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Abstract 

 Redox state of biomolecules is strictly controlled by a mechanism of homeostasis. In 

the native state, redox equilibrium of the redox active molecules plays a key role to maintain 

the health of life body. For example, an excess amount of oxidant such as reactive oxygen 

species (ROS) induces cellular death process because the oxidative stress damages lipids, 

proteins and nucleic acids. There have been many studies that report the relations between ROS 

and human disease or aging. On the other hand, redox equilibrium is used for signal 

transduction like protein-protein interactions and gene expressions. But the underlying detailed 

molecular mechanisms are not clear yet. 

 Hemoproteins are one of the redox active proteins and function to eliminate the toxic 

chemicals, produce energy and so on. Previously, many studies have analyzed the relation 

between the redox state of hemoproteins such as cytochrome species and hemoglobin, and their 

functional mechanism. Many studies used in vitro or destructive experiments including the 

extraction of cellular components and homogenization. The destructive experiment is, however, 

inappropriate for the analysis of the redox state because the ambient oxygen can oxidize the 

samples and it is impossible to analyze the redox state of the molecule inside the life body. The 

simplest way to overcome this problem is directly analyzing the redox state of molecules inside 

living cells. In this thesis study, I developed two microspectroscpic methods which enabled 

quantification and qualification of the hemoproteins in a nondestructive manner. 

One is based on resonance Raman scattering. Hemoproteins possess two major 

absorption bands, namely Soret band (around 410 nm) and Q-band (around 550 nm). Some 

previous studies have reported the application of 532 nm excitation (Q-band resonance) Raman 

scattering to quantify the redox state of the intracellular cytochrome species. In this thesis, I 

developed a 405 nm excitation (Soret band resonance) Raman microspetroscopy to increase 

the sensitivity and precision. By the developed setup and the spectral fitting technique, 

quantification of the each oxidized and reduced intracellular cytochrome was achieved. 



Quantitative evaluation of experimental precision of 405 nm and 532 nm excitation was 

performed. At last, I applied the developed method to trace the dynamic behavior of the 

intracellular redox state of cytochromes during UV-stimuli triggered apoptosis. 

The other is a novel spectroscopic technique, electronically resonant multiplex third-

order sum frequency generation (TSFG). TSFG is a non-degenerate analogue of third harmonic 

generation (THG). In this study, I confirmed the electronic resonance enhancement of TSFG 

signals from cytochrome and hemoglobin. The observed TSFG was resonant with Soret band 

transition, which altered its absorption spectra depending on the redox state of hemoproteins. I 

theoretically revealed the interpretation of resonance TSFG spectroscopy, and found the 

possibility of direct extraction of the information on the electronic state of hemoproteins from 

the spectral analysis of resonance TSFG spectra. 

At last, I discuss the applicability of the developed system to bioimaging. By the 

application of the developed microscopic system, the inner structure of the rat cornea was 

visualized based on the contrast mechanism of TSFG and the other observed nonlinear optical 

processes. 
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ASF amplitude spread function 

BSA bovine serum albumin 

CARS coherent anti-Stokes Raman scattering 

CTF coherent transfer function 

CYP cytochrome P450 

cyt b cytochrome b 

cyt c cytochrome c 

Ep corneal epithelium 

FWHM full width of half maximum 

Hb hemoglobin 

MEM maximum entropy method 

PBS phosphate buffered saline 

ROS reactive oxygen species 

RRS resonance Raman scattering 

SHG second harmonic generation 

St corneal stroma 

THG third harmonic generation 

TSFG third-order sum frequency generation 
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1.1. Hemoproteins and redox reaction in the native state of life 

Intracellular redox state is strictly controlled by a mechanism of homeostasis. In the 

native state, redox equilibrium of intracellular molecules plays a key role to maintain the life 

of cells. An excess amount of oxidant such as reactive oxygen species (ROS) induces the 

cellular death processes because the oxidative stress damages many biomolecules such as 

proteins, nucleic acids and lipids[1–5]. Relations between ROS and various human disease and 

aging have also been reported[6–8]. On the other hand, the signal transduction processes such as 

protein-protein interactions and gene expression use the redox reaction as a signaling factor. 

However, the molecular mechanism underlying the intracellular signaling through the redox 

reaction is still unclear. 

