasers with pulse widths varying from � 2 0 0 fs 

down to � 1 0 fs，it is'now possible to make time resolved far-infrared studies with 

sub-picosecond temporal resolution [28]. This was not achievable with conven-

tional far-infrared studies. An important aspect of THz time-domain spectroscopy 

is that both the phase and amplitude of the spectral components of the pulse are de-

termined. The amplitude and phase are directly related to the absorption coefficient 

and refractive index of a sample and thus the complex permittivity is obtained with-

out requiring Kramers-Kronig analysis. Furthermore, another advantage of THz 

spectroscopy is that it is able to non-destructively detect differences because it uses 

radiation of sufficiently long wavelength and low energy that does not induce any 

phase changes or photochemical reactions. 

THz spectroscopy covers the spectral range from about 0.1-10 THz (3 cm"' to 

300 cm"'); this is also known as the far-infrared and extends into the mid-infrared. 

Since many important chemical and physical processes are associated with energies 

in terahertz region, there is longstanding interest in THz spectroscopy of the EM 

spectrum [3]. The simplified treatment of molecular absorption spectra confirms the 

likelihood of strong absorption lines in the THz region of the spectrum associated 

with changing vibrational and rotational energy states of polar diatomic molecules. 

The treatment also suggests that similar relatively simple polar molecules are likely 

to yield THz absorption spectra and these are indeed observed [29]. Towards the 

higher frequency end of the terahertz range (from about 1 THz and above) there 

are vibrational modes corresponding to protein tertiary structural motion; such in-

termolecular interactions are present in many biomolecules. Other molecular prop-

erties that can be probed in the terahertz range include bulk dielectric relaxation 

modes [29] and phonon modes [30] - these can be difficult to probe using other 
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techniques. For instance nuclear magnetic resonance (NMR) spectroscopy can de-

termine the presence of various carbon bonds, but it cannot be used to distinguish 

between molecules with the same molecular formula, but with different structural 

forms (isomers) [31]. Terahertz spectroscopy is able to distinguish between iso-

mers and polymorphs [32] and is therefore emerging as an important and highly 

sensitive tool to determine biomolecular structure and dynamics [33’ 34]. Indeed 

THz spectroscopy can distinguish between two types of artificial RNA strands when 

measured in dehydrated form [35]. Furthermore, Fischer et al. demonstrated that 

even when the molecular structure only differs in the orientation of a single hy-

droxyl group with respect to the ring plane, a pronounced difference in the terahertz 

spectra is observed [36]. Intermolecular interactions are present in all biomolecules, 

and since biomolecules are the fundamental cemponents of biological samples, they 

can be used to provide a natural source of image contrast in biomedical terahertz 

imaging [37]. 

The work in this thesis uses time-domain spectroscopy to determine ihe re-

sponse of THz radiation to biological materials. We are especially interested in 

the THz dielectric response of protein solution since it is a major and natural state 

of biological tissue, and the coherence and sensitivity of THz time-domain spec-

troscopy make it an ideal analysis tool. 

1.5 From Tissue to Protein Spectroscopy 

Terahertz radiation can be severely absorbed by biological tissues with high water 

content. Due to a limited penetration depth in these objects, to date THz applications 

have been limited to easily accessible parts of the body； for instance, skin, breast 

tumors and teeth. On the other hand, because THz radiation is readily absorbed by 
t 

water, it can be used to distinguish between materials with varying water content-

for example, adipose tissue versus muscle tissue. These properties lend themselves 

to applications in process and quality control such as how the fixing process can 
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affect image contrast (see Chapter 3). -

Biomolecules, especially proteins, which play an essential structural and cat-

alytic role in cells and tissues often require an aqueous phase in order to be trans-

ported to their target sites. In the protein-water system, the characteristic water 

structure induced near the surfaces of proteins arises not only through hydrogen 

bonding of the water molecules to available proton donor and proton acceptor sites, 

but also through electrostatic forces associated with the water molecule that arise 

from its large electric dipole moment. If an electric field is imposed on such a sys-

tem of protein-associated water, there will be a torque exerted on each water dipole 

moment to induce them to attempt to align along the direction of the field vector. 

A dielectric orientational relaxation time r can then be defined as the time required 

for 1/e of the field-oriented water molecules to become randomly reoriented on 

removing the applied field. Measurements may be analysed in terms of the com-

plex dielectric constant £{oj) (where cd denotes angular frequency) or the complex 

refractive index h{a)). The degree of orientational polarization and the rate of re-

orientational relaxation depend on how the water dipoles are influenced by local 

electrostatic forces and the extent to which the breaking and/or reforming of local 

hydrogen bonds is required to accommodate the orientational changes. Relaxations 

of polar side-groups, vibrations of the polypeptide backbone, and fluctuating pro-

ton transfer between ionized side-groups of the protein also contribute to the overall 

polarizability of the protein-water system. If dielectric measurements are made on 

protein solutions, then orientational relaxations of the protein molecule itself will 

also be observed [38]. 

1.6 Overview of Thesis 

This thesis is organised in the following way: In Chapter 1 the basic introduction 

of terahertz knowledge is reviewed which highlights the potential application of the 

terahertz technology within the biomedical field. Chapter 2 outlines the terahertz 
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theoretical and technical concepts employed in this study. 

In the following four chapters we give a broad overview of the capabilities and 

potentials of terahertz spectroscopy of biomolecules from the macroscopic (tissue) 

to the microscopic (protein) and from the reflective geometry to transmission ge-

ometry. In Chapter 3 a controlled study to investigate the effects of formalin fixing 

on the terahertz properties of two different tissue types (porcine adipose tissue and 

muscle) is given. The optical properties of fresh and formalin fixed samples in the 

terahertz frequency range were measured using THz reflection spectroscopy. The 

results are compared and we discuss how the fixing process can affect image con-

trast in terahertz images of biological samples: Considering that proteins are essen-

tial to the structure and function of living organisms, in Chapters 4 and 5，modified 

THz-TDS reflection and transmission systems were used to extend our interest from 

the macroscopic tissue to the microscopic protein. All of the proteins we selected 

in this study have a critical significance for the diagnosis of disease, and our aim 

is to understand the interactional properties of these proteins in terahertz radiation, 

which is an important step towards biomedical detection using terahertz technol-

ogy. In Chapter 6, we will further discuss the simulation model based on Debye 

theory to describe the dielectric property of protein dissolved in aqueous solution. 

Finally’ Chapter 7 makes conclusions and and proposes possible further work for 

dissertation. 



Chapter 2 

Experimental Setup and Analysis 

Techniques 

The aim of this chapter is to introduce the mathematical techniques accompany-

ing different measurement geometries that will be implemented and referred to in 

subsequent chapters. 

2.1 Refraction and Absorption in the Terahertz Range 

The interaction between an electromagnetic wave and an optical medium in which 

it propagates through can be revealed by the optical parameters of the medium. Ab-

sorption occurs when the light frequency is resonant with transition frequencies of 
> 

the electrons, atoms or molecules in the medium. In the case of terahertz radiation 

with photon energies in the meV range, the relevant transitions are the molecu-

lar rotations for gas, crystalline photon vibrations for solid and hydrogen-bonding 

stretches and torsions for gas and liquids [19]. The resonant photons are absorbed, 

transferring their energy into the excitation of higher energy levels of the system. 

As the consequent of the energy conservation, the light beam will be successively 

attenuated while propagating through the medium [39]. This attenuation of light is 

quantified by its absorption coefficient a . This is defined as the fraction of power in 

a unit length of a medium. If the beam is assumed to propagate in the z direction, 

13 
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/(z) is the intensity at position z. Then the decrease of the intensity in an incremental 

slice of thickness dz is given by: 

dl = -adz • /(z) (2.1). 

This expression can be integrated to the well known Beer's law: 

/(z) = lo • (2.2). 

The refractive index is due to the reduction of the phase-velocity of the light 

wave and assigned as the ratio of the velocity of light in free space c to the veloc-
、 

ity of light in the medium v. Of note, a direct measurement of the refractive index 

involves measuring the relative phases of the incident and transmitted light waves. 

Spectroscopic methods, such as THz-TDS in a transmission geometry, which use 

phase-sensitive detection schemes, directly determine the relative phases of the tera-

hertz radiation. As a result the refractive index can be calculated in a simple fashion 
% 

(for details see Section 2.2). 

The absorption and refractive index can be described by a single parameter, the 

complex refractive index n, defined by 

h = n — iK (2.3). 

Here n is the real refractive index and k is the extinction coefficient. The pa-

rameter K is related to the absorption coefficient when considering an electric plane 

wave of a light beam to propagate in x-direction through a medium with refractive 

index n. The wave vector is given by 

2,71 nci) CL) 
k=i:=—— = (n-iK)- (2.4) 

. A/n c c 

Note that both parameters of absorption and refractive index are a function of 

frequency. Alternatively the optical properties of a medium are often expressed by 

the complex dielectric function. The dielectric constant is simply the square of the 
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complex refractive index, where 

e(a)) = e'{u)) - ie"{(jS) = {n{(jS) - iK(a>))^ 

O CO： o CO! 
2aj 2(jl) 

Conversion between refractive index and dielectric constant is done by: 

(2 .5) . 

s'icj) = = 

e"{aj) = 2nK 二 

ca, 

2a) 

ca. 

2a> 

thus n and a can be used to express s'(a)) and £"(oj). 

(2.6) 

(2 .7) 

2.2 Terahertz Setup in Reflection Geometry 

Sample 
JHHBBL-^ 

Figure 2.1: Schematic diagram of a terahertz pulsed imaging system T P F ^ in 
flection geometry. 
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The Terahertz Pulsed Imaging (TPI^^) system used in this study was the TPI 

Imaga 1000^^ (TeraView Limited, Cambridge, UK). The system uses photocon-

ductive devices to generate and detect terahertz light: the optical excitation is achieved 

by an 800 nm femtosecond pulsed laser. The system has a reflective geometry (Fig-

ure 2:1), such that the laser beam is separated into the pump and probe beams by a 

beam splitter. The pump beam is directed to excite the carriers in the photoconduc-

tive emitter in order to generate terahertz pulses. The terahertz pulses are collimated 

and focused using off axis parabolic mirrors onto the top surface of a z-cut 2 mm 

thick quartz window with an angle of incidence of 30� . The sample is placed on the 

quartz window and the reflected terahertz pulse from the quartz/sample interface is 

detected coherently by a photoconductive receiver. 

In this system, the relaxation of the excited carriers produces broadband electro-

magnetic pulses typically with a FWHM of 0.3 ps and results in a usable frequency 

range from about 0.1 THz to 3 THz with an average power of approximately \/j.W. 

The terahertz beam path was purged with nitrogen gas to remove water vapor from 

the air which would otherwise have attenuated the signal [40]. Detailed information 

about the system can be found in our previous work [19,41,42]. 

2.3 Hand-held TPI Setup 

The hand-held TPI system is a reflection geometry using a modified version of the 

TPI Imaga 1000^^ (TeraView Limited, Cambridge, UK). The similar optical set up 

has been described in the Section 2.2. Briefly, this system also uses photoconduc-

tive antennas for generation and detection of terahertz radiation, an ultrafast laser 

(\^tesse. Coherent Inc.) emits 90 fs pulses centered at a wavelength of 800 nm, 

with a 80 MHz repetition rate and an average power of about 200 raW. The laser 

beam is separated into the pump and probe beams by a beam splitter, but in con-

trast to the TPI Imaga 1000^^, the laser in this system used for optical excitation 

reaches the antennas via a fiber optic, rather than through free space optics. The 
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probe is used to contact the liquid sample directly with an angle of incidence of 

3.4° and the reflected terahertz pulse from the quartz/sample interface is detected 

coherently. The THz beam is scanned up and down across the center line of the 

window to form a line scanning. The scanning motion is achieved by controlling a 

Risley prism beam steering system, which includes a pair of Risley prisms and a set 

of motors and bearings as seen in the Figure 2.2(b'& c) [35]. Consider the case of 

only one wedge prism, when the prism rotates, the steering beam travels in a circle 

along the optical axis. When two wedge prisms aligned and rotated together, the 

output beam is the superposition of the circles resulted from two prisms rotating 

independently. Hence, by matching wedge prisms with different wedge^i(gles and 

controlling the rotating speed of the two prisms，the steering beam would result in 

different scanning patterns. 

In the case of our probe, a line scanning pattern is achieved by rotating the two 

prisms with the same wedge angles in opposite direction, given the initial orienta-

tions are identical for two prisms. The scan speed of the system is up to 8 lines per 

second. The scan length is 7 mm and each line contains at most 25 pulses, so it 

means at most 200 pulses per second. On average, the signal to noise ratio on the 

receiver of the system is 800:1 (�1000 :1 at 1 THz). The usable frequency range 

is from about 0.1 THz to 1.6 THz but the valid range tends to decrease when the 

sample is ‘in an aqueous phase due to signal attenuation by the sample. 

Terahertz spectroscopy is typically done with an average pqint measurement of 

a homogenous sample and the resulting terahertz electric field can be recorded as a 

function of time. A fast Fourier transform of the temporal profiles was performed to 

offer meaningful spectroscopic information due to the broadband nature of pulsed 

THz radiation. We used a measurement of air as a reference. The complex spectrum 

Erefioj) of the reference THz pulse is related to the complex spectrum Esamioj) of 

the output THz pulse, Thus we can determine a(oj) and n(a>) for the sample. The 

details have been indicated in next section. 



(b) (c) 

Figure 2.2: Pictures of the (a) THz reflection hand-held probe systems; (b) 
Schematic diagram of the probe head internal setup (from Teraview^^); (c) 
Schematic diagram of the risley prism beam steering system embedding in the 
probe. 

8 
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2.4 Data Analysis in Reflective Geometry 

The spectroscopic data shown in Chapter 3&4 was obtained by using the THz time-

domain spectrometer setup in reflective geometry. THz pulse is reflected off a sam-

ple interface before the THz waves enter the sample. In real materials, the polar-

ization does not respond instantaneously to an applied field. This causes dielectric 

loss，which can be expressed by a permittivity that is both complex and frequency 

dependent. A complex index of refraction can be defined such as Equation 2.8. 

Here, n is the refractive index indicating the phase speed, while K is called the ex-

tinction coefficient correlate with the absorption coefficient o r , which indicates the 

amount of absorption loss when the electromagnetic wave propagates through the 

material, c is the speed of light in a vacuum 

h{(jj) == — ifc(co) = n(a>) 一 i ( ⑷ ) * (2.8). 
2(1) 

In this study, the complex refractive index of a sample can be acquired through 

consideration of FresneFs coefficient in a reflection geometry. When terahertz 

waves are collimated to the sample, different angles of incidence may be used. The 

complex reflectivity R is defined as 

R 二 = niCOsGi - h 2 cos <92 (2 9) 
El hi cos 61 + h2 cos 62 

where Ei is the incident light, 61 is the angle of incidence; E2 is the measured 

reflectance spectrum from the sample, 62 is the angle of refraction. 

As the inciasnt light is unknown, a reference measurement R̂ ^̂  using known 

refractive index and absorption coefficient must be taken firstly. Here, the quartz 

with a refractive index around 2.12 and the air with a refractive index of 1 is used 

as a reference for the calculation of ŝample-

f Ef 

/ ^ f 二 g ( 2 . 1 0 ) 

炉 ample 
伊amp丨 e = (2.11) ^ampie 
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Figure 2.3: Schematic diagram of reflection geometries with the incidence angle. 

The wave incident on the interface is the same for both measurements so 五广""pie _ 

五f f，and therefore the optical properties can be determined by ratio M as stated in 

Equation 2.21, assuming the THz beam propagating is s-polarized. 

尺 sample ^ample 

/̂ rcf Ef 
(月 quartz cos q̂uartz " “月sample COS 氏ample)(污quartz COS q̂uartz + ^ âir COS âir) 
(汽 quartz COS q̂uartz “ 卜 ŝample COS ŝample)(污quartz COS q̂uartz 一 ^ âir COS âir) 

= M . 

In order to extract ŝample，we rearrange above equation as below, 

斤sample COS 沒sample —污quartz COS q̂uartz 
(1 一 AO片quartz COS q̂uartz + (1 + Â )巧air COS âir 

(2.12) 

(2.13). 

(1 - M)HAIR COS 0air + (1 + 似)月quartz COS q̂uartz 

From Snell's law, we know that the angle is actually dependent on the refractive 

index of the medium where the light propagates 

权sample sin ŝample = ^air sin 0air (2.14). 
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From (2.13) we know that 

cos ŝample = q̂uartz COS q̂uartz 
"sample 

(1 - M)〜a咖 COS q̂uartz + (1 + M)h^rCOS Q ,̂ 、丄⑶. 
• •‘ ‘ j 

(1 - cos âir + (1 + M)污quartz COS q̂uartz 

Then substitute Equation 2.15 into Equation 2.13 and we can obtain ŝample. 

Meanwhile, the refractive index and absorption coefficient can also be determined 

as c 
n{(jj) - Re{AZquartz COS q̂uartz 

(X) COS ^SAMPLE 

(1 一 M)污quartz COS q̂uartz + (1 + COS Ô ir 
(1 - M)nair COS 0air + (1 + 污quartz COS 0quart2 

2 
a(cj) = Ini{nquart2 COS q̂uartz 

COS ŝample 
(1 一 M)fiquartz COS q̂uartz + (1 + W^air COS âir 

(2,16) 

(2.17). 

(1 - M)flair COS âir + (1 + Â )污quartz COS q̂uartz 

2.5 Baseline Evaluation in Reflective Geometry 

In reflection geometry, samples are typically placed on a quartz window. The tera-

hertz radiation is focused onto the top surface of the window (see Figure 2.4). As 

the incident THz pulse propagates across the quartz window, the reflected signal 

will contain two reflections, namely the reflected pulse from the bottom (pulse 1) 

and top (pulse 2) of the quartz window. The pulse 1 is named “baseline”. Clearly, 

only pulse 2 takes the s邵pie information including in. So our aim is to filter out 

baseline from the collected data. 

Pulse 1 has an enduring signal or “ringing，，which will extend into the region 

of reflection 1. Due to’ this overlap, the tail cannot be measured directly. There-

fore, a method with 3 measurement steps was used to obtain data See Figure 2.5, a) 

An additional quartz plate is placed on the quartz window to obtain a baseline. The 

window is made of a material with minimal absorption at terahertz frequencies such 

as silicon or z-cut quartz. Since the radiation is now effectively passing through a 



Quartz Window 1 

U ^ — . 