Hemoproteins are one of the redox active proteins in life body. All hemoproteins 

contain the co-factor called heme, which consists of porphyrin ring with the Fe ion at the center. 

The representative chemical structure of heme is depicted in Fig. 1-1. There a few types of 

heme called heme a, heme b, heme c and so on. The difference of each heme type is the 

functional group attached to the pyrrole ring. Through the covalent and non-covalent 

interaction between the functional group, the center iron and the amino acid residue of the 

apoprotein, the structure of the hemoprotein is constructed. By changing the charge state of Fe 

ion in response to the surrounding environment, hemoproteins can alter its redox state. 

Although the amino acid sequence and the higher order structure of hemoproteins vary, heme 

is the common character of the all hemoproteins[9]. 

Many functions of hemoproteins are attained by the redox labile heme group. For 

example, mitochondrial hemoproteins cytochrome b (cyt b) possessing heme b and cytochrome 

c (cyt c) possessing heme c are indispensable components of the electron transportation chain 

(or oxidative phosphorylation), which is one of the energy production systems of mammalian 

cells[10]. In this energy production system, cyt b and cyt c make a complex in the inner 

mitochondrial membrane, and transport an electron to the free cyt c in the intermembrane space 
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of mitochondria[10]. All transportation processes of the electron were performed through redox 

reaction. Since the electron transportation chain is the major process of the ATP synthesis from 

fatty acid, the deficiency to this system induces serious disorder called mitochondrial 

disease[11,12]. Another example is cytochrome P450 (CYP). CYP is the general term of the 

families of hemoproteins with heme b which function as enzymes for the oxidation of various 

substances[13]. Many types of drugs are metabolized through the reaction with CYP. Although 

cyt b and cyt c locate in mitochondria, CYP is contained mainly in microsomes. As indicated 

here, hemoproteins contain cofactor heme as a common structure. But the functions taken in 

life body are various in hemoproteins. 

 

 

 

Fig. 1-1 Chemical structure of (a) heme b and (b) heme c of the reduced form. 

  

(a) (b) 
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1.2. Relation between cytochromes and apoptosis 

In the native state of cells, cyt b and cyt c are necessary for energy production as 

described in the previous section. On the other hand, cyt c is also known as a critical signaling 

protein in apoptotic signal transduction system[4,14–19]. 

Apoptosis is one of the cellular death processes, frequently called programed cell death. 

The main functions of apoptosis are (i) the formation of our bodies at the developmental stage, 

and (ii) the removal of damaged cells which possibly become a reason of tumor and other 

disorders[20–22]. On the contrary to necrosis (called traumatic cell death), apoptosis is thus 

indispensable to maintain the health of life bodies. 

At the initiation step of apoptotic signal transduction process, cyt c is released from 

mitochondria to cellular cytoplasm in mammalian cells. Apoptotic protease activating factor 1 

(Apaf-1) in the cytoplasm interacts with the released cyt c, and constructs a huge protein 

complex named apoptosome. This complex behaves as a hub of apoptotic signal transduction, 

and activates the executor protease, caspase[3,18]. Once caspase is activated, the apoptotic 

process acceleratedly proceeds and results in nuclear condensation, DNA fragmentation, 

protein degradation and cell structural change. Therefore investigating the dynamics of cyt c 

in living cells is important for correct understanding of apoptotic signal transduction process. 

In fact, many previous studies have analyzed the behavior of cyt c and other signaling 

molecules during apoptosis[22–24]. 
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1.3. Relation between redox state of cytochromes and apoptosis 

To date, many previous studies have analyzed the relation between the redox state of 

cyt c and the apoptotic signal transduction process[2–4,19,25,26]. The point of the discussion is 

whether both oxidized and reduced cyt c can equally proceed the apoptosis. In the early studies, 

Hampton et al. reported that cyt c added to the extract of the cellular cytoplasm was rapidly 

reduced[19]. Thus they concluded that the redox state of cyt c was irrelevant to the apoptotic 

process because the released cyt c would be reduced in the cytoplasm. Kluck et al. reported 

that the oxidation of cyt c by the addition of potassium ferricyanide to the extract of the 

cytoplasm inhibited the caspase activation[27]. However, caspase itself could be inactivated by 

oxidation, thus it was unclear whether both oxidized and reduced cyt c could proceed apoptosis. 

Lately, other studies have found that the ability of apoptotic signal transduction of cyt 

c might depend on its redox state. Some researchers reported that the addition of oxidized cyt 

c to the cell extract showed apoptotic activity, but the addition of reduced forms did not[26]. The 

activation by the oxidized cyt c was inhibited by the addition of reductant such as glutathione 

and ascorbate[28]. Moreover, if the reduced cyt c and cytochrome c oxidase, which could 

specifically oxidize cyt c, were simultaneously added to the cell extract, the activation of 

caspase was induced[4]. These results indicated that the ability of apoptotic signal transduction 

of each oxidized and reduced cyt c was not equal. 

However, the experimental procedures used in the previous studies were in vitro, or 

destructive techniques including the extraction of cellular components. Since the ambient 

atmosphere is capable of oxidizing the samples due to oxygen molecules, the destructive 

experiment was inappropriate to observe the redox state. Moreover, above mentioned 

experiments were unable to discuss the redox state of cytochromes inside the apoptotic cells. 
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1.4. Hemoglobin and its redox state 

Hemoglobin (Hb) is another example of redox active hemoproteins and is also 

indispensable to maintain our life. Hb is a major component of erythrocytes in blood, and is a 

transporter of the oxygen molecules. In the native state, Hb is kept in the reduced form because 

only the reduced form of Hb is able to transport the oxygen molecules[29]. By the equilibrium 

of Hb-O2 interaction, Hb releases the oxygen molecule when the concentration of the oxygen 

in the surrounding environment is decreased. The difference of the ability of the oxygen 

transportation between the reduced and the oxidized forms is originated from the difference of 

the affinity of Hb-O2 interaction. In general, reduced Hb possesses higher affinity than the 

oxidized form (called methemoglobin). This tendency of the affinity is the same in the case of 

other gas molecules including toxic gasses such as carbon monoxide and dihydrogen 

sulfate[30,31]. Thus forced oxidation of Hb is sometimes used for the purpose of therapeutic 

(detoxification)[31]. 

 If the occupancy of the oxidized form of Hb increases, the circulation of oxygen is 

disturbed and it will lead into sever disorders. The symptom of excess increase of the oxidized 

Hb is called methemoglobinemia[32]. In order to investigate the reason of this disorder, 

understanding the molecular mechanism of redox equilibrium of Hb in the life body without 

destructive experimental processes is of great importance. 
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1.5. Purpose and contents of this thesis study 

 As mentioned in the previous sections, nondestructive analytical methods for 

hemoprotein’s redox state in biological samples are indispensable to investigate the relation 

between the molecular redox state and biological functions. Spectroscopy is one of the 

promising methods because it uses light, which is one of the low invasive perturbations, and 

obtained spectra provide structural and quantitative information on the target molecules. In this 

thesis, I tried to develop two types of spectroscopic analytical techniques for nondestructive 

redox state analysis. 

 The first one is 405 nm excitation resonance Raman scattering (RRS). Similar to 

(nonresonant) Raman scattering, the intensity of RRS signal is strictly proportional to the 

number of molecules. Thus RRS would enable nondestructive analysis in a quantitative manner. 

By using the resonant enhancement of the signals from cytochrome species, μM-scale 

intracellular cytochrome species can be specifically identified among the vast amounts of other 

biomolecuels. I compared the developed method with the previously reported 532 nm 

excitation scheme, and applied it to monitor the redox dynamics of cyt b and cyt c during 

apoptosis. 

 The second one is electronically resonant third-order sum frequency generation. 

Third-order sum frequency generation (TSFG) is an analogue of third harmonic generation 

(THG). The difference between the two processes is the number of wavelength used for signal 

generation. By the combination of multiplex scheme and resonance effect of TSFG, resonant 

TSFG spectrum is obtainable. I found that Spectral analysis of resonant TSFG spectra could 

provide the information on the redox state of Hb. 

 At last, I introduce the attempt to apply the developed TSFG microspectroscopy to the 

imaging of rat corneal tissue. In this section, it is revealed that TSFG is applicable to the 

biological imaging. Although the spectral information of TSFG was not fully