Figure 2.4: Schematic diagrams to illustrate the baseline artefacts. 

very thick layer of quartz, there are no reflections except for those off the lower sur-

face of the fixed quartz window, b) The beam is focused onto the top surface of the 

quarti^late and a reference is taken, for example with nothing on the quartz plate: 

just a quartz/air interface, c) The sample is placed on the quartz plate. Therefore 

a baseline waveform is subtracted from both the reference and sample waveforms 

to remove any back-surface reflection off the quartz/air and quartz/sample interface 

measurements. 

(a) (b) (c) 

丨 ‘ - . i - ' V . ' r - . V . , - iUI 
’ ： 鄉 p i e • 

mm 

Quartz/Air Quartz/Sample 

Figure 2.5: Schematic diagrams to illustrate the 3 steps measurement for (a) base-
line, (b) reference and (c) sample measurements in reflection. 

The acquired data represent the impulse function of the subject convolved with 

the reference data. Deconvolution is performed to extract the impulse function 
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(Equation 2.18). In this work a double Gaussian filter function is applied to 

remove both the low and high frequency noise components and also to produce a 

suitable time-domain response ' ti 

FFT(ImpulseFunction) : FFT(Filter) x FFT(Sample - Baseline) (2.18). 
FFT(Reference - Baseline) 

However, bad contact between quartz windows (Figure 2.5(a)) can introduce 

errors in the practical experiment. Therefore a new approach to estimate the baseline 

through water measurement is proposed (Of note, it is not necessary to only use 

water but any other standard materials with known). Comparing the simulated water 

reflection with the measured water reflection, we are able to determine the 'ringing' 

effect. This ringing can then be accounted for in the baseline of unknown samples. 

To calculate the baseline, first we need to obtain an air measurement and 

a water measurement Since the baseline reflection £^baseiine(0 due to the 

ringing overlaps the actual reflection due to the sample, the measured electric field 

in the time domain becomes the superposition of these two reflections: 

, 丑 = Eair � + 五baseline � . （2 . 1 9 ) 

五：丨 aterW = ^water(0 + b̂asdineCO (2.20). 

Where £waier(0 and jEair(0 are the actual reflections in the time domain off the 

quartz/water and quartz/air interfaces respectively. The reflected time domain pulses 

are Fourier transformed to obtain the corresponding frequency domain spectra, in 

this case EwaterC^̂ ) and For the actual reflected pulses, which are s-polarized 

in our system, the Fresnel equations and the ratio in Section 2.4 can be used again. 

Here we define M as, 

尺 water ^aler 

- Ef 

一 ^quartz COS 0quarlz 一 污water COS 没water)(万quartz COS q̂uartz + 巧air COS ^air) • (2.21). 
(污quartz COS q̂uartz + 污water COS 0waler)(矜quartz COS 没quartz 一 污air COS 0air) 

= M -
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Values for «air and 0air are known. Spectroscopy data acquired in transmission 

geometry are used for calculating /iquanz and ^waier- The angles 0quartz and ^^ater can 

be calculated from Snell's law: 

'̂ quartz Sin ̂ quartz — Hair Sifl ̂ air — '̂ water Sin v̂valer (2.22). 

From the above three equations, we obtain the following formula for £baseiine(̂ î )-

E S A T E R � — M . E'Uoj) 
^baselinc(^) = \ , , (2.23) 

1 - M 

五baseUne�=FFT丨{ • � , a i r � � (2.24). 
. 1 - M 

2.6 Terahertz Setup in Transmission Geometry 

In this section, we outline a basic technique of transmission mode THz time-domain 

spectroscopy (THz-TDS) system based on photoconductive antennas. A typical 

transmission mode THz-TDS system is shown in Figure 2.6. A MiraSeed (Coher-

ent) Ti-sapphire femtosecond modelocked laser is used as a source of the optical 

pulses. I l is pumped by, the Verdi (Coherent) V6 with a wavelength of 532 nm. 

The femtosecond laser produces an output pulse duration of approximately 20 fs 

at a repetition rate of 76 MHz. The laser has an output power of 1 W with a cen-

ter wavelength of 800 nm. The femtosecond source is split into a probe beam and 

a pump beam using a non-polarised 50:50 beamsplitter. An optical chopper with 

SR540 controller is used to modulate the pump beam at approximately 2 kHz. The 

modulated beam is then focused onto the emitting antenna using a 6 mm diameter 

plano-convex optical lens that has a focal length of 12 mm. Here, the photocon-

ductive antenna is at 90 Vdc using a standard low current power�supply. As the 

modulated laser beam hits the emitter, a THz pulse is generated. The THz pulse is 

coupled and collimated into free space using a Si hyper-hemispherical lens, which 

is then further collimated using a pair of off-axis 90 paraboloidal mirrors. The colli-

mated THz beam is focused onto the sample as shown in Figure 2.6. The transmitted 
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pulse is then recoUimated and refocused onto the photoconductive detector using a 

second pair of off-axis 90° paraboloidal mirrors. The probe beam gates the trans-

mitted THz pulse by focusing the probe laser beam using a plano-convex lens onto 

the photoconductive detector. The averaged THz pulse can be sampled by varying 

the time delay of the retroreflector mounted onto a delay stage. A lock-in amplifier 

model is used to extract the signal received at the detector. Signal analysis and data 

processing are carried out using Lab VIEW and Matlab software packages. 

Figure 2.6: THz time domain spectrometer. This schematic diagram was supported 
by Dr. Jegathisvaran Balakrishnan. The sample under test is placed at the focal 
plane. 

The temporal electric field and its corresponding spectral amplitude obtained 

from the THz-TDS spectrometer illustrated in Figure 2.6 are shown in Figure 2.7. 

Figure 2.7 (top), shows a typical temporal profile of a reference signal. In Figure 

2.7 (bottom), the spectral amplitude is obtained by fast Fourier transforming the 

temporal profile. According to Figure 2,7 (bottom), a bandwidth of approximately 

1.6 THz is achieved in our setup configuration. Here，the bandwidth is mainly 
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Figure 2.7: Typical temporal profile and spectral amplitude. This figure (top) illus-
trates a typical temporal profile of a reference signal and (bottom) its corresponding 
spectral amplitude of our transmission setup. A bandwidth of up to 1.6 THz is 
obtained from our experimental setup illustrated in Figure 5.3. 
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controlled by the pulse width of the optical source (i.e., femtosecond laser), car-

rier lifetime of the photoconductive antenna, and also the water vapour absorption. 

Therefore, in order to maximise bandwidth, a femtosecond laser with a pulse width 

of approximately 20 fs and photoconductive that have a very short carrier lifetime 

are used. Furthermore, the water line effects can be reduced by purging the nitrogen 

chamber with nitrogen gas. 
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2.7 Data Analysis in Transmission Geometry 

In a transmission experiment, we assume that a THz pulse propagates from the first 

medium (medium 1) through a sample (medium 2) to the third medium (medium 

3). The data-analysis for the work presented in chapter 5 is based on the trans-

mission geometry. Here, the dielectric properties of a material are determined by 

measuring the terahertz pulses twice and convert pulses from the time-domain into 

the frequency-domain by a Fourier Transformation. We will explain more in the 

next section as a liquid sample cell is considered about in the transmission system. 

2.8 Liquid Cell in Transmission Geometry 

A typical sample cell geometry used for liquid measurement in transmission system 

is illustrated in Figure 2.8. 

This solution sample cell consists of two homogeneous parallel plates (TOPAS^'^ 

COC 5013L 10) that are sandwiched together. Each plate has a thickness which is 

denoted by d̂ ŵ in Figure 2.8. The cell allows for a small volume of solution to 

reside between the plates. Here, a spacer with a thickness, <iiiquid’ is inserted in 

between the parallel plates. The solution is deposited on one half of the bottom 

plate while the other half is kept pressed together. Each substrate is housed in an 

aluminum frame, one of which contains two identical apertures (approximately 4.7 

mm diameter). The solution covers one of the apertures, while the other contains an 

equivalent volume of air trapped between the two plates. The clear empty aperture 

serves as a reference. Terahertz radiation are illuminated through the window cells 

to produce 五reference (Figurc 2.8a). For the sample measurements, the air gap with 

thickness, rfuquid, is filled with liquid. Illumination by terahertz radiation through 
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this window cell set up produces 五sample (Figure 2.8b). The experimentally mea-

sured spectral components of the reference and sample signal can be modeled by 

r̂eference(tî ) = .戶2<4:11) •�23,“^») • 4quid) 
(2.25) 

• T-i^A^co) • P4(t̂ ，^4dl) • 7 ^ 4 5 • A{co) 

瓦ample⑷）=�12(0^) • /^^^，^tell) •�23,一 (⑴）•户3|一(̂ ^，4quid) 
(2.26) 

• 了3„一4(̂ )̂ • ^4(0J, dcell) . T45(cu) • A(oj) . FP(cj) 

where Tab is the transmission amplitude coefficient from interface a to interface 

b and 尸加，d) is the propagation coefficient in medium i over thickness d. Also, 

A{a)) accounts for the amplitude of each frequency component. Taking the ratio of 

Equations 2.25 and 2.26 gives the complex transmission coefficient as follows: 

子 f � ŝample (tî ) 
\ T{(ji))= 
\ 五reference � 

_ •尸3uquid(队减iquid) • ̂ 3|iquid4(<^)刚⑴） （2.27). 
. l̂iquid) . 

=pe—中 

Here, p is denoted as the magnitude and phase, (p of the complex transmission 

coefficient, T{(jS). The FP{ci)) accounts for multiple reflections or Fabry-Perot re-

flection. Here, in order to avoid complications from the FP{(jj)i it is assumed that 

the window cell and liquid sample under investigation are sufficiently thick so that 

FP{(JS) = 1. Thus, Equation 2.27 can be simplified and expressed as 

子 , 、 〜 q u i d f e + 1 ) 2 - i l l i q u i d 1 � � 门 Q Q � 

T(co) = — exp( - 1)) (2.28) 
( "2 + "3 丨一 )2 C q 

where the complex refractive index of the window cell is =污4. The refractive 

index of air is denoted asfzi = ns = /iair = 1- Here, h^ liquid is the complex refractive 

index of the liquid. With the above assumption, the analytic expression for the THz 

material parameters can be found with some approximation given in Duvillaret et 

al. (1999) [43]. Substituting the complex refractive index, n3,iq„id = 一 

into Equation 2.28 reveals the frequency dependent phase information, 

树 ⑴ ( 2 . 2 9 ) 

\ 
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and the frequency dependent magnitude 

( 、 " 3 丨丨一 ( — 2 + 1)2 ⑴减 iquid ( 、 、 ，”n 、 
• ) = T i T - r ； e x p ( ⑷ ） （2.30). 

Rearranging Equation 2.30 produces frequency dependent refractive index, 

〜 “ 幼 二 ^ ^ + ！ (2.31). 
^ " l i q u i d 

The frequency dependent extinction coefficient can be obtained by rearranging 

Equation 2.31. Thus, the extinction coefficient can be expressed as 

( , C �（叱+行3丨_�)2 
《3,_(幼=—~：7^ ] (2.32). 

The frequency dependent absorption coefficient can be written as follows: 

(、。欠3丨_(_ 
Q̂ liquid(t̂ ) = 2 p.33). 

One may rewrite Equation 2.33 as follows: 

Q̂ iiquid � = ln [pM 
2 … … （ " 2 + 

(2.34). 
^liquid (幼 ( " 2 + 1)2 

Figure 2.9 shows the custom-built liquid cell using TOPASTM C O C 5 0 1 3 L 1 0 as 

a window material. This liquid cell allows one time sample preparation for measure-

ments of reference and sample signals as compared to previously discussed liquid 

cells which require separate sample preparation for each measurement. 

2.9 Summary 

This chapter has summarized the mathematical techniques employed in the study 

reported herein. We have explained how we extract the frequency dependent refrac-

tive index and absorption coefficient from both systems under use and how these 

processing steps are applied to the results that are reported in Chapters 3,4 and 5. 
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Figure 2.8: Transmission schematics for. the liquid sample cell geometry. This 
schematic illustrates the notation for specifying THz radiation propagation through 
liquid sample, inserted in polymer window cell. 
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Figure 2.9: Custom-built fixed thickness liquid cell. This figure illustrates our 
custom-built fixed" thickness liquid cell using TOPAS™ COC 5013L 10 as a win-
dow material. This window cell is design with two windows; one for reference 
measurement 糾d one for sample measurement. 
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Chapter 3 

Effects of Formalin Fixing on the 

Terahertz Properties of Biological 

Tissues 

Formalin-fixing is the most common preservation technique used on histologically 

prepared tissues. Therefore, in order to advance medical imaging and spectroscopic 

applications of THz radiation, there is a need to make measurements on formalin-

fixed samples so that typical responses and biological variation can be determined, 

and contrast mechanisms for in vivo images can be investigated. In this chapter, a 

controlled study to investigate the effects of formalin fixing on the terahertz proper-

ties of two different tissue types (porcine adipose tissue and muscle) is given. The 

optica] properties of fresh and formalin fixed samples in the terahertz frequency 

range were measured using THz reflection spectroscopy. The results are compared 

and we discuss how the fixing process can affect image contrast in terahertz images 

of biological samples. 

3.1 Introduction 

There is an increasing interest in biomedical applications of THz radiation because 

it is non-ionizing, non-destructive and non-invasive, subject to far less Rayleigh 

32 
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scatter than IR or optical wavelengths and is highly sensitive to moisture content. 

Several terahertz studies of freshly excised tissue have highlighted the sensitivity of 

terahertz imaging to biological tissues. For instance, terahertz images of skin cancer 

have shown contrast between healthy and diseased areas [37]. The contrast can be 

attributed to differences in the fundamental properties of the tissues [44]: diseased 

skin tissue (basal cell carcinoma) has been found to have an increased absorption 

coefficient compared to the adjacent normal tissue [45]. In a breast cancer study, 

terahertz images of freshly excised human breast tissue revealed tumor margins that 

correlated well with those from histology [16] and recent terahertz reflection spec-

troscopy of freshly excised rat tissues has been able to distinguish between healthy 

tissues from different organs [46]. However, it is not always possible to obtain fresh 

samples for a study; the most common preservation technique is formalin-fixing. ^ 

Formalin-fixing is used to preserve tissues for routine histo-pathological diag-

nosis and the resulting samples are often useful for retrospective studies. Another 

common method for treating the fresh tissues is lyophilization and investigations 

of samples with this treatment process includes recent work reported by. Png et 

al [47] and Hoshina et al [48]. However along with sample variability, the sam-

ple distortion caused by formalin-fixing can present challenges. For example DNA 

information is often spoiled by the fixing process [49]. Previous terahertz images 

of histo-pathological samples have been able to reveal contrast between different 

tissue types. Knobloch et al (2001) imaged formalin-fixed and paraffin-embedded 

samples in transmission geometry and contrast between the soft tissue and the car-

tilage of a pig larynx was seen at particular frequency windows [50]. Similarly 

they observed contrast between the healthy and diseased areas in an image of a 

histo-pathological human liver sample with metastasis. The several different sam-

ples were fixed for 24 hours in 10% formalin solution and measured using terahertz 

spectroscopy in reference [51]. However, it would be useful to know if there would 

there have been more terahertz contrast if the samples had been measured in a fresh 

state, or conversely if the fixing process had enhanced the terahertz contrast. 
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3.2 Sample Preparation 

Three samples of white adipose tissue and two samples of porcine skeletal muscle 

were taken from the same piece of meat for investigation. The meat was from an 

abattoir and stored in a refrigerator, it was first measured within 24 hours of collec-

tion. Adipose tissue was chosen because fatty tissue is known to have significantly 

different terahertz properties from other more fibrous/lean tissues; this means that 

it should be easier to see the contrast before and during the fixing process. The 

focus of this study was to see how fixing can affect terahertz image contrast i.e. 

we are investigating intra-subject variation rather than subject to subject (or inter-

subject) variation. Thus by taking all the samples from the same piece of meat we 

were able to study the.effects of the fixing process without added subject variation. 

The samples were therefore all treated and handled in the same way and exposed 

to the same environmental conditions. Terahertz radiation can penetrate through 

several millimeters of some dehydrated tissues [41,52], therefore, to avoid poten-

tial etaloning within the sample after the fixing, each sample was cut such that the 

thinnest dimension was no less than 1cm in thickness. The fresh samples were im-

aged before the formalin fixing process began. A standard protocol was followed 

for this process [53,54] whereby non-buffered 30% formalin was used. The volume 

of formalin applied to the sample was at least 20 times the initial sample volume. 

The sample Was then left to soak in thê  fixative in a sealed container and refriger-

ated at a constant temperature (4°C). The penetration of formalin is related to the 

temperature of the solution [55] and so great care was taken to store all samples 

and formalin at the same temperature. Before placing the fixed tissue sample to 

be measured on the quartz window, the sample was washed under running water 

for 20 minutes to remove the excess formalin and then dried using blotting paper. 

During imaging, gentle pressure was applied to the sample to ensure it made good 

contact with the quartz [45]. This became more difficult as the fixing progressed 

as the sample became more rigid. In order to monitor the changes caused by the 



35 

formalin, each sample was measured after being fixed for 24 hours,-48 hours and 72 

、 
hours. Only data points where the sample had made good contact with the quartz 

window were used in the following results. Figure 3.1 shows the photograph of a 

tissue sample placed on the quartz window of our system. 

Figure 3.1: Photograph of a sample to be imaged placed on the quartz window. 

3.3 Frequency-domain Analysis 
* 

'The raw terahertz data obtained by our system are recorded in the time domain. 

However since the fundamental optical prope4ies of interest, namely the refractive 

index and absorption coefficient, are frequency dependent, we present the frequency 
V 

domain analysis first. 

By Fourier transforming the sample data and applying Fresnel equations to both 

sample and reference data, as detailed in reference [46], the refractive index and ab-• * 
sorption coeffioient were calculated. The reflection off the quartz/air interface was 

used as the reference data throughout this study. The calculated mean refractive in-

dex and mean absorption coefficient from the fresh and fixed sample measurements 

over time are plotted in Figure 3.2 and Figure 3.3 for the muscle and adipose tissue 

samples respectively/' Data for water and formalin are also plotted for comparison. 

In Figure 3.4 we plot the mean refractive index and mean absorption coefficient 



bulk water 
frosh muscle 
lixetJ muscle (24h) 
Fixed muscle (48h) 
fixed muscle (72h) 
formalin solution 

from the adipose tissue and skeletal muscle samples for both when the samples 

were fresh and also after 72 hrs of formalin fixing. Following standard statistical 

methods, we calculate the 95% confidence intervals [56] for the tissue samples by 

averaging over all samples of each tissue type (a total of more than 500 data points 

were used for each tissue type). The confidence intervals are plolted as error bars in 

Figure 3.4 to illustrate that both before and after fixing, there are statistically signif-

icant differences between the terahertz properties of the tissues (since the error bars 

do not overlap). The terahertz properties of water have also been plotted alongside 

those of the fresh muscle to highlight that although the muscle tissue properties are 

close to those of water, they are significantly different over most of the frequency 

range investigated. 

The refractive index of the skeletal muscle decreased as the fixing time increased 

and seemed to converge after 48 hours. Comparing the fresh and fixed samples, the 

refractive index changed noticeably at the lower frequencies, falling from 2.6 (fresh) 

to 2.2 (72 hrs) at 0.2 THz. Above approximately 0.8 THz, the curves of the fixed 

samples started to plateau towards a constant refractive index of 2 [Figure 3.2(a)]. 

Since water was being removed from the tissue, it is logical that the absorption 

」
L
 0.4 0.6 0.8 

Frequency/THz 
04 0.6 0.8 

Frequency/THz 

(a) (b) 

Figure 3.2: The mean refractive index (a) and absorption coefficient (b) of skeletal 
muscle before and after formalin fixing for 24, 48 and 72 hours. Bulk water and 
formalin optical properties are also plotted for reference. 
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Figure 3.3: The mean refractive index (a) and absorption coefficient (b) of white 
adipose tissue before and after formalin fixing for 24’ 48 and 72 hours. 

fixed fat (24h) 
fixed (at (48h) 
fixed (at (72h) 

fresh fat 
fixed fat (24h) 
fixed fat (4Bh) 
fixed tat (72h) 

coefficient should also be reduced by the fixing process, as shown in Figure 3.2. 

Before fixing，the absorption coefficient of the skeletal muscle tissue was about 120 

cm~' at 0.2 THz, it decreased rapidly to 60 cm"' after only 24 hours. During the 

first 24 hours, the percentage of moisture being replaced was at its greatest, but as 

the fixing progressed there was less and less water left to be displaced and so the 
、— 

changes in optical properties decreased and tended towards zero as the fixing time 

increased. Other studies have also indicated that terahertz properties are dependent 

on the sample hydration. For instance Stringer et al. (2005) investigated ex vivo 

samples of human cortical bone and found that dehydrating the sample reduced 

both the absorption coefficient and the refractive index of the samples [57]. 

Similarly, above 0.6 THz, the refractive index and absorption coefficient of the 

white adipose tissue decreased as the, fixing time increased. However the changes 

in the adipose tissue refractive index were not as significant as for the muscle. We 

explain these observations by considering the molecular interactions of the formalin 

with both muscle and adipose tissue. 

Formalin is a saturated solution of formaldehyde (chemical formula: HCHO), 

water, and methanol. Unlike most anti-bacterial and germicidal agents which poi-

son the bacfem and germ cells, formaldehyde kills cell tissue by dehydrating the 
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Figure 3.4: The mean refractive index and absorption coefficient for fresh and fixed 
samples of fat and muscle. Error bars represent 95% confidence intervals. The 
water data were acquired in transmission and the error bars are too small to be seen 
on this graph. 
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tissue and bacteria cells and replacing the normal fluid in the cells with a gel-like 

rigid compound [58]. Additionally, the structure of the protein in the "new" cell 

will resist further bacterial attacks [59,60]. Tissue and bacterium cells are made of 

protoplasm and as such, Qontain large amounts of moisture. Skeletal muscle cells 

contain several types of protein and have a high water content. The water content in 

the muscle tissue is about 75%-80% [61] and from Figure 3.2 we see that the refrac-

tive index and absorption coefficient of the fresh muscle are close to those of water. 

Additionally, the refractive index and absorption coefficient of formalin are much 

lower than those of water or fresh tissue. The introduction of formaldehyde into 

the tissue dries out the protoplasm and destroys the cell. Since water is being re-

moved from the tissue, it is logical that the absorption coefficient should be reduced 

by the fixing process. Similarly, the refractive index is also reduced and becomes 

closer to that of formalin. In contrast to the muscle tissue, white adipose tissue 

cells contain a single large fat droplet, and the water content is about'10%-30% [61] 

which is far less than the muscle tissue. This means there is very little water for 

the formaldehyde to displace and so we do not see such significant changes in the 

terahertz properties of the adipose tissue. 

3.4 Time-domain Analysis 

The amplitude and phase of a terahertz pulse reflected off a medium are dependent 

on the complex refractive index of the medium (as w6ll as the incident pulse). As in 

optics, if a terahertz pulse is reflected by a medium of higher refractive index then 

it incurs a phase change of 180°. Conversely，if a terahertz pulse is reflected by a 

medium of lower refractive index, there is no phase change. Given that in Section 

3.3 we have seen changes in the refractive index and absorption coefficients of t h � 

samples during the fixing process, we also expect to see changes in the reflected 

terahertz pulses. 

To analyze the reflected lime domain pulses meaningfully the system response 
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Figure 3.5: The deconvolved waveforms for fresh samples of (a) adipose tissue and 
(b) skeletal muscle. 

was removed. This was done by deconvolving the sample pulse by the reference 

pulse and applying a band pass (double Gaussian) filter to reduce the noise as de-

tailed in our previous work [19]. The resulting waveforms for the three fresh adi-

pose tissue samples and two fresh skeletal muscle samples and their corresponding 

means are illustrated in Figure 3.5. From Figure 3.5，we see that there is some vari-

ation between samples from the same type of tissue but that this variation is slight. 

In Figure 3.6 we illustrate the effects of the formalin fixing by plotting the mean 

deconvolved waveforms of each tissue type. 

As seen in Figure 3.6(a), when the fixing time increased the waveform ampli-

tude of the adipose tissue also increased. This was primarily because the refractive 

index of the adipose (Figure 3.6(a)) was decreasing over the majority of the band-

width (due to the fixing) and this meant there was a greater difference between the 

refractive index of the quartz {n � 2 . 1 ) and that of the adipose (e.g. 1.5 at 1 THz 

when fixed compared to 1.6 when it was fresh). FrorrJFresnel theory, this increased 

difference in refractive indices resulted in a greater reflected amplitude. 

As the fixing time increased for the muscle, three main changes were apparent. 

A small peak started—to appear preceeding the trough and the width and magnitude 

of the trough decreased. These changes can also be explained by considering the 
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Figure 3.6: The deconvolved mean waveforms for (a) adipose tissue and (b) skeletal 
muscle as the fixing time progressed. 

effects of the formalin on the refractive index and absorption coefficient of the mus-

cle. For the muscle, the formalin significantly reduced both the refractive index and 

the absorption coefficient. Before fixing, the refractive index of the fresh muscle 

was greater than that of quartz {n � 2 . 1 ) over the whole of the frequency range 

measured. The fixing reduced the refractive index so much that the refractive index 

became lower than that of quartz at higher frequencies and this was the cause for the 

small peak which appeared and increased as the fixing time was increased. As the 
« 

the refractive index and absorption coefficient were reduced they became closer to 

the optical properties of the quartz. This meant that the reflected waveform was not 

as intense. Additionally, since the absorption coefficient was reduced there was less 

broadening of the trough (as more of the higher frequency components were pre-

served) and so we observed a narrower reflection. Therefore the formalin fixing can 

significantly affect the terahertz properties of samples such that they are apparent in 

both the frequency and time domain. 

Figure 3.7(a) and Figure 3.7(b) present the deconvolved terahertz waveforms for 

fresh and fixed tissue respectively. In both figures we can see clear differences be-

tween the adipose tissue and muscle waveforms, however the differences are bolder 

for the fresh sample. When investigating a biological sample we typically look at an 
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Figure 3.7: The deconvolved waveforms for (a) fresh and (b) fixed white adipose 
tissue and skeletal muscle. 

image of the whole sample and plot particular properties in the image. For instance 

we may plot at each pixel the maximum or minimum reflected waveform amplitude, 

or the refractive index at 1 THz. 

Figure 3.8(b) is the terahertz image corresponding to the area of interest in the 

photograph of the fixed tissue in Figure 3.8(a).To form the image, the maximum 

amplitude of the deconvolved waveform is plotted on a false-colour scale. The 

more blue regions have higher maximum waveform amplitude and the redder re-

gions have lower maximum waveform amplitude. The dark blue areas in the image 

correspond to where there was no sample on the quartz window - these waveforms 

have the highest amplitude because the reflected pulses are identical to the reference 

pulses. We can also see contrast between the adipose tissue and the skeletal muscle: 

the region of this image corresponding to the adipose tissue is pale blue but the rest 

of the image is more yellow/red. This is because the deconvolved waveforms from 

the adipose tissue have the same phase as the reference waveform, whereas the de-

convolved waveforms from the muscle under go a phase change due to the higher 

refractive index of the muscle relative to the quartz. Therefore despite reducing 

the differences in both the time and frequency domain properties of the adipose 

and muscle, we were still able to distinguish the adipose tissue from the muscle in 
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Figure 3.8(b). 
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Figure 3.8: (a) Photograph of the fixed tissue, (b) Terahertz image corresponding to 
the area of interest within the square in (a). 

3.5 Summary 

In summary, we have used terahertz pulse imaging and reflection spectroscopy to 

determine the time and frequency dependent optical properties of tissue undergoing 

formalin fixing. The terahertz properties were affected by the formalin fixing as it 

(a) displaced water molecules and (b) introduced new intermolecular interactions 

between the sample and the formalin. It is well known that terahertz radiation is 

sensitive to hydrogen bonding and thus water content changes. Additionally we in-

fer that the newly introduced intermolecular interactions may also have contributed 

to the terahertz response. 

In our example study of adipose tissue and muscle the fixing process reduced the 

differences between the absorption coefficient and refractive index. However in this 

case there were still significant enough differences between the parameters for the 

two tissue types to be distinguished. In cases where the differences between tissues 

are more subtle, this may not be the case, and formalin fixing may prevent terahertz 

imaging from being able to distinguish the samples. Therefore when investigating 
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biomedical applications of TPI it is very important to understand the composition 

of biological samples and be aware of how formalin fixing may reduce or enhance 

terahertz image contrast. ‘ 



Chapter 4 

Detecting Conformational Changes 

of Labeled-IgG Antibodies in 

Aqueous Phase 

The terahertz properties of formalin-fixed tissue have been investigated using the 

TPI reflection system in Chapter 3. Terahertz pulsed imaging and reflection spec-

troscopy have been used to determine the differences between the absorption coef-

ficient and refractive index caused by the fixing process. These parameters alone 

are able to distinguish two types of tissues. Considering that proteins are essential 

to the structure and function of living organisms, in this chapter, a modified TPI 

reflection system was used to extend our interest from the macroscopic tissue to the 

microscopic protein. Two types of antibodies, which only differ on the molecular 

scale in their conjugation pattern; namely whether it is peroxidase or fluorescein 

conjugated, have been determined using terahertz dielectric spectroscopy aimed to 

revel the changes of conformational properties for both of them. 

4.1 Introduction 

Biological proteins often require an aqueous phase in order to be transported to 

their target sites. Proteins influence both the spatial and dynamic arrangement of 
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neighboring liquid layers through weak intermolecular interactions [38]. The col-

lective vibrational modes are associated with the protein's tertiary structure and 

lie in the far infrared or terahertz frequency range [62-64]. With the advent of 

pulsed terahertz techniques, low frequency dielectric characterization of proteins 

can be accomplished. Dielectric spectroscopy is a non-invasive, very sensitive tech-

nique to investigate complex biological water systems as detailed in previous re-

views [65-67]. Indeed, the dielectric spectrum can be used to investigate a number 

of diverse biological phenomena such as: cell division in lower eukaryotes, ion 

transport across the membrane, impact of different types of stress on cells as well 

as cell aging [68—71]. There is abundant literature on the investigation of biolog-

ical systems such as globular /?-lactoglobulin, hen egg white lysozyme and short-

chain peptide in solid-phase using THz spectroscopy [72-74]. However, labeled 

immunoglobulin G (IgG), which constitute an extremely interesting and ample field 

of research, have not been as intensely studied by this technique. In this chapter we 

conduct terahertz spectroscopy to study the behavior of antibodies in polar liquid 

solutions. 

Elevated levels of different classes of immunoglobulins can often be used to 

determine the cause of liver damage in patients whom the diagnosis is unclear [75]. 

IgG is the most abundant class of antibodies found in blood and tissue liquids and 

is especially elevated in viral hepatitis, autoimmune hepatitis and cirrhosis [76]. 

Therefore, over expression of specific IgGs could serve as a biomarker for rapid 

diagnosis of both acute and persistent infections. Thus, we investigate whether the 

terahertz properties of biological liquids are affected by the presence of a specific 

IgG to determine if terahertz spectroscopy could potentially be used for antibody 

detection in the future. 
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4.2 Sample Preparation 

Two types of antibodies are selected for this investigation. The peroxidase (PX) 

-conjugated affinity purified goat anti-cat IgG poivder and the fluorescein (FITC)-

conjugated affinity purified goat anti-cat IgG powder (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) are dissolved in glycerol solution (Sigma-

Aldrich (St. Louis, MO) L6876) at the same concentration of 0.8 mg/ml, and stored 

in the dark below 4°C. Glycerol is a common component of solvents dissolved in 

water as it stabilizes the protein molecules and, for frozen samples, it reduces dam-

age due to ice crystal formation. The solutions at room temperature are clear and 

without precipitates. 

4.3 Why Glycerol Solution 

Proteins have very well-defined three-dimensional structures. A wide variety of 

biological functions depend on the protein’s structure. The most common struc-

tural motifs in proteins are or-helix and /3-pleated sheet [77]. The hydrogen bonds 

between the NH and CO units of the main chain stabilize the a-helix whereas the 

hydrogen bonds between the y0-strands stabilize the sheet structure [77]. In order 

to perform specific biological functions, proteins must have a particular native struc-

ture - fo lded state. Protein folding is the physical process by which a polypeptide 

folds into its characteristic and functional three-dimensional structure from random 

coil [78], Each protein exists as an unfolded polypeptide or random coil when 

translated from a sequence of mRNA to a linear chain of amino acids. The trans-

formation from an inactive, denatured (unfolded) state to the native (folded) state 

is called the “protein folding". The protein folding problem remains one of the 

key unresolved issues in biochemistry [79’ 80]. Specifically, despite massive re-

search efforts and much recent progress, it is still unclear exactly how a disordered 
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polypeptide chain spontaneously folds into a uniquely structured, biologically ac-

tive protein molecule [81-84]. 

Glycerol has been used for many years as one of the common solvent additives 

to stabilize the activity of enzymes and the native structure (folded state) of proteins. 

The molecular structure of the glycerol was shown in Figure 4.1 [85]. Protein aggre-

gation occurs after dilution into the solution, while glycerol as folding aids which 

can effectively inhibit aggregation during refolding. It is reported that the glycerol 

at 10% concentration not only completely prevented protein aggregation but also 

enabled the protein to return to its native state as well as to recover most of its na-

tive activity [86, 87]. The effect of glycerol on protein stability can be interpreted 

in terms of the solution properties of protein. In general, large cosolvent molecules 

are excluded from the solution shell near the protein's surface because of volume 

exclusion, and the protein is said to be preferentially hydrated [88，89]. It was exper-

imentally shown that glycerol was excluded from the surface of wild-type protein 

in glycerol/water mixtures, confirming that the protein was preferentially hydrated. 

The protein surface area in contact with the solvent tends to be minimized by neg-

ative binding of glycerol. In most of the previous studies on the effects of glycerol, 

proteins were originally in the native state and the preferential hydration further 

stabilized them preventing the exposure of buried groups to the solvent [90-92]. 

4.4 Concentration Dependent Measurements 

4.4.1 Glycerol Solution 

As the first step towards the exploration of the interaction between the proteins with 

their solvent (glycerol) molecule, absorption coefficients of glycerol solution (with-

out protein) in various concentrations range from 0 to 50% (vol/vol) were measured; 

the results of which are shown in Figure 4.2. The refractive indices were also de-

termined but are not shown because they are less relevant to this work. The error 
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Figure 4.1: Glycerol (3D model), showing the atoms and the lone electron pairs (in 
pink) associated with the oxygen atoms (in red). 

bars are generally small enough to distinguish between spectra of different concen-

tration. Figure 4.3 shows the absorption coefficient dependence of the experimental 

values of the glycerol concentration at selected frequencies, 0.14，0.43, 0.86 and 

1.15 THz. Consistent witl^Beer's Law, in the binary glycerol/water mixture, the 
« 

THz absorption of glycero^iolutions varies linearly with concentration. It is impor-

tant to note that because the terahertz absorption of glycerol is not as large as that 

of the solvent it displaces, the glycerol solution absorption reduces with increasing 

concentration of the solute (Figure 4.3). 

4.4.2 Protein in Glycerol Solution 

The PX-IgG and the FITC-IgG powder were dissolved in the glycerol solution (pure 

glycerol mixed with distilled water in equal volumes). The original protein solu-

tion was 0.8 mg/ml. Distilled water was used to dilute original solution to obtain 

concentration of 0.56, 0.4’ 0.27 and 0.16 mg/ml, while five glycerol solutions with 

corresponding concentrations varying between 10% and 50% (vol/vol) were studied 
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0.3 0.5 0.7 0.9 
Frequency(THz) 

Figure 4.2: Absorption coefficient from 0.1 to 1.3 THz for distilled water, and mix-
tures that are 10%, 17%, 25%, 35% and 50% glycerol by volume. The general trend 
is that the absorption coefficient decreases as a function of increasing the glycerol 
fraction. 

in this work. 

In Figure 4.4 the terahertz absorption.coefficient is plotted against concentration 

(0.16, 0.27, 0.4’ 0.56 and 0.8 mg/ml) at selected frequencies at room temperature. 

We note that the absorption decreases from that observed for distilled water (zero 

point) and shows a sudden shift is observed to start from 0.16 mg/ml for the protein 

solution which contains 10% glycerol in solvent and then decline gradually from the 

0.27 to 0.8 mg/ml protein solutions (namely from 17% to 50% for glyceroI/watCf 

mixtures). When the whole frequency region is considered, this sharp change is 

very significantly at the higher frequencies (0.86 and 1.15 THz) than the lower ones 

(0.14 and 0.43 THz) and more obvious on PX-IgG (red marks) when compared to 

the FITC-IgG (green marks). This is not consistent with the linear changes in the 

glycerol solution based on the assumption of Beer's law shown in Figure 4.3, indi-

cateing that it is not triyjal to find that same reaction between solute (protein) and 

solvent (glycerol-water mixtures) happening in the ternary glycerol-water-protein 
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Figure 4.3: The terahertz absorption of the glycerol for several different frequencies 
varies linearly with solute concentration, consistent with Beer's Law. Of note, the 
observed absorption coefficient decreases with increasing solution concentration, 
indicating that the terahertz absorption of glycerol solution is not as great as that of 
the water it displaces. 

system presented here. 

The effect of various concentration of glycerol solution on protein refolding re-

action was published by Roman V. Rariy in 1997 [87]. Their group declared that 

when an aqueous solution was used as a medium in the refolding phase, the refold-

ing yield was 38 土 1%, while in the solution of 20% glycerol, this yield increased 

up to two times of the aforementioned one and remained at this value after the glyc-

erol concentration reached to 60%. We firstly compared the Terahertz absorption 

coefficient with the protein refolding yield in various glycerol solutions in order to 

give a convincing explanation for the sudden change in the Figure 4.4. 

For comparison work, we used the distilled water data as a reference, and ex-

tracted the absorption coefficient of antibody protein PX-IgG and FITC-IgG at 0.86 

THz, where 
. 辽protein 一 Q̂ eference , . , � 
Aof = — (4.1) 

<̂ refcrencc 
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0.8 

Figure 4.4: The terahertz absorption of antibodies solutions at 0.86 THz. Green 
marks present the fluorescein conjugated IgG (FITC-IgG) results and red marks 
present the peroxidase conjugated IgG (PX-IgG) results. Arrows present the various 
of the glycerol-water mixtures (0-50%,vol/vol). (Inset) Differences of the terahertz 
absorption coefficient are relative to the concentration of protein in the glycerol 
solution at selected frequency (A-1.15 THZ, •-0.86 THz,參-0.43,THz and •-0.14 
THz). 
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The data obtained, presented in Table 4.1, are striking in that there is a small 

change in the absorption coefficient (2.5 for PX-IgG and 2.7 for FITC-IgG) in 10% 

glycerol solution when compared with the pure aqueous solvent, however the ab-

sorption coefficient increases sharply to 16.7 and 12.4 respectively when the con-

centration of glycerol solution reaches 17%, which concentration is similar with the 

published data (in 20% glycerol) which resulted in the two-time increasing of pro-

tein refolding yield. Furthermore, due to the increasing water content in the glycerol 

solution, the absorption coefficient increases gradually which has been proven by 

our previous work, even though the refolding yield of protein is held at the same 

level. ” 

Glycerol Protein AQ'*,%(cm"') AQ:*,%(cm~') Refolding 
solution, concentration PX-IgG FITC-IgG yield, % � 

%(vol/vol) (mg/ml) 
0 0 0 0 38+1 
10 0.16 2.5 2.7 
17 0.27 16.7 12.4 
20 23.3 61±3 
25 0.40 19.3 
40 .28.9 61±4 
35 0.56 38.1 23.9 
50 0.80 35.4 

Table 4.1: Comparison of the changes of absorption coefficient of PX-IgG and 
FITC-IgG at 0.86 THz and ^enzymatic activity yield upon refolding of hen egg-
white lysozyme in various glycerol-water mixtures 

Considering this ternary glycerol-water-protein system，the protein fraction varies 

with the glycerol fraction simultaneously. In order to find if the sudden change of 

the Aa was caused by the effects of the protein or glycerol itself, we fixed the con-

centration of glycerol solution by 50% in the ternary system and diluted the protein 

solution to the same values as used in the previous measurement. The absorption 

coefficient of the fixed glycerol solution was considered as the reference this time. 

The results are shown in Table 4.1. When comparing the concentration dependence 
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of the protein signal that, on average, the changes of absorption in the fixed glycerol 

solution increases gradually without sudden shift and that therefore, the shift in the 

Figure 4.4 must be due to the protein refolding reaction. 

Glycerol Protein AQr*,%(cm"' 
solution, concentration PX-IgG 

%(vol/vol) (mg/ml) 

50 

0.16 
0.27 
0.40 
0.56 
0.80 

10.4 
10.7 
13.1 
14.0 
6.2 

Aa*,%(cm"' 
FITC-IgG 

3 4 
4.7 
8.9 
9.5 
2.2 

Table 4.2: The changes of absorption coefficient of PX-IgG and FITC-IgG at 0.86 
THz in 50% glycerol solution 

4.5 Energy Theory for Protein Folding 

The protein folding process can be described as an energy landscape that looks like 

a funnel [93,94], as briefly shown in Figure 4.5 [95]. 

The horizontal axis in Figure 4.5 describes conformational entropy of the pro-

tein structure, while the vertical axis describes the level of energy, enthalpy. Another 

vertical element, Q corresponds to the "percentage of residues of protein in the na-

tive conformation". The unfolded states ( Q � 0 % ) are characterized by a high degree 

of conformational entropy and energy. As the folding proceeds, the narrowing of the 

funnel represents a decrease in the number of conformations, and hence in entropy. 

Small depressions along the sides of the energy funnel represent semi-stable inter-

mediates that can briefly slow down the folding process [95]. At the bottom of the 

funnel, the protein finally reaches the native, folded state (Q=100%) characterized 

by the lowest energy with minimum conformational entropy. 

Conformational change and flexibility of protein will be reflected in the vibra-
、 一 

tional modes related to the large scale motion and these modes lie in the far infrared 
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Figure 4.5: The funnel-like energy landscape model. 
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(FIR, A=\-200 cm"', 0.03-4 THz) [96]. The terahertz region of the electromag-

netic spectrum has energies of approximately 1-10 meV, which corresponds ap-

proximately to the frequency range of the transition between rotational states of 

molecules [97]. Other modes, such as breathing modes - hydrogen bond stretches 

between the two helices in DNA; modes due to conformational changes (known as 

soft modes); global stretching, twisting and vibrations in nucleic acids; and modes 

due to sugar repuckering have been found to be in this energy range [98,99]. Most 

interestingly, it has been shown before that soft modes are important to the A to B 

conformational change in DNA [100]. 

Even though there exists fewer literature descriptions about how the protein re-

folding reaction can be affected at the terahertz energy level, our preliminary works 

show that the higher the energy level (or frequency) the more clear "sudden shift" 

effects happen in the biomolecule system. 

I 

4.6 Probing the Extended Dynamical Hydration Shell 

4.6.1 Introduction 

Hydrate water plays an integral role in the folding and function of proteins. Wa-

ter molecules interact (or are highly correlated) with proteins on many length and 

time scales. Although the dynamics of the hydrate water occurs on the picosec-

ond time scale, "slaving" [101] to fast solvent modes profoundly affects the slower 

but larger scale protein motions [102]. In return the protein influences the struc-

ture and dynamics of the surrounding water molecules [103]. Terahertz absorption 

spectroscopy of biomolecules fully solvated in water yields direct information on 

the global dynamical correlations among solvent water molecules. The terahertz 

absorption coefficient is even more sensitive to fast water dynamics than dielectric 

spectroscopy or IR spectral changes [104]. Yet, terahertz spectroscopy is exper-

imentally challenging [105], because of the strong terahertz absorption of water. 
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Figure 4.6: Schematic diagram of a hydrated protein molecule. The water 
molecules hydrogen-bonded with the protein molecule present in the hydration shell 
as well as the water molecules in the bulk hydrogen-bonded network are also shown 
schematically in the figure. 

With the advent of powerful table-top terahertz sources, a new window between 

microwaves and the infrared is opening up onto the interaction of water molecules 

with proteins [106], Even more, THz radiation is safe for biological samples be-

cause it is non-ionizing, unlike X-rays. Terahertz spectroscopy has been demon-

strated as a new probe of the coupling between biomolecules" and their hydration 

shells [107-110], because key large amplitude motions of water and biomolecules 

occur on the picosecond timescale - the typical characteristic time of terahertz spec-

troscopy. 

4.6.2 Protein Dynamic Hydration Measurements 

The terahertz frequency range probes the intermolecular collective modes of the 

hydrogen bonding network and some collective modes of the protein. It is reported 

that using a free electron laser, Plaxco et al. found that the terahertz absorption 

decreases linearly when large concentrations of protein are added to the solution 
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Figure 4.7: The terahertz absorption of antibodies in 50% glycerol solutions at 
0.45 THz. Green marks present the fluorescein conjugated IgG (FITC-IgG) and 
red marks present the peroxidase conjugated IgG (PX-IgG). Terahertz absorption 
decreases linearly with the protein concentration increasing from 0.16 to 0.56 mg/ml 
before deviating to a lower gradient at the higher protein fraction. 

[110]. Such behavior indicates that the solute molecules replacing the water have 

a lower absorption within this frequency range. It is to say a nonlinear dependence 

of the dielectric absorption coefficient on the solute concentration is predicted and 

originates from the mutual polarization of the liquid surrounding the solutes by the 

collective field of the solute dipoles aligned along the radiation field [111]. 

We determined the terahertz absorption coefficient or as a linear function of in-

creasing protein concentration Cprotein in the solvent volume V. We expect the pro-

teins to be much less absorbing than the glycerol solution and so expect the absorp-

tion coefficient to decrease with increasing protein concentration. In Figure 4.7, the 

terahertz absorption determined at 0.45 THz for various concentrations of antibod-

ies FITC-IgG (green marks) and PX-IgG (red marks) in 50% glycerol solutions is 

presented. Terahertz absorption decreases linearly with the protein concentration 

increasing from 0.16 to 0.56 mg/ml and presents deviation at the higher protein 
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fraction. We use Equation 4.2 [112] to calculate the absorption coefficient of an 

ideal mixture and used the two component excluded volume model lo fit a(a)) vs. 

r 
I p ro te in ' 

aideal(tî ) = ^^ittproujin(⑴)+ (4.2) 

where a, is the absorption coefficient for each component, and the coefficient 

Ai = Vprotein/V^ and A2 = (V - Vprotcin)/^- The absorption coefficient drops, leading 

to the non-monotonic, non-linear concentration dependence. The measured tera-

hertz absorption deviates strongly from a linear decrease as shown in Figure 4.7. 

Although at higher concentrations it will decrease quasi-linearly as discussed in 

reference [109], such a non-monotonic, nonlinear behavior observed in Figure 4.7 

cannot be explained just by a two component excluded volume model. The water 

layer around the protein molecule is known to exhibit distinct dynamical properties 

compared with bulk water. In Figure 4.7, nonlinear change can be explained as the 

beginning of overlap of the dynamical hydration shell around the protein molecule. 

Therefore, we continued our analysis in terms of individually determined absorp-

tion coefficients using a ternary component model (protein, hydrate water and bulk 

water), which assumes a distinct absorption coefficient of the water around the so-

lute molecule due to the distinct properties of the solvation water [113]. In this 

model expressed by Equation 4.3，the ideal absorption coefficient is described as 

the volume-weighted of the absorption of the protein, the hydrate water, and the 

bulk water. The measured absorption coefficients of PX-IgG at 0.45 THz were fit-

ted as a function of the protein concentration using nonlinear least-squares routine. 

By following the ternary component model, we can expect a turn at the concentra-

tion where the hydration shell starts to overlap. Furthermore, the separately fitted 

absorption coefficients for hydrate water is found to be increased by � 1 0 cm_i at 

0.45 THz compared with the bulk value at the same frequency; similar results have 

been discussed in reference [113]. 

ô ideal(co) = A I Qrprotein(̂ )̂ + >i2Q̂ hydraUon_sheII(̂ )̂ + > 3̂QfbuIk.water(̂ ) (4.3) 
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Figure 4.8: The terahertz absorption of antibodies in 50% glycerol solutions at 
0.45 THz. Green marks present the fluorescein conjugated IgG (FITC-IgG) and red 
marks present the peroxidase conjugated IgG (PX-IgG). The solid line corresponds 
to the result of our fit also including hydrate water. 

4.6.3 Size of Hydration Shell Evaluation 

IgG antibodies are large molecules of about 150 kDa composed of 4 peptide chains. 

Typically they contain 2 identical heavy chains of about 50 kDa and 2 identical 

light chains of about 25 kDa. The enzyme (e.g. peroxidase) and the fluorophore 

(e.g. fluorescein) can be tagged on the IgG to become a labeled antibody [114]. If 

we assume each antibody molecule is either conjugated to a peroxidase or tagged 

to a fluorescein, the molecular masses for each PX-IgG and FITC-IgG would be 

approximately 200 KDa and 161 KDa respectively. Assuming the shape of the 

conjugated antibody to be a sphere, the concentration of 0.56 mg/ml would result in 

a radius of antibody Rpx of ~ 52.17 A and /?FITC of � 4 8 . 4 2 A. By comparing these 

to the radius of the bare IgG molecule 48.42 A, 160 KDa) [73], we found that 

the binding of native antibodies causes a decrease in the radius of about 3 A for PX-
o .• 

IgG and 7 A for FITC-IgG. This is induced by a significant change in the quaternary 

structure of protein [115]. Based on the hydration-free radius of gyration, which is 
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estimated from small angle x-ray scattering data by Dumont et al. [115], we can 

directly deduce the maximum thickness of the hydration shell at this concentration 

to be 19.33 A for PX-IgG and 24.08 A for FITC-IgG. The above discussion is shown 

schematically in Figure 4.9. Similar values of the hydration shell have been reported 

by reference [116]. As the concentration of the antibodies increases, the hydration 

shells start to overlap and result in nonlinear absorption. Eventually, the hydration 

shells overlap fully and are saturated such that it is not possible to increase the 

concentration further. This occurs at much higher concentrations than those which 

we investigated in this study. A greater variety of concentrations would ideally be 

investigated in further work. 

MM(KDa) R(A) DHS(A) 
PX-IgG 200 52.17 19.33 
FITC-IgG 161 48.42 24.08 

MM-molecular mass; R-radius of antibody; DHS-depth of hydration shell 

Table 4.3: Comparison of molecular mass, average protein-protein center of mass 
distance and depth of hydration shell of PX-IgG and FITC-IgG 

4.7 Terahertz Dielectric Properties 

Dielectric spectroscopy is a useful method for the investigation of the structure and 

dynamics of protein molecules in solution. The intrinsic time window of dielec-

tric spectroscopy in the range from MHz to THz (the time scale is extended from 

microseconds down to 0.1 ns [117]) is very appropriate for biological processes, 

because characteristic conformational changes and catalytic actions occur with cor-

responding relaxation times. In aqueous solution the relaxation contributions of so-

lute and solvent appear well separated in the dielectric spectrum. The low frequency 

contributions are essentially caused by the protein, while the high frequency contri-

butions result clearly from the solvent molecules. Due to conformational changes 



Figure 4.9: Schematic diagram for overlap of the hydration shells for FITC-IgG and 
PX-IgG in the glycerol solution. 

on unfolding which result in changes in the rotational relaxation times and/or the 

apparent dipole moment, dielectric spectroscopy can provide information about the 

denaturation process of proteins. As a continuation of our previous work in Section 

4.5，we report here the dynamic dielectric properties of antibody PX-IgG and an-

tibody FITC-IgG in aqueous glycerol solution. The present study was intended to 

provide additional insight into the molecular mechanism of the stabilizing action of 

glycerol by analyzing specifically the dielectric relaxation of the water and protein 

moieties. 

4.7.1 Cole-Cole Plots 

Absorption coefficients of the distilled water, pure glycerol and glycerol-water mixed 

by equivalent volume are shown in Figure 4.10. The signal-to-noise ratio decreases 

rapidly above 1.3 THz, owing to a sharp drop in the intensity of high frequency 

components of the pulse, and to the high absorption of the samples. 
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Frequency (THz) 

Figure 4.10: The absorption coefficients of distilled water (blue solid line), pure 
glycerol (pink dash-dotted line) and a mixture of glycerol/water by equivalent vol-
ume (black short dashes line) 

Figure 4.11 shows the dependence of the absorption coefficients on the con-

centration of the antibodies PX-IgG and FITC-IgG. Terahertz absorption spectra 

are very sensitive to crystalline structures [118,119], but the liquid protein form of 

FITC-IgG lacked any distinct peaks in the spectral region studied. However, the 

PX-IgG exhibited spectral peaks at 0.76 and 1.18 THz approximately. As expected, 

these peaks were submerged with increasing water content. The absolute overall 

absorption increases with decreasing protein concentration, since terahertz is ab-

sorbed strongly by the background water. When we compare the absorbance of two 

antibody proteins at the same frequency, the absorbance of FITC-IgG is consistently 

higher than that of PX-IgG. 

The far-infrared dielectric properties are dominated by vibrational modes of the 

intermolecular hydrogen bonded network [120]. The dielectric constant of water 

is higher than that of almost all other liquids since the hydrogen bonding produces 

a higher volume polarizability [121，122]. Thus in Figure 4.12 the complex per-

mittivity of pure glycerol (pink line with squares) is consistently lower than that 
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Frequency(THz) 
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(a) (b) 

Figure 4.11: The absorption coefficients of (a) FITC-IgG and (b) PX-IgG in glycerol 
solution at concentrations: 0.16 mg/ml (blue dash-dotted line); 0.27 mg/ml (black 
short dashes line); and 0.8 mg/ml (red solid line). 

of water (blue line with circles) for both real and imaginary pails. As expected, 

when the glycerol is mixed with the water, the resulting dielectric response (black 

line with stars) lies between the constituent responses. Alternatively we can think 

of this as the glycerol lowering ihe dielectric properties of the water by introducing 

glycerol/water interactions which decrease polarizability. 

The antibodies under investigation are stored in a glycerol-water solution. There-

fore in Figure 4.13 we compare measurements of the antibodies in solution with ihe 

glycerol-water solution. This illustrates that each antibody affects the permittivity 

of the glycerol-water solution differently. When the PX-IgG is added to solution, 

the Cole-Cole plot (real part vs. imaginary part of the complex permittivity) is sig-

nificantly shifted to the left. In contrast, when FITC-IgG is added to the solution, 

the Cole-Cole plot is shifted towards to the right. 

We extracted the dielectric constant and the dielectric loss spectrum of the pro-

tein solutions to indicate the effects of these two antibodies. In Figure 4.15(a), 

when comparing the dielectric constants, PX-IgG has a higher dielectric constant 

than FITC-IgG over the whole frequenoy range. The double peaks corresponding 
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10 

to 

-e— Water 
如 Gly/Water(1:1) 

5 5 5 6 6,5 
E' 

Figure 4.12: Real part (e') and imaginary part {e") of the complex permittivity 
for distilled water, pure glycerol and glycerol/water solution (mixed by equivalent 
volume). 

w 

3.5 

3 

2.5 

2 

1,5 

-4— FITC-lgG(0.80mg/ml) 
PX-lgG(0 80mg/ml) 

•e— Gly/Water(1:1) 

5.5 6.5 

Figure 4.13: Cole-Cole plots of the complex permittivity for the water/glycerol mix 
(black line with circles) and peroxidase conjugated IgG (PX-lgG) (red line with 
triangles) and the fluorescein conjugated IgG (FITC-IgG) (green line with crosses) 
dissolved in the water/glycerol solution. 
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to the absorption peaks location at 0.76 and 1.18 THz respectively are more pro-

nounced in Figure 4.15(b) for the imaginary pari of the dielectric coefMcient than in 

Figure 4.11(b) for the absorption coefficient. 

4.7.2 Detection of Charged Proteins Solution 

It is known thai the effect of the dynamic depolarization, which is proportional to the 

solution conductivity, depends only on the dielectric properties of the solution [123J. 

A charge that moves in the driving electric field (the leraherlz pulse) causes the sur-

rounding solvent molecules to rotate [124]. The direction of this rotation has an 

opposite sign compared to the direction of the electric field, hence resulting in a 

decrease in the dielectric .relaxation strength. It is reported thai IgG fraclions are 

negatively charged and that addition of fluorescein renders them more electroneg-

ative [125], while in the studies of John E. Herrmann et a I. [126|, through the use 

of gel electrophoresis they found that peroxidase has a positive charge. Hence the 

differences between antibody PX-IgG and FlTC-IgG observed in their dielectric 

spectra is due to the type of the charges found in their hydrogen-bonded antibody 

networks. The variation of a'{oj), however, shown in Figure 4.15(a), proves unam-

biguously that positively charged PX-IgG aqueous networks significantly enhance 

the dielectric relaxation slrenglh. Dielectric spectra consist of many bands origi-

nating from vibrational modes [127], the only differences between the molecular 

structures for the two antibodies are in the conjugation pattern; namely whether it is 

peroxidase or fluorescein conjugated. FITC is the fluorescein base molecule func-

tionalized with an isothiocyanate reactive group (-N=C二S) at one of two hydrogen 

atoms on the bottom ring of the structure. This derivative is covalently coupled 

lo primary amine groups on proteins of the immunoglobulin, while sugar residues 

present on peroxidase can be oxidized to produce aldehydes which react with pri-

mary amines on antibodies f 128]. The conjugation scheme for FITC and peroxidase 

reaction with a amine on immunoglobulin is shown in Figure 4.14. 



Enzyme labeled IgG 

y l^-NH, 
IgC molcculc containing 

amine groups 

-NHj 

IgG molecule conta ining 
a m i n e groups 

O. 

F I T C 

—NH—C 
I 

NH 

n r n 
F I T C labeled I^G 

(b) 

Figure 4.14: Conjugation scheme for (a) FITC and (b) enzyme reaction with a 
primary amine on immunoglobulin. 
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- A - PX-lgG(0 8mg/ml) 
- e - Gly/Water(1:1) 
-H— FITC-lgG(O.Bmg/ml) 

Frequency (THz) 

(b) 

Figure 4.15: (a) Dielectric constant spectra and (b) dielectric loss spectra of wa-
ler/glycerol mix (black line with circles), peroxidase conjugated IgG (PX-IgG) (red 
line with triangles) and the fluorescein conjugated IgG (FITC-IgG) (green line with 
crosses) dissolved in the waler/glycerol solution at the concentration of 0.8 mg/ml 
in the frequency range of 0.1-1.3 THz. 

Dielectric relaxation spectroscopy is an appropriate method to characterize the 

dynamics of polar liquids and their solutes. Here the (negative) imaginary part 

a"{(jS), the dielectric loss, is of particular interest, since it is related by the gen-

eral fluctuation-dissipation theorem to the spectrum of polarization fluctuations of 

a dielectric sample that originate from thermally induced translational stochastic 

motions of charge carriers and the rotational tumbling motion of dipolar entities. 

Besides, due to the relative broadness of the dielectric spectra these different re-

laxation processes will only be resolved adequately if the polar molecules under 

investigation differ significantly in size. This is the case for the ternary glycerol-

water-protein system studied here. The low frequency contribution to relaxation can 

be assigned unambiguously to the motion of the protein while the high frequency 

contributions result from the solvent [129]. It is obvious from Figure 4.15(b), that 

in contrast to the protein solutions, the pure glycerol-water solvent exhibits a no-

ticeable loss contribution in the low frequency region (typical from 0.2 to 0.4 THz). 

However, the reason for these somewhat higher peaks for PX-IgG (red line with 

triangles), whether it be caused by the difference of the binding site for the tagged 
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label on the IgG, or the unknown chemical structure, has not been determined yet. 

The spectra of the solvent of the protein (black line with circles) and FITC-IgG 

(green line with crosses) do not show any clear band structure; they only decrease 

monotonically with frequency. 

4.8 Summary 

The dielectric response is associated with the collective vibrational modes of pro-

tein tertiary structure and sensitive to the conformational changes of the protein 

molecules due to the structure [63]. In this study we compare the effect of polar 

liquids in the far-infrared absorption spectrum of two types of normal antibodies 

from 0.1 to 1.3 THz. The complex permittivity response of polar liquids and the 

protein solutions have been measured as a function of frequency and presented by 

Cole-Cole plots. The response is strongly associated with the polarization arising 

from the polar liquids' network of hydrogen bonding. The size of the hydrogen 

shell was evaluated in this study also. The presence of different antibodies affected 

the solution uniquely such that the dielectric properties of each solution contain-

ing an antibody were sensitive to the conjugation of the antibody added and that 

charged protein solution hydrogen-bonded networks play an important role in de-

termining the dielectric properties detected by terahertz spectroscopy. Therefore 

terahertz spectroscopy may be useful for medical diagnoses where the presence of 

antibodies is indicative of disease. 



Chapter 5 

Protein Measurement Using 

THz-TDS Transmission System 

We are witnessing the increased interest in understanding the biomedical applica-

tion of the electromagnetic radiation in the THz- frequency range as the regime is 

absolutely safe for the human body. Of particular interest is the molecular response 

of biological material to electromagnetic radiation. It has been shown that the THz 

spectra of many small biomolecules such as nucleobases and nucleotides [130] as 

well as polypeptides [131] show characteristic features that can be used to identify 

the individual molecules. In Chapter 4，the different properties of two IgG anti-

body molecules were identified using THz-TDS reflective system. Transmission 

spectroscopy is best suited to study liquid phases having a very high signal-to-noise 

ratio at low frequencies. In this chapter, another two protein molecules are inves-

tigated using a transmission system and our aim is to detect and characterize the 

cancer marker protein (HER2/neu) based on the sensitivity of terahertz technology 

to modes of molecular vibration. 

70 



71 

5.1 Introduction 

Various authors have predicted that proteins have vibrational resonances in the ter-

ahertz frequency range [130,131]. These modes are thought to be essential for con-

formational dynamics necessary for protein function. In addition to these modes 

being of fundamental interest for the understanding of biological processes, their 

direct relation to the protein backbone structure suggests the spectrum may be used 

to determine the presence of a particular protein. Though larger molecules some-

times lack specific signatures, subtle changes in the absolute value of the absorp-

tion coefficient can be used for biomedical diagnostics [132—134J. Further research 

shows that the peptide HER2/neu is a prognostic breast cancer marker assayed in 

tissue biopsies from women diagnosed with malignant tumors. HER2/neu protein 

is over-expressed in about 20-30% of malignant breast tumors and has been used 

in postoperative follow-up evaluation as an indicator of patient relapse. So detect-

ing and determining the properties of this protein possess very important diagnostic 

value for breast cancer treatment. Recognizing the overall oncological importance 

of the HER2/neu oncogene, a novel study was conducted and found the soluble 

HER2/neu protein present not only in serum but also in saliva. The study also sug-

gested that the serum and saliva soluble HER2/neu concentrations increased in the 

presence of carcinoma of the breast [135]. 

5.2 Sample Introduction 

HER2/neu (also known as ErbB-2) stands for "Human Epidermal growth factor 

Receptor 2" and is a protein giving higher aggressiveness in breast cancers. The 

molecular formula of HER2/neu is C^iHnNf^Ow and molecular weight is 884.12 

Da. Figure 5.1 shows the structure of this molecule (the picture is supported by 

GenScript Corporation). 
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Figure 5.1: Structure of HER2 molecule (from GenScript Corporation). 

The lysozyme structure was shown in Figure 5.2 [136]. The infrared and far-

infrared spectra of lysozyme are relatively well known. Furthermore, hen egg white 

lysozyme (HEWL) which is slightly different from the human lysozyme present-

ing in human body liquids (tears, but also in small amounts in salvia) was also 

investigated as an experimental substance. The molecular weight of HEWL is ap-

proximately 14.7 kDa. HEWL has been wildly investigated and we have known 

clearly that it is a globular or + /? protein with approximately 45% of or-helix type 

secondary structure and -20% of yS-sheet structure. In addition it has -25% various 

turn conformations that generally exist in globular proteins and � 1 3 % of unordered 

or “random coil" secondary structure [137]. 

5.3 Solution Studies “ 

5.3.1 Sample Preparation and Methodology 

In order to provide a more sensitive and comfortable detection method of THz tech-

nology in biomedical applications, we will concentrate on broad bandwidth THz 

technologies for spectroscopic identification of protein HER2/neu in both the liq-

uid and solid phase. Broadband detection schemes can help to distinguish between 

richly structured spectra and therefore enable identification by comparison with the 

entries in a database. 

For the solid phase measurement, the sample powder was pressed into a PE 
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Figure 5.2: Ball-and-stick representation of the lysozyme structure. In this view, all 
protein atoms are shown as balls, and bonds between atoms are shown as a stick. 
Carbon, nitrogen, oxygen and sulphur atoms are coloured grey, blue, red and yellow, 
respectively. 

matrix in order to produce mechanically stable pellets yet avoiding increased ab-

sorption losses that would be too strong at higher frequencies. PE, shown in section 

5.4.3, is typically used to decrease the concentration of the sample material - thus 

increasing the accessibfb bandwidth of the system - while being itself nearly com-

pletely transparent to THz radiation; while for the protein-liquids sample prepa-

ration, samples were diluted in an buffer solution with a pH matching the pH of 

salvia in different concentration and temperature in the transmission spectroscopy. 

Temperature and concentration dependent measurements are also used on the solid 

sample. 

The advantage of transmission spectroscopy in the liquid phase is a very high 

signal-to-noise ratio at low frequencies, however one drawback is that only very thin 

layers of the sample liquid can be measured, due to the high absorption properties of 

liquid water. Therefore, freezing the sample could bring advantages, in particular 

at higher frequencies, as ice is relatively transparent for THz radiation (at least 
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compared to liquid water). 

To prepare our samples, we first dissolved the HER2/neu (c-erbB-2) powder 

(GenScript Corporation, Piscataway, USA) into pH 7.0 buffer at a concentration of 

20 mg/ml. The buffer, composed of 3.54 g potassium dihydrogen phosphate and 

14.7 g disodium hydrogen phosphate per litre, was purchased from Sigma-Aldrich 

(USA). A drop of solution was deposited into the sample cell and the clean homo-

geneous parallel plate was used as a reference (refractive index -1.53). Solutions 

were used to ensure that the hydration of the system was constant, which was frozen 

in a cryostat model. The experiment was performed under the varied temperature 

15，80’ 200’ 263, 273，283 and 294 K respectively. 

Lysozyme (Sigma Aldrich, St. Louis, MO) which is present in human body 

liquids (e.g. tears, and in small amounts in salvia) was prepared in the same way 

which was considered as a very good candidate for our study. 

5.3.2 Temperature Dependence and Anomalous Temperature Shift 

The far-infrared modes of the small molecules typically show a temperature depen-

dence that can be explained by the anharmonicity of the vibrational potential [8J. 

However, in the course of this work, we discovered a few cases where modes 

showed a distinct shift when the sample was cooled. 

The first time we present the temperature-dependent measurements of the ab-

sorption response in the case of HER2. Figure 5.3 shows the full temperature de-

pendence of HER2 in the frequency range between 0.2-1.4 THz. Below a critical 

temperature of 263 K, the absorption coefficient spectrum presents an anomalous 

down shift. As discussed before, in large scale protein systems, there has been no 

observation of narrow band vibrational absorbances at terahertz frequencies when 

the temperature is above freezing point. However, the fluctuation in absorption for 

temperatures below 263 K suggests the possibility of an absorption peak at 0.58 
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THz (Figure 5.3(b)). There appears to be no calculated data concerning the dielec-

tric behavior of HER2 in far-infrared range within the literature, therefore it is chal-

lenging to demonstrate whether vibrational motions relating to a resonant response 

arising from structural vibrational modes exist at this frequency or not. As seen 

in the Figure 5.4(a) the absorption coefficient rapidly increases above 263 K. This 

rapid increase is not present in measurements of pure buffer, demonstrating that the 

change in dynamics is in the protein. One does not expect a temperature dependence 

in the vibrational density of states for the harmonic approximation. If we allow for 

some anharmonicity we might expect a slight change in the absorbance as the tem-

perature increases, but not a rapid increase as is observed. Joseph R. Knab [138] 

has described the temperature-dependent measurements (approximately from 90 K 

to 260 K) of the dielectric response for hen egg white lysozyme (HEWL) solution. 

The rapid increase of the absorption coefficient presented when the temperature in-

creased near 200 K which is very similar comparing with our HER2 study shown 

in Figure 5.4(b). They suggest that this temperature transitions are possibly linked 

with hydration [138]. Here, we measured the expanded broad temperature range 

start from 15 K to 294 K. What is more, another temperature transition point appears 

at 273 K as shown in Figure 5.4(c). We know that all proteins have an optimum tem-

perature at which they are able to operate. A temperature which is unsuitable for 

the proteins may cause it to denature into smaller peptides, or simply change shape 

due to the alteration of bond energies, resulting in broken or reformed bonds else-

where in the amino chain. Briefly, the terahertz response is mainly determined by 

the relaxational response of side chains within the protein and the energy barriers 

for these motions are hydration dependent which can be denoted by temperature. 

5.3.3 Harmonic and Anharmonic Oscillators 

The harmonic oscillator is the most fundamental concept used to describe vibra-

tions in atomic systems. A complicated molecule or crystal is usually approximated 
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Figure 5.3: (a)The absorption coefficient spectrum at various temperatures for 
HER2 solution, (b) The frequency dependence absorption coefficient at 263, 200, 
80 and 15 K. The legend is the same for both plots. 

15K 

by a set of individual harmonic oscillators. In an oscillating physical system vi-

brational motion occurs about a local minimum of the potential energy surface. 

The harmonic oscillator model can be applied to vibrational motion in molecules in 

the following manner: In a diatomic molecule for example, the vibrational poten-

tial would be centered around the equilibrium internuclear distance and the correct 

mass in the one-dimensional oscillator description is the reduced mass of the sys-

tem. In polyatomics and in molecular crystals, the equilibrium position actually 

corresponds to the equilibrium positions of all the atoms while the one-dimensional 

translation coordinate corresponds to a particular collective motion of the atoms, 

a so-called normal mode. The vibrational spectrum can be understood in terms of 

excitations of (harmonic) normal modes of the system. A purely quadratic potential 

function as in the case of the harmonic oscillator becomes infinitely large, which is 

unsatisfactory for the description of real molecules, which have finite dissociation 

energies. Therefore real vibrational potentials are anharmonic. In fad, as the en-

ergy increases the displacement becomes larger. The chemical bond lengthens as 

the system is placed in| increasingly higher vibrational states, which is the reason 
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Figure 5.4: Temperature dependence of the measured absorption coefficient for 
HER2 solution, (a) Temperature dependence measurement at 0.25, 0.43, 0.81 and 
1.12 THz. (b) Absorption coefficient spectrum at 263, 200, 80 and 15 K. (c) Ab-
sorption coefficient spectrum at 294, 283, 273 and 263 K. 
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for thermal expansion of solids. And finally, the energy spacing between each dif-

ferent eigenstate is no longer a constant. So, the effect of anharmonicity is that the 

spacing between energy levels becomes smaller as the vibrational quantum number 

increases and the energy approaches the dissociation limit. 

5.3.4 Temperature Dependence 

The total absorption intensity is proportional to the difference between the number 

of molecules in the initial and final states. The thermal populations of the individ-

ual states are related by Boltzmann-factors, therefore the absorption intensity for a 

transition from i to / + 1 is 

I ocNi - /V/+1 = - (5.1) 

where N is the number of molecules in the sample, k is Boltzmann's constant and 

T is the temperature. Markus Walther [39] shows the relative populations of the 

vibrational levels for a mode at 1 THz at 10 K and 300 K. Whereas at 10 K nearly 

all molecules populate the ground state, at room temperature a considerable frac-

tion populates levels up to / = 10 and beyond. Therefore at low temperatures only 

fundamental absorption from the vibrational ground state occurs, whereas at higher 

temperatures hot band absorption from higher levels also contribute. Since the ther-

mal energy kT at room temperature corresponds to a vibrational energy of � 6 THz, 

the thermal distribution plays a prominent role in the THz regime. 

For a harmonic oscillator no temperature effect on the absorption spectrum ap-

pears. However in an anharmonic potential, where the transition energies decrease 

with increasing quantum number, the center of the absorption shifts to lower fre-

quencies as the temperature rises. Since this frequency shift depends on the an-

harmonicity of the underlying potential, one can in principle infer the degree of 

anharmonicity from the temperature dependence of the absorption profile. As a 

consequence of the thermal population of higher vibrational levels and the anhar-

monicity of the potential functions the average displacements increase at higher 
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Figure 5.5: Real (a) and imaginary (b) parts of dielectric properties for bulk water’ 
HER2 and HEWL. 

temperatures. Therefore the interatomic or intermolecular distances also become 

larger, leading to a volume expansion of most substances when temperature is in-

creased. In practice, we observe temperature-dependent changes of the absorption 

spectrum of HER2/nue due to the interplay of different intermolecular forces. 

5.3.5 Dielectric Spectral Signatures 

Figure 5.5 provides a good comparison of a dielectric dispersion exhibited by aque-

ous solution for HER2 (red dots) and HEWL (green crosses) at a concentration of 

5 mg/ml at room temperature. The solvent bulk water was also determined and is 

shown as the blue squares in Figure 5.5. Real and imaginary parts of frequency 

dependent dielectric properties were extracted. The distinct dispersion region is 

apparent: the orientational relaxation of the solvent molecule can clearly be charac-

terized, which is higher than solute molecule over the whole frequency range. Since 

the hydrogen bonding produces a higher volume polarizability’ which is mentioned 

in chapter 4，the dielectric constant of water is higher than that of almost all other 

protein solutions. 

A simple model, which can be used to describe the dielectric relaxation of a 

protein molecule with a permanent dipole moment, is to consider the dipole to be 
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a rigid sphere whose rotation in response to an imposed electric field is opposed 

by frictional interaction with the surrounding viscous medium [139]. The relevant 

relaxation time for the 咖ientation of such a sphere is 

t = X I 2 K T (5.2) 

where x is the molecular friction coefficient, which relates the torque exerted on 

the dipolar molecule by the applied electric field to the molecule's angular velocity, 

and K is the Boltzmann constant. If we consider the dipole to be equivalent to a 

rigid sphere of radius a rotating in a Newtonian hydrodynamic fluid of macroscopic 

viscosity rj, the Stokes-Einstein relation gives x = STrrja] so that the relaxation time 

is 

r = Anrja^lKT (5.3) 

Furthermore, if we assume that the molecular volume (and hence radius) of a 

globular protein is directly proportional to its molecular weight, then by substituting 

for the radius in Equation 5.3 we have 

T = 3Mr]/NAPKT (5.4) 

where p is the average density of the protein molecule. The viscosity rj of water 

at 298 K is 8.9 X IGT* Nsm"^. As a typical protein density, we can take the value 

of 1.39 g cm-3 obtained by Kuntz [140] for carboxypeptidase. Thus, as a rough 

working guide, r 二 0.78 M ns. On this basis, for HER2 (M = 0.88 kDa) we would 

expect a rotational relaxation time of around 0.68 ns, instead of the experimental 

value of around 45 ns observed for dilute myoglobin solutions by South & Grant 

[141]. As another example, HEWL (M = 14.7 kDa) would be expected to have a 

value of 11.4 ns, compared with the experimental value of 0.3-0.4 ps [142]. 

The fact that the experimental relaxation times tend to exceed the theoretical 

ones expected from Equations 5.1-5.3 suggests that the molecular weight, and hence 

effective volume, of the rotating entity is greater tlxan that of the protein molecule 

alone. A plausible explanation is that a layer or two of water of hydration remains 
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strongly associated with each protein molecule during its orientational relaxations. 

Thus, by considering that the translational and rotational motions of hydrated water 

were restricted by proteins through hydrophobic and hydiophilic interaction in the 

protein solution, we will try to adopt the Debye model combined with the resonant 

effects to model this complex interaction in Chapter 6. 

Figure 5.6 indicates the Cole-Cole plots of the HER2 and HEWL at a concen-

tration of 5mg/ml and 2.5mg/ml respectively. Cole-Cole plots (the imaginary part 

of the permittivity against the real part) can be used to deduce whether the system is 

governed by a single relaxation time or a distribution of relaxation times, as a sin-

gle relaxation time (Debye relaxation) is characterized by a semicircular Cole-Cole 

plot whereas a distribution of relaxation times would have a skewed arc [142]. The 

Cole-Cole plots for our data are shown in Figure 5.6 and the data appear to have the 

shape of an arc, indicating a distribution of relaxation times for this sample should 

be described by the Debye relaxation. However, the data at the high frequency side 

shapes the arc to be a skewed arc, in which case the Cole-Cole plot would indicate 

that the dielectric dispersion arises from a resonant process. We will discuss this 

analysis further in the Chapter 6. 

By comparing the HEWL and HER2 plots, the main difference between them, 

as suggested by Cole-Cole plots, is the real part s' at the higher frequency: that is 

the HER2 extends its range back to approximate 3，but it is not found for HEWL. 

When comparing the different concentration for each protein, we find that the real 

and imaginary parts increase with the increase in water fraction. Furthermore, ac-

cording to the simulation analysis in Chapter 6, we know that both the relaxation 

time T2, which is interpreted in terms of the so-called (5-dispersion, characterized 

for the interaction in the protein solutions, and the resonant time r decreases with 

the decrease in the concentration of the protein solution. For the protein solutions, 

the changes of relaxation time of the system correlated qualitatively with the pro-

portion of apolar groups to dipolar ions in the solute (r increasing with increasing 

apolarity), as well as with the proportion of total water immobilized as a hydration 
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shell. Therefore we can conclude that because of the increasing of the protein con-
、 • 

• * 

centration, the apolarity of the protein solution increases, and so the Lranslational 

and rotational motions of hydrated water were more restricted by proteins. 

CO 

CO 

HER2 (5mg/ml) 
HEWL (5mg/ml) 

I I 

1 2 

3 

8' 

Figure 5.6: Cole-Cole plot for HER2 and HELW solution at different concentration. 

5.4 Solid State Studies 

5.4.1 Introduction 

Rather than measure the dielectric properties of proteins in solution, one can mea-

sure protein powders as a function of their water content. The advantages of this 

approach include the ability to determine dielectric phenomena associated with 

protein-water interactions in the absence of protein and polar sidegroup orienta-

tional relaxations, and to investigate effects that arise from the motions of ions and 

protons on the hydrated protein surface. 

%
 +
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5.4.2 Sample Preparation 

In order to minimize surface scattering and scattering in the sample, homogeneous 

samples are required. This is accomplished by milling the solid samples into a sin-

gle powder and subsequently pressing this powder into pellets with a mechanical 

press. This method for sample preparation allows us to produce high quality sam-

ples with defined thickness and a high degree of homogeneity, optimally suited for 

THz spectroscopy. 

In order to decrease the concentration of the sample material, which prevents the 

strong absorption at higher frequencies exceeding the dynamic range of the terahertz 

measurement, it is useful to prepare mixed pellets with polyethylene (PE) powder 

at various dilution ratios. PE is nearly transparent and non-dispersive in the THz 

range with a frequency-independent index of refraction of 1.43 士 0.02 below 1 THz 

(33 cm"') and is therefore a suitable filling material for far-infrared spectroscopic 

applications. By taking into account the densities of the sample materials and the 

index of refraction of PE the absorption coefficient and index of refraction of the 

pure substance can be extracted. In this study, HER2 and HEWL were pressed into 

PE in order to be a pellet for further research. Our experiments also confirm the 

current laboratory results of the THz properties for PE as the absorption properties 

is almost negligible. The pellet was mounted on the special sample holder with the 

air as the reference. The measurement was taken under the varied temperature. 

5.4.3 Low Absorbing Material 一 Polyethylene 

Polyethylene, the name is abbreviated to PE, is a polycrystalline polymer consisting 

of long chains of the monomer ethylene. Due to the low absorption properties of 

the polyethylene material at terahertz frequencies, PE was used as a filling material 

for sample preparation to exclude saturation of the strong absorption modes and 

increase the dynamic range and to guarantee mechanical stability and coplanar sur-

faces to avoid additional scattering effects. Figure 5.7 illustrates the absorption and 
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Figure 5.7: The THz absorption (a) and index of refraction (b) of a high density 
polyethylene (HDPE) pellet. The three different curves show the spectra of the 
pellet at 20 K, 120 K and 294 K. 

index of a pellet of high density polyethylene (HDPE), recorded with the transmis-

sion mode THz time-domain spectroscopy (THz-TDS) system described in Chapter 

2. The thickness of the pellet was 3 mm. The absorption spectrum at all tempera-

tures denotes that the absorption is very low, not exceeding 2 cm"' below 1.6 THz. 

The reason for the negligible absorption can be found in the molecular structure. A 

molecule like polyethylene is long and so flexible that it can easily become entan-

gled with other molecules to produce a chaotic ensemble. On the other hand, the 

molecule has such a simple repeat unit and one chain can fit together easily with 

another (or with itself in the case of a fold) that stereochemical forces strongly fa-
t 

vor crystallisation [8]. It is reported that the vibrational mode of polyethylene can 

clearly be observed centred at 73 cm"' at room temperature. This centre shifts to 

78.8 cm"' when the sample is cooled down to 13 K [143]. Based on the temperature 

dependence of this mode, Krimm and coworkers [144] established that this mode is 

truly a lattice mode. 
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Figure 5.8: The THz absorption (a) and index of refraction (b) of HER2 pellet at 20 
K and 294K. 

5.4.4 THz-TDS Results 

Figure 5.8 compares the THz absorption and the refractive index of the HER2, 

recorded at 20 and 294 K. 1 mg HER2 mixed with 100 mg PE was under measure-

ment. In contrast to the spectrum of the HER2, we observe a number of resolved 

features in the THz region. The intensity of the absorption peaks is distinct when 

the temperature down to 20 K, however a notable difference is seen in the region 

from 1.1 to 1.2 THz, as two absorption peaks are only found at 20K. 

In Figure 5.9 we show the absorption coefficient and index of refractive index of 

HEWL at various concentrations. The absorption coefficient is significantly larger 

with monotonously increasing absorption at high frequencies，as well as a larger 

increasing absorption at higher protein concentrations. However, the frequency-

integrated absorption in the range between 0.2 to 1.6 THz is similar when comparing 

with spectra at different concentrations, as is the presence of the absorption peaks 

after 1.6 THz which results in the resonant of the molecule motion; this motion will 

be compared to the FTIR measurement in the next section. A featureless refractive 

index profile was observed, and the small difference in overall refractive index was 

attributed to a change in concentration. 

—•— HER2/ PE (20k) 
— H E R 2 / PE (294k) 

9 

—•— HER2y PE (20k) 
HER2y PE (294k) 
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• HEWL/PE(20mg/300mg) 
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(a) (b) 

Figure 5.9: The THz absorption (a) and index of refraction (b) of HEWL pellet at 
three concentrations. 

5.4.5 Synchrotron Comparison Results 

Synchrotron radiation is electromagnetic radiation generated by the acceleration of 

ultrarelativistic (i.e.，moving near the speed of light) charged particles through mag-

netic fields. This may be achieved artificially in synchrotrons or storage rings, or 

naturally by fast electrons moving through magnetic fields in space. The radiation 

produced can range over the entire electromagnetic spectrum, from radio waves to 

infrared light, visible light, ultraviolet light, X-rays, and gamma rays. It is distin-

guished by its characteristic polarization and spectrum. The proteins were mea-

sured by co-workers at the Australian Synchrotron (Melbourne, Australia). Figure 

5.10 [145] presents how a synchrotron works. 

For the sample preparation, it was not possible to just press the proteins in PE 

as the PE we were using for the THz measurements is only transparent for the THz 

region, above 200 wave numbers it blocks radiation almost completely, thus it is 

not suitable for the Synchrotron measurements. Therefore, we tried to immobilize 

the protein on a surface modified carrier that is transparent for the THz region. The 

protein was diluted in a specific protein binding buffer. Then, to make sure the 

carrier is homogeneously covered with the protein, the carrier (or rather a small 

piece of it) is completely submerged in the protein/buffer solution. After a while 

• HEWL/PE(2mo/300mg) 
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Figure 5.10: Schematic diagram of the Synchrotron. 

(around 90 min) it is washed in a wash buffer solution to make sure all the proteins 

that have not binded to the carrier are washed off. For the reference, we used a 

carrier that has been in the pure buffer solution (obviously without protein) and 

has been washed and dried afterwards. The sample was a carrier that has been in 

the protein/buffer solution, then washed and dried. Before starting this procedure, 

the pure dry carriers had been measured individually to ensure they did not have 

different spectra. 

In order to compare THz-TDS spectrum, the regions between 6.6 and 39.6 

wavenurabers (0.2-1.2 THz) for HER2 and 6.6 and 66 wavenumbers (0.2-2 THz) 

for HEWL were extracted from the synchrotron spectrum. 

The synchrotron spectrum in Figure 5.11 indicates 3 absorption peaks at 9.18, 

12.1 and 20.1 wavenumbers (-0.28, 0.38 and 0.61 THz) respectively. ‘ Comparing 

with the measurement using THz-TDS, we observed similar features but with a 

small frequency shift in the absorption characteristic at 0.24，0.40 and 0.56 THz. In 

addition, another two relative higher peaks at 1.09 and 1.15 THz were detected in 
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Figure 5.11: HER2 comparison spectrum for (up) synchrotron measurement at 294 
K and (down) THz-TDS measurement at 20 and 294 K. 

THz-TDS spectrum, however were not shown using synchrotron measurement. The 

reason for these deviations were possibly due to the technical restraints as the best 

results with the Synchrotron spectrometer are obtained above 50-80 wavenumbers. 

All data below can give good information about band locations, but the absolute 

values might not be exact. On the other hand, the normal reflection losses at a 

perfectly flat interface between two materials (carrier and protein) of different index 

of refraction should also be considered as a possible cause of the difference. The 

comparison spectrum under synchrotron measurement and THz-TDS measurement 

at different concentrations for HEWL was shown in Figure 5.12, the characteristic 

absorption is observed in the same range in both the synchrotron and THz-TDS 
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Figure 5.12: HEWL comparison spectrum for (up) synchrotron measurement and 
(down) THz-TDS measurement. 

spectrum. 

5.5 Summary 

In this chapter, we presented the terahertz absorption and dielectric dispersion prop-

erties of a biomarker protein HER2 and HWEL which is a common protein used 

as an experimental substance determined by THz time-domain transmission spec-

troscopy. The observation of distinct differences at low as well as at room tempera-

ture demonstrate that THz spectroscopy can be used to distinguish the anharmonic-

ity of the vibrational potential which relates to the strength of the reset force of the 

oscillating system in the HER2 molecule. Important parameters of the dynamics 
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of the molecules' low frequency relaxation motion can be extracted using a simple 

model. By comparing the absorption spectra of the THz-TDS and Synchrotron 

it is possible to deduce the approximate localization of the different vibrational 

modes within the molecular chain. The time-resolution of THz-TDS of less than 

250 fs [146], demonstrates the feasibility of a femtosecond time-resolved experi-

ment in this interesting spectral region. A realistic future goal can therefore be the 

direct observation of biomarker molecular dynamics by studying the low-frequency 

modes in a time-resolved THz-experiment. 



Chapter 6 

Modeling for Liquid and Protein 

Solution 

In previous chapters, the terahertz properties of the protein dynamics in the liquid 

phase have been investigated using both reflection and transmission systems. The 

measurement reveals that the THz dielectric spectrum is sensitive to the conforma-

tional mutation of protein and depends on the surface charge and flexibility of the 

protein. This chapter is mainly concerned with model fitting based on Debye the-

ory for several liquids. In terms of the relaxation process of water which has been 

investigated by several groups [29,104,147-149], the double Debye model is used 

for water in this work in the aim of the comparison. Other liquids than water, such 

as methanol, ethanol, acetone, iso-propanol, glycerol and glycerol/water solutions 

are also discussed, and are successfully fitted by either a single or a triple Debye 

model considering their polar moment. The investigation of these liquids indicated 

is the first step towards the study of more complex protein solutions. In addition to 

the work outlined above, within this chapter an improved fitting model considering 

the resonant absorption effect combined with the triple Debye model is proposed 

and then applied to describe the biomolecule-water interactions first discussed in 

Chapter 5. 

91 
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6.1 Dielectric Theories 

When a dielectric medium is placed in an electric field, the current that flows in this 

medium can be separated into two parts: a conduction part, which corresponds to 

an actual current; and a displacement current part, which can be perceived as the 

elastic response of the medium to the applied field. 

Polar molecules in a dielectric medium are oriented randomly without an ap-

plied electric field. When an external field is applied, the material is polarized; 

electric charges do not flow through the material, as in a conductor, but only slightly 

shift from their average equilibrium positions causing dielectric polarization: pos-

itive charges are displaced along the field and negative charges shift in the oppo-

site direction. This polarization creates an internal electric field which partly com-

pensates the external field inside the dielectric as shown schematically in Figure 

6.1 [150]. 

Unpolarized 

© I 0 ® ® @ W @ ( 

Polarized 
+ + + + + + + • + + + + 

Figure 6.1: Response of a dielectric medium containing polar molecules to an ap-
plied electric field between parallel plates. 

Here, the effect of an applied electric field E is represented by charge migration 
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and dipole reorientation. Both of these effects on the electrical charge distribution 

of the medium are accounted for by D, electric displacement field. The permittivity 

e is defined as the constant of proportionality relating the electric field to the electric 

displacement field: 

D = eE (6.1) 

The electric susceptibility relates the electric field to the dielectric polarization 

density P of the medium. 

P 二 soXeE (6.2) 

Here, ^o is the permittivity of free space (vacuum) and Xe is electric suscepti-

bility. It should also be noted that the polarization density is directly related to the 

dipole moment M as 

苦二 (6.3) 

Here, V is the volume. The permittivity of a medium relative to the permittivity 

of free space is called the relative permittivity, or dielectric constant, and is denoted 

bye . 

e = £r£o (6.4) 

The susceptibility is related to the relative permittivity by 

Xe = (6.5) 

From this equation it follows that the electric susceptibility of a vacuum is zero. 

The dielectric displacement D is related to the polarization density P as: 
i 

D = eoE + P = eoil + Xe)E = sE (6.6) 

Unlike vacuum, the polarization of a dielectric medium depends on the fre-

quency of the applied field, since the material cannot polarize instantaneously. 

Pico) = £oXei(^)E{a)) (6.7) 
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with (1) being the frequency of the electric field. This frequency dependence of 

the response is due to causality, which also makes permittivity a frequency depen-

dent complex function. 

Doe 丨⑴丨=£(aj)Eoe''" (6.8) 

where Dq and Eq are the amplitudes of dielectric displacement and applied elec-

tric field. The real and imaginary parts of the complex permittivity can be written 

as 

- 制 = i n ? = {n-
o CQf o ca 

= - ( — ) ' - 2/2(— 
2a) 2(1) 

二 e\(jj) - i£"{oj) (6.9) 
cor . T 

=> e'{ix)) = n 

e"{oj) = 2n( 

2(jj 
ca. 
2a) 

The complex permittivity e{u) is expressed by the real part e' and the imaginary 

part e" in which the real part corresponds to the dielectric constant and the imagi-

nary part, known as the dielectric loss factor, is a measure of the energy absorption 

per cycle [38]. The real and imaginary parts of the complex permittivity were cal-

culated from the frequency-dependent optical constants n{cj) and a{cj) as shown in 

Equation 6.9. 

6.2 The Debye Model 

The linear dielectric response for a time-dependent electric E{t) is described by 

D{t) 二 SooE(t) <p{t - t')E{t')dt' (6.10) 

where Soa stands for the immediate response and the response function 0(r) ac-« 
counts for the time-dependent response. For an input electric field of delta function 

E{t) = 6t (6.11) 
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Equation 6.10 gives 

D{t) = e^E{t) -H 0(0 (6.12) 

which means that the function (p{t) describes the response for an impulse electric 

filed. The Fourier transform of Equation 6.10 prescribes the dielectric function 

e{(jS) = Coo + dte'̂ '̂cpit) (6.13) 

as a function of frequency oj. Equation 6.13 is also called the complex dielectric 

function. Now, the Debye model assumes the response function to be 

0 for t < 0, 
m = (6.14) 

丁 for t > 0. 

Here, e^ stands for the static dielectric function £：(0), and r is called relaxation 

time. Thus the above response function abruptly rises at r = 0 and then decays 

exponentially. The Fourier transform of Equation 6.14 gives the familiar dispersion 

relation 

• ) � + (6.15) 
1 + lOJT 

This model was originally put forth by Debye for rotatable dipoles (molecules) 

in viscous liquid solutions and was subsequently extended to other various relax-

ation processes, and it is easy to separate the real and imaginary components: 

sioj) = goo + f J 一 ( 6 . 1 6 ) 
1 + OĴ T̂  

and 

〃 ， 、 i £ s - eo,)ojT 
£ (oj) = — (o. l / ) 

1 + OTT̂  
One of the strengths of using fs THz pulses is that they measure both the absorp-

tion and dispersion of the sample, allowing e{oj) to be determined. The frequency-

dependent, complex dielectric function, £{a>) = s'(oj) 一 pi'.vides a funda-

mental description of a medium. In the diffusional regime, the frequency depen-

dence of e(co) is often successfully used to fit the analytic expressions based on the 

bulk reorientational relaxation times，r [104]. 
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6.3 Multi-pole Model 

In general there are multiple mechanisms at various scales that account for polar-

ization. To attempt to account for several of these over a range of frequencies, 

researchers tend to use the ubiquitous empirical Havriliak-Negami equation model 

to describe multi-pole conditions given by Equation 6.18: 

n 
s{oj) = Coo + y — — f l Z U ^ _ (6.18) 

台 [ 1 + 0 — )卜� v ]巧 

Here, o) is the angular frequency, n is the number of relaxation processes, t j 

are their relaxation time constants, £\ = Cs is the static dielectric constant, e) are 

intermediate steps in the dielectric constant, £„+i 二 £：« is its limiting value at high 

frequency. The parameters a j > 0 and P j < 1 describe either a symmetric or 

asymmetric distribution of relaxation time for process j. 

The Debye equation treatment with n = 1，a = 0，and jS = \ is the simplest 

case. It requires that a single relaxation time can provide an adequate description; 

in some sense, this indicates that all molecules sample the same environment over 

the time r (see Equation 6.15). 

More complicated models yield correspondingly more complicated expressions. 

Multiple Debye relaxation times are incorporated using Equation 6.18 with n > I, 

= 0’ and p = 1 and are as follows 

n 

s{aj) = ĉo + V (6.19) 

Some polar liquids exhibit a continuous distribution of relaxation times, which 

necessitates a Cole-Cole or Cole-Davidson description. A Cole-Cole treatment, 

with 0 < Q； < 1, describes a symmetric distribution, while a Cole-Davidson treat-

ment, with 0 < < 1，describes a skewed distribution. Both Cole-Cole and Cole-

Davidson treatments can be applied to cases that have either a single distribution of 

times or multiple distributions {n = 1 or « > 1，respectively). 
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6.4 Van Vleck-Weisskopf- Frolich Type Resonant Ab-

sorption 

Debye-type relaxation functions are monotonically decaying because only such 

mechanisms act within the system, so making the system approach a thermal equi-

librium state corresponding to an instantaneous value of the external force. In na-

ture there are many cases where other mechanisms are built into the system, making 

it oscillate harmonically with certain characteristic frequencies. In such cases the 

relaxation function is of the damped oscillation type, and phenomena relating to 

resonance absorption of external energy are observed. 

The resonance absorption of the Van Vleck-Weisskopf- Frohlich type is de-

scribed by an exponential type of relaxation function multiplied by the cosine func-

tion with a characteristic frequency uq 

ilf{t) = (e, 一 £oo)e一"T cos cjot {t > 0) 

(p{t) - — 斤[cos (jjQt + (jJqt sin (jj{it] (r > 0) 
T 

From Equation 6.22, 

^uM = - “ 7 - dt 
and the complex dielectric function is given by Equation 6.23. 

, � Ae. 1 - iojT 1 + icjT 
eicx)) = Eoo + — ( - — + 

(6.20) 

(6.21) 

(6.22) 

(6.23) 2 1 - i(oj + a)o)T 1 - i(aj - a>o)r 

As = £s- £oo 

The reason why we write Ae in place of is to indicate that the real part of the 

complex dielectric function £'(oj) decreases by Ae, as that of the Debye type does 

by Ss - fioo, when the angular frequency increases from zero to infinity. Here Soo 

denotes the value e'(oj) of at oj sufficiently far from the resonance point. Therefore, 

the value of e'(a)) on the low-frequency side becomes Soo + Ae. Separating the 

function 6.23 into its real and imaginary parts gives 

Ae 1 + (Do(a) + cjo)t'^ 1 - cjojcj - cjo)t^ 
£ {oj)-Soo = — ( - 7 — ： ； ^ ^ + -r—z ：^) (6.24) 

2 1 + (6L> + OJo^T^ I CjJQYT̂  
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™ = 7 � 2 2 + �2 2) (6-25) 

2 1 + (to + CJo) T 1 + (6L> - CJorT 

The imaginary part £"(aj) related to the energy absorption has its maximum 

value Vl + at the frequency oj = -y/l + 丁)2/t which is larger than 

cjQ and 1 / r . 

6.5 Liquid Water 

6.5.1 Introduction 

Water is a typical polar molecule and because of its role in biomolecule dynamics 

has attracted much interest over the past decade. Many types of water molecule 

vibrations existed in various different phases. In the case of the liquid states, the 

librations are considered as a kind of restricted relaxations since hydrogen bonds 

are formed due to the weak inter-molecular interactions. Relaxation is a reactive 

process that may involve translational and rotational diffusion，hydrogen bond re-

arrangement and structural rearrangement depending on the time scale in such pro-

cesses. As a result, this process can be modeled as oscillators using Debye theory, 

as described in an earlier investigation [151]. Its importance is related to the fact 

that it is a macroscopic property that brings information on the microscopic nature 

of the water. 

Recently, there has been significant progress in the study of spectra of liquid 

water in the far-infrared (FIR) region of the spectrum which bridges the region 

between bulk dielectric relaxation and intermolecular motions. The frequency di-

electric response of liquid water has been extensively studied [152,153]. Van Exter 

et al [154] firstly published the spectrum of water in the THz regime [155], where 

the 9 strongest water vapour lines from 0.2-1.45 THz were measured in their work. 

Thrane et al (1995) reported THz optical properties of liquid water measured at 

292 K. Kindt and Schmuttenmaer [29] investigated the frequency-dependent THz 

optical properties of water and more recently a study was published by Ronne et 



99 

al [104] investigating the T-ray spectra of liquid water as a function of temper-

ature. According to the further research, two reorientational relaxation processes 

have been suggested to occur in liquid water [156]. Describing it briefly, water 

molecules form a tetrahedral structure, and so in order to reorient, four hydrogen 

bonds need to be broken which is a slow process r 卜 Subsequently after approxi-

mately 1，the single water molecule will reorient and move to a new tetrahedral site 

in a fast process T2 [104]; consequently a double Debye relaxation model can be 

adopted to reproduce this process well. Additionally, temperature dependent effects 

for the water were investigated by Kristensen et al. They developed a generalized 

model for estimating the heating effect which easily can be applied to other liquids 

and solids by changing the material constants [157]. 

6.5.2 Water Fitting 

Apart from its extended use in chemistry as solvent, water plays a significant role in 

biological processes. Here, we describe the dielectric function measured for water 

and compare our results with the data already published, which is step towards 

obtaining valuable information about the dynamics of another polar liquids and 

protein solutions in the next section. 

In previous dielectric relaxation studies described in Section 6.1.1, a single De-

bye relaxation can be found to be a good agreement between experimental data and 

the model of the polarization for frequencies up to 100 GHz {e = 78.36，r 二 8.27 

ps, £oo : 5.16) [158]. However, when the single Debye model is adopted into 

the far-infrared or to higher frequencies (into the THz range), it fails to reproduce 

the experimental findings [159]. In the later paper [159] it was suggested that an 

additional second relaxation process (t2 = 1.02 ps) is needed at THz frequencies 

in order to adequately fit the data; namely that the double Debye model of polar-

ization response of the water was able to account for the observed experimental 

data [38,147,159]. This process was described by Equation 6.26, td (slow) and 
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T2 (fast) are two relaxation times, Ss is the static dielectric constant, e\ and are 

parameters that indicate the size of the coupling between the relaxation mode and 

the electric field. The differences e^ - £\ and £] - £00 are accordingly relative mea-

sures of the contribution to the macroscopic polarization from the two relaxation 

processes [104]. 
R- — ATi — P.— 

(6.26) e{(jj) = £00 + ： + 
1 + ilOTo 1 + iOJT2 

Figure 6.2 presents the frequency-dependent absorption coefficient and refrac-

tive index as well as a Cole-Cole plot (an Argand diagram of e'ioj) vs ~s"(tj) for 

water at room temperature using a transmission setup shown as Figure 5.3. The 

real and imaginary parts of the dielectric function are defined as e'ioj) — i£"(oj)= 

(n(a>) - (details described in Section 6.2.) The red curves in Figure 6.2(a) 

& (b) are the data measured by TeraView using a reflective system for compari-

son. The fitted curve (black solid line in Figure 6.2(c)) compared the experimental 

data to the double Debye relaxation model. In Table 6.1 we compare the fitting 

parameters obtained using our data and data from the literature [29,104,147-149]. 

This Ronne [104] Kindt[29] Barthel Peter [148] Pickwell 
work [149] [147] 

e, 79.2 80.58 78.36 78.36 78.36 78.8 
€2 5.3 5.2 士 0.1 4.93±0.54 6.18 5.16 土 0.06 6.6 

Sco 3.3 3.3±0.3 3.48 土 0.70 4.49 3.49±0.07 4.1 
tdCPS) 8.6 8.5 士 0.4 8.24 士 0.40 8.32 7.89 士 0.06 10.6 

T2(ps) 0.17 0.170±0.04 0.180 土 0.014 1.02 0.181 士 0.014 0.18 

Table 6.1: Comparing parameters from this work with previously published for 
water 
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Figure 6.2: THz spectrum of (a) Absorption coefficient; (b) Refractive index; (c) 
Cole-Cole plot for water from 0.2 to 1.6 THz presented by blue dot (transmission 
system). The red curve in (a) & (b) is the measured data by TeraView for compari-
son (reflection system). Black solid curve in (c) compared the experimenta] data to 
the double Debye relaxation model. The corresponding parameters for this fit are 
shown in Table 6.1. 
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6.6 Polar and Non-polar Liquids 

6.6.1 Introduction 

All types of liquids can be classified in to polar and non-polar due to whether or not 

molecular are able to possess a permanent electric dipole moment and can also be 

distinguished by whether or not molecules are able to form hydrogen bonds (protic 

or aprotic solvent). As for a polar liquid, the significant stabilizing force in macro-

molecules is supported by the hydrogen bond [19], since the bond energy usually 

ranges from 1 kcal/mol to 5 kcal/mol [160] which is smaller than the covalent bond 

energy, but greater than the thermal energy (0.6 kcal/mol) at room temperature. Cer-

tainly, the strength of hydrogen bonds depends on the donor and acceptor as well as 

their environment. 

According to a simple model proposed by Debye [161, 162], a macroscopic 

polarization is created to explain a microscopic alignment of the molecular dipole 

moments when an external electric field is applied to a polar liquid. Kindt and 

Schmuttenmaer [29] reported the multiple-Debye behavior of polar liquids such as 

methanol, ethanol, 1-propanol and liquid ammonia. Asaki et al (2002) studied 

the solvation dynamics of lithium salts in water, methanol, and propylene carbon-

ate and verified the results using the Debye relaxation models. In an investigation 

conducted by Jepsen et al. [148], the alcohol content of an aqueous solution has 

been characterised. In the THz regime [29，163] alcohol, which consists of an OH 

group attached to a hydrocarbon chain, may be fitted by Debye theory with three 

relaxation processes. 

On the other hand, Pedersen and Keiding [164] reported the absorption of non-

polar liquids is due to transient dipole moments (temporary dipole moments) in-

duced via collisions in the liquid. For this reason，non-polar liquids have absorption 

coefficients 100 times smaller than polar liquids [164], In another study conducted 

by Yu et al. [165], the dielectric relaxation properties of non-polar solvent have been 

investigated and fitted with a single Debye relaxation model. 
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6.6.2 Polar and Non-pblar Liquids Fitting 

The fundamental questions about how to understand the reorientational dynamics 

of liquid state system can be probed by dielectric relaxation experiments [166]. 

The relaxation time r and the dielectric dispersion amplitudes As of the underlying 

relaxation processes cai l^e extracted based on this theoretical treatment, which 

provide a wealth of information on equilibrium systems of pure liquids [167]. 

The modeling of the dielectric relaxation question is still a matter of discus-

sion [149]. Earlier time-resolved solvation studies [168，169] clearly evidence the 

inadequate data of the liquid dielectric relaxation by a simple exponential with time 

constant. There are a number of permittivity data available in the microwave range 

up to 50 GHz, and similarly (although to a lesser extent) into the far-infrared for 

simple liquids. According to the pioneering work of Garg and Smyth [170], three 

distinct dispersion processes existed to satisfactorily account for the dielectric prop-

erties of 1 -propanol and its higher homologues. A similar behavior expected for 

methanol and ethanol, and indeed, it was evidenced later, but data were still scarce 

at THz frequencies. The objective of this section is to shift the maximum frequency 

accessible by our system to 1.2 THz to the dielectric relaxations in polar liquids 

(ethanol, methanol, iso-propanol, acetone, glycerol and glycerol/water mixture) and 

subsequently to report the best reproduction of the complex permittivity spectrum 

of these polar liquids in order to develop a concept of the microscopic nature of 

dipole orientations in the terahertz frequency range. 

The liquid samples (ethanol, methanol, iso-propanol and acetone) were sup-

ported by the Adelaide THz laboratory and were purchased from Sigma-Aldrich 

(USA). The dielectric spectra presented were determined at 25°C in the frequency 

0.2-1.2 THz using a THz time-domain transmission system; the schematic diagram 

of which was shown in Figure 4.6. The glycerol was also purchased from Sigma-

Aldrich (USA). The details about the sample preparation and measurement can be 

found in Chapter 4 and Chapter 5. 
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Figure 6.3: Dielectric dispersion e'(oj) and loss spectrum of polar liquids (a) 
Ethanol; (b) Methanol; (c) Iso-propanol and non-polar liquid (d) Acetone at room 
temperature. 
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Figure 6.3 shows the frequency-dependent dielectric parameters of both polar 

liquids (ethanol, methanol, iso-propanol) and a non-polar liquid (acetone) fitting 

by triple Debye (Equation 6.27) and single Debye model (Equation 6.27) 

respectively. The solid lines are calculated with the Debye relaxation model using 

the parameters of Table 6.2. For data fitting a non-linear least squares routine is 

applied. The static dielectric constant of liquids, was determined by 

conventional low frequency measurements. We kept the same value of the static 

dielectric constant for ethanol and methanol as that defined by Barthel et al. [149]. 

咖）=Ceo + -~~:——+ -：— — + -~~：—— (6.27) 
1 + Z6JTi 1 + 心 T2 1 + ICJT2> 

All polar liquids in Table 6.2 show a dielectric behavior characterized by three 

separate relaxation steps. The fastest relaxation rate ts is connected to the dynamic 

hydrogen bonding, since it is close to the fast relaxation time of hydrogen bonding 

in water (t2 = 0.17 ps) determined previously. The amplitude AesCA^s = £3 - Soo) 

which markedly exceeds Ae2(Ae2 = ^2 - ^3) does not support the relaxation mech-

anism but only the OH group rotation suggested in the hydrogen-bonded liquids by 

Garg and Smyth [170]. The intermediate dispersion Ae2 is dominated by the inter-

action of the liquid molecules. The step t ! and A^iCA^i = Ss - €2) is related to the 

single molecule reorientation evidenced by J. Barthel [149]. 

In contrast to the other hydrogen-bonded liquids, acetone is a non-hydrogen-

bonded liquid (aprotic liquid). Namely there are no polar hydroxy 1 groups in the 

molecule. We found that, with some exceptions, the dielectric dispersion e'{w) 

value, which is related to the static dielectric constant Es of hydrogen-bonded liq-

uids (ethanol, methanol, iso-propanol and glycerol) is generally larger than a non-

hydrogen-bonded liquid (acetone), mainly due to the regular alignment of the dipo-

lar molecule in the hydrogen-bonded cluster. Another typical phenomenon as-

sociate with the dielectric properties is that the dominant relaxation time t \ for 

hydrogen-bonded liquids is larger than that observed for acetone. 

Glycerol has been used as a solvent in the protein studies of Chapter 5, since 
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Soo £2 £3 ei(ps) siips) 
Ethanol 24.35 2.37 3.8 3.09 163 1.17 0.19 

(24.35) (1.93) (4.15) (2.72) (161) (3.3) (0.22) 
[24.32] [2.69] [4.49] [3.82] [163] [8.79] [1.81] 
24.35* 1.949* 4.49- 2.9V 163* 3.21- 0.235* 

Methanol 32.63 1.51 5.64 4.62 51 3.12 0.18 
(32.63) (2.1) (5.35) (3.37) (48) (1.25) (0.16) 
[32.50] 
33.64^ 

[2.79] 
5.7+ 

[5.91] [4.90] [51.5] 
53-

[7.09] [1.12] 

Iso-propanol 18.3 
29t 

1.67 
3.2t 

2.28 2.11 68.4 
292t 

0.34 0.23 

Acetone 22.52 
21.2+ 

1.14 
1.9t 

3.98 
3.34' 

Values in parentheses are reported by Kindt et al. [29] at the frequency about from 2 to 35 
cm~'. Values in square brackets are the parameters reported by Barthel et al. [149] based 

on data extending to 293 GHz for methanol, and 89 GHz for ethanol. Values marked with * 
symbol are reported by Jepsen et al. [148] for ethanol from 0.15 to 1.0 THz. Values marked 

with i symbol are reported by Buckley et al. [171] with Debye model applied at 20°C. 

Table 6.2: Comparing dielectric parameters from this work with previously pub-
lished for ethanol, methanol, iso-propanol and acetone 

it was able to stabilize the activity of the native structure of proteins. Glycerol is a 

low-molecular weight hydrogen-bonded liquid, whose molecule contains three po-

lar hydroxyl groups (-OH). As outlined above, one of the most commonly used 

models to describe dielectric relaxation of aqueous solutions is the triple-Debye 

model. However, the dielectric relaxation of pure glycerol does not simply fit into 

the universal trend. As one of the features of the glycerol is to stabilize the struc-

ture of protein in frozen situation, therefore for the earlier investigation of pure 

glycerol at a supercooled liquid state [172], the ubiquitous empirical Havriliak-

Negami equation [173,174] model was adopted, which is shown in Equation 6.28 

Ae 
E{aj) = Eo Ae 二 - Ec (6.28). 

(1 + {icjrYf ’ 

Parameter Ae describes the relaxation strength, which is proportional to the 

dipole moment of the electric dipole and to the dipole concentration; the relaxation 
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time T shows the time scale of the relaxation (position of the relaxation peak on the 

frequency axis); parameter a is a measure for the width of the relaxation and lower 

a means that 仰o l e s are more strongly bonded between each other; fS describes the 

symmetrjTof the relaxation peak which is related to steric hindrances opposing the 

dipole motions [175]. 

At room temperature, the relaxation mechanism of pure glycerol has been found 

to follow a Davidson-Cole-type process at microwave frequencies (1 MHz - 40 

GHz). This model treatment with a = 1 is the simplest case that reveals an un-

symmetric relaxation time distribution. However, the Davidson-Cole model was 

also reported to fit glycerol data well in reference [176]. Here we attempt to use this 

model to fit the dielectric response in the terahertz range (0.2-1.2 THz) that has been 

reported in this work. Furthermore, a glycerol/water (1:1，vol/vol) mixture is also 

investigated. Because the more water was added in comparing the pure glycerol 

which resulting in the higher polarization in the glycerol solution, we considered 

the double Debye model should be described this process exactly. 

Figure 6.4 shows the frequency dependence of the relaxation spectrum (dielec-
i 

trie dispersion e'{(jS) and loss s"{u))) of both pure glycerol and glycerol/water mix-

tures at room temperature. Table 6.3 gives the comparison of the model in this work 

and the published model parameters for glycerol under different temperatures. Fit-

ting parameters for the glycerol/water solution are given in Table 6.5. 

This work Davidson et al [175] Holcman et al [172] 
model Davidson-Cole Davidson-Cole HavriliakCNegami 
t (�c) 25 -60 203 

42.1* 67.4 Ae=8.94 
£oo 1.74 4.16 

T ( S ) 1.98x10-7 7.89x10-5 
o r 0 . 4 9 

P 0.25 0.593 2.02 

Table 6.3: Comparison fitting parameters for glycerol including published model 
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Figure 6.4: (a) Dielectric dispersion and loss spectrum of glycerol fitted by a 
Davidson-Cole relaxation model, (b) Dielectric dispersion and loss spectrum of 
glycerol/water solution fitted by a double Debye relaxation model. 

6.7 Biomolecules in Aqueous Phase 

6.7.1 Introduction 

Lately, there has been a considerable interest in both the experimental and theo-

retical investigations of biomolecules in aqueous solutions. Jing Xu et al [109] 

measured the collective dynamics of lysozyme in water. In their work, the low-

frequency vibrational modes of proteins in biologically relevant water environ-

ments, rather than previously explored dry or slightly hydrated phase, have been 

demonstrated. They have shown that a broadband terahertz spectrometer can be 

suitable for the investigation of strongly attenuating protein solutions. Furthermore, 

Globus et al [177] measured T-ray spectra of DNA in the liquid phase (gel). In their 

study, they have demonstrated reproducible spectra that show multiple resonances. 

These resonances are produced by the low frequency vibrational modes within the 

biological macromolecules in solutions. Moreover，Zhang and Durbin [178] con-

ducted a study on myoglobin (Mb)-water mixtures at various concentrations. 
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6.7.2 Protein in Solutions 

Even though the prior investigations of protein dynamics were always focused on 

the folding of the protein framework and the movements of the side chains, exper-

imental evidence clearly shows that the vibrations of proteins change as a result 

of the response of the solvent networks in the vicinity of the protein [151]. With 

the development of high-performance laser sources, the interaction between pro-

tein and its solvent networks can be studied in the terahertz range. Based on the 

analysis in above section, we have known that the dielectric properties of a solution 

can be determined as the sum of contributions from individual components (single 

or multi-Debye relaxation model). Here, we assume that the precise dielectric re-

laxation data covering the complete time scale of protein molecular reorientations 

dynamics in the solution system are needed to further develop the present theories 

on solvent dynamic reactions model. 

In the THz range, the interaction between an oscillating electric field and the 

protein solution system is caused by both relaxation effects and resonant absorp-

tion effects [40]. The former is due to transitions of charges or dipoles between 

equilibrium positions which can be described by a relaxation time r. The resonant 

absorption effect is due to displacement of charges bound elasticaUy to an equilib-

rium position which depends on the nature of dielectrics [179]. According to our 

assumption, this process can be described by two parts, one is the dielectric relax-

ation based on the solvent model and the other is the resonant absorption process. 

The total polarization is then given by 

E ~ 右resonant + ^relaxation ( 6 . 2 9 ) . 

According to Debye theory, the polarization of the background CreiaxaUon resulting 

from permanent dipole moments of molecules decays exponentially, which can be 

further expressed by Equation 6.18. A general feature of r̂esonant has been shown 

by Equation 6.23. Considering the several different relaxation process and different 
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resonance frequencies, the formula of complex permittivity is given as below: 

g) - gj+i 
[1 + {iCJTjY-^ifi 

/ � • Sj - fij+i 

(6.30). 
1 1 ICJOkTk + 1 - ICJokTk 

+ iicj - a)0k)rk 1 + K � + cuok)Tk 

In Chapter 4，HER2 and HELW dissolved in distill water at different concen-

tration were investigated using THz-TDS transmission system. For data fitting, we 

determined the first part of Equation 6.30 as a double Debye model because it has 

been shown previously that the dielectric relaxation of water was able to be fitted 

adequately using a double Debye model. For the second part, we just consider a sin-

gle resonance absorption frequency in the simple case which denotes the resonant 

absorption frequency of oscillation in the system, coqIIti, due to displacement of 

bound charges from their equilibrium positions, which further indicates the power 

loss in the system will be expected to have a maximum near this frequency [180]. 

The formula is re-written as: 

S{(x)) -LEoo + ； 1-
1 + Zt̂ T, 1 + iOJT2 

1 r 1 . . 1 . 1 (b.jJl). 
+ 1 ( ) 1 + ICOoT + 1 - lOJoT 

2 s " [ 1 + i{a> 一 tL)o)T 1 + i{cL) + cjo)t 

Equation 6.31 is termed as the double Debye resonant absorption (DDRA) model. 

Figure 6.5 shows the frequency variation of dielectric dispersion and loss spec-

trum of HER2 and HEWL in aqueous solution and the fitting results using Equation 

6.31. Table 6.4 gives the fitting parameters in detail. The concentration of HER2 

and HEWL used for the data of Figure 6.5 was 5 mg/ml. From previous work by 

Grant et al. [181], since a substantial proportion of the water is, on average, many 

molecules away from the nearest protein molecule these could be assigned the re-

laxation time of bulk water. Actually, this process can be described by t j which has 

a very similar value when compared to that of bulk water (ti = 8.6 ps). Consider-

ing that the molecular size of the protein is very large when compared to water, the 

value r can be clearly assigned to the rotational re iaxa^n of the protein molecules 
I
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Figure 6.5: Dielectric dispersion, and loss spectrum, £"{(i)), of HER2 and 
HEWL at 5 mg/ml fitted by Equation 6.31. 

themselves, as it is of the order of nanoseconds which far more than the relaxation 

time of the hydrogen bond in water {thb=0.54 ps) which has been determined by 

Conde and Teixeira [182]. The intermediate relaxation process T2 can also be inter-

preted in terms of the so-called (^-dispersion, characterized for the interaction in the 

protein solutions [183]. 

Furthermore, the fitting parameters for HER2 and HEWL at 2.5 mg/ml were also 

determined in this study. When compared to the higher concentration (5 mg/ml), 

we found that the dispersion of the whole system AeiAe = - Soo) increased 

and the resonant frequencies shift to the higher frequencies with the fraction of 

water increased, the shifting rate for HER2 is larger than HEWL. Considering the 

relaxation process separately, the dispersion Ae\(A€] 二 — ez) increased from 

108.6 to 253.7 for HER2 and from 113.9 to 143.2 for HEWL. However, t^&i^Mi 二 

Ss - Soo) has decreased which suggests that the intermediate relaxation process has 

been shortened because more hydrogen-bonds have been added in. 

Figure 6.6 shows the frequency dependent dielectric dispersion for two kinds of 

IgG protein solution system (PX-IgG and FTTC-IgG in Chapter 5 in details). The 

solid black curves are fits using Equation 6.31 and the fitting parameters are shown 

in Table 6.5. 
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Ss eiips) OJo T{ns) 
HER2(5mg/inl) 471.2 237.9 362.6 8.3 7.4 26.2 10.77 

HER2(2.5mg/nil) 558.4 281.3 304.7 8.4 7.1 30.4 10.59 
HEWL(5mg/ml) 424.6 215.1 310.7 8.2 6.8 29.1 14.28 

HEWL(2.5nig/inl) 455.1 230.2 311.9 8.4 6.1 30.2 10.59 

Table 6.4: Dielectric parameters of HER2 and HEWL in aqueous solutions at the 
concentration by 2.5 and 5 mg/ml fitting based on Equation 6.6. 

experimental data 
fitting data 

0.4 0.6 0.8 
Frequency (THz) 

(a) 

.2 0.4 0.6 0.8 
Frequency (THz) 

( b ) ‘ 

Figure 6.6: Dielectric dispersion, s'{oj), and loss spectrum, e"(aj), of (a) PX-IgG 
and (b) FTTC-IgG fitted by Equation 6.31. 

Here we have observed that the interpretation of fitting parameters from protein 

liquids has traditionally relied on a frequency separation between relaxation and 

resonant absorption regimes. Spectral features in the low-frequency, relaxation or 

oscillatory motion of a molecule (or group of molecules) yields information about 

the "relaxation" or exponential decay of correlation at shorter times. The onset of 

relaxation behavior is not necessarily well defined but is expected to fall in the ps 

range, suitable for probing by the 0.1-3 THz bandwidth of the fs THz spectrome-

ter. Resonant absorption occurs slowly enough, which reflects the changes in the 

environment, yields at the higher frequency. 
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Eoo £2 eiips) r{ns) 
Water/glycerol 65 3.22 5.34 20.78 0.13 

PX-IgG 119 61.5 63.9 21.14 0.20 16.6 9.59 
FITC-IgG 142 72.6 74.8 20.49 0.10 282.3 5.13 

Table 6.5: Dielectric parameters of PX-IgG and FITC-IgG in glycerol/water solu-
tions at the concentration by 0.8 mg/ml fitting based on Equation 6.6，and the best 
fits for glycerol/water mixtures using double Debye relaxation model. 

6.8 Summary 

In this chapter, we have demonstrated the dielectric theories on solutions which 

have been derived from the general dielectric theory. Also, Debye relaxation models 

were introduced in order to fit the dielectric properties of liquid samples. The results 

presented show the application of three dielectric relaxation models (single Debye, 

multi-Debye and Davidson-Cole model) which have long been known to describe 

dielectric behavior below 100 GHz, for water, polar and non-polar liquids up to at 

least 1.2 THz. Furthermore, we have introduced a novel DDRA model to describe 

the interaction between the protein and its solvent molecule which provide good fits 

to the experimentally determined complex dielectric constant. It should be noted 

that TDS-THz pulses are ideally suited to probe picosecond and subpicosecond 

transient behavior of protein molecules in the liquid phase in the FIR region. 



Chapter 7 

Conclusions and Further Work 

This thesis covers both theoretical and experimental studies on the interaction of 

THz radiation with biomolecular systems. The experimental samples, from macro-

scopic tissues to microscopic proteins, were investigated using both reflection and 

transmission geometry systems. Furthermore, modeling techniques implemented 

using the Debye relaxation model provide further insight into the interaction mech-

anisms between THz waves and protein-water systems. The proteins of interest 

presented in this work are some which may be used to determine and indicate the 

cause of organic damage. Our aim is to understand the THz properties of these 

proteins to determine whether THz technology can be deployed in various clinical 

applications in the further. 

7.1 Contributions 

1. We proposed that the terahertz properties were affected by the formalin fixing 

as it displaced water molecules and introduced new intermolecular interac-

tions between the samples and the formalin. 

2. We proposed that the dielectric properties of each solution containing, an anti-

body were sensitive to the conjugation of the antibody added and denoted that 

charged protein solution hydrogen-bonded networks play an important role in 

determining the dielectric properties detected by terahertz spectroscopy. 

114 
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3. We evaluated the depth of the hydrogen shell for each antibody which pre-

sented the hydrogen dynamic effects of the antibody in the terahertz fre-

quency. 

4. We performed the observation of distinct differences at low as well as at 

room temperature demonstrate that terahertz spectroscopy can be used to dis-

tinguish the anharmonicity of the vibrational potential which relates to the 

strength of the reset force of the oscillating system in the HER2 molecule. 

5. Finally, we developed a novel model (DDRA model) to describe the interac-

tion between the protein and its solvent molecule which provide good fits to 

the experimentally determined complex dielectric constant. 

7.2 Discussion 

In Chapter 3, a controlled study to investigate the effects of formalin fixing on the 

terahertz properties of two different tissue types (porcine adipose tissue and mus-

cle) was presented. The optical properties of fresh and formalin fixed samples in 

the terahertz frequency range were measured using THz reflection spectroscopy. 

The terahertz properties were affected by the formalin fixing as it displaced water 

molecules and introduced new intermolecular interactions between the sample and 
t 

the formalin. It is well known that terahertz radiation is sensitive to hydrogen bond-

ing and thus water content changes. Additionally we infer that the newly introduced 

intermolecular interactions may also have contributed to the terahertz response. In 

our example study of adipose tissue and muscle the fixing process reduced the dif-

ferences between the absorption coefficient and refractive index. However in this 

case there were still significant enough differences between the parameters for the 
tr 

two tissue types to be distinguished. In cases where the differences between tissues 

are more subtle, this may not be the case, and formalin fixing may prevent terahertz 

imaging from being able to distinguish the samples. 
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After investigating the ability to distinguish the different samples at the tissue 

level using THz reflection spectroscopy, two types of antibodies, which only differ 

in their molecular conformation in the conjugation pattern; namely whether it is 

peroxidase or fluorescein conjugated, have been determined in Chapter 4. A mod-

ified hand-held reflective geometry THz-TDS system was adopted. In this chapter, 

a general introduction for the glycerol solution was given in order to explain what 

the role it played in the antibody solution in this study. Then, as a step toward the 

exploration of the interaction between the proteins (antibodies) with their solvent 

(glycerol) molecules, absorption coefficients of antibody-glycerol solution in vari-

ous concentrations were probed. The results clearly indicated that the absorption 

coefficient was not consistent with the linear changes in the glycerol solution based 

on the assumption of Beer's law. Thus, we compared the THz absorption coefficient 

with the effect of various concentration of glycerol solution on the protein refolding 

reaction which was published by Roman V Rariy at 1997 and got the proof that re-

folding reaction of solute (antibody) happened in the ternary glycerol-water-protein 

system. 

In addition, the complex permittivity responses of the solvent and the proteins 

in solution have been measured as a function of frequency. The response is strongly 

associated with the polarization arising from the polar liquids' network of hydrogen 

bonding. The presence of different antibodies affected the solution uniquely such 

that the dielectric properties of each solution containing an antibody were sensi-

tive to the conjugation of the antibody added. This highlights that charged protein 

solutions' hydrogen-bonded networks play an important role in determining the di-

electric properties detected by terahertz spectroscopy. 

A transmission THz-TDS system was used in Chapter 5 to investigate another 

cancer marker protein (HER2/neu). In the aqueous phase, the terahertz response is 

mainly determined by relaxational response of side chains within the protein and 

the energy barriers for these motions are hydration dependent which can be denoted 

by temperature; in solid phase，some vibration features can be probed in THz range 
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and the synchrotron spectrum was compared as an substance. 

For model selection in Chapter 6, we represented the application of three di-

electric relaxation models (single Debye, multi-Debye and Davidson-Cole model) 

for water, polar and non-polar liquids up to at least 1.2 THz. Furthermore, we have 

deduced a novel model which combined relaxation process and resonance absorp-

tion effects to describe the interaction between the protein and its solvent molecule 

which provide good fits to the experimentally determined complex dielectric con-

stant. 

7.3 Further work 

The work described in the thesis can be extended in a number of ways, and several 

interesting problems are worthy of investigation. Our feeling is that some details 

of the vibrational behavior of proteins is still unexplored, mainly because of the 

narrow frequency bandwidth used in the investigation. In some aspects the Debye 

dielectric function may be more general and useful in the analysis of various relax-

ation phenomena, in particular, in the study of dielectric dispersion and absorption, 

but one of the open problems is that the Debye dielectric function £(aj) does not 

decrease quickly enough with frequency oj to satisfy the sum rule. Namely the un-

physical short-time behavior is related to the Debye model. So that is why we have 

introduced the resonant absorption effects into the understanding of the complex 

protein solution system J[n further work we will also investigate different dielectric 

relaxation models of liquids and distribution functions for more complex protein-

liquid systems, so as to understand and relate the measurements to the molecular 

changes occurring. 
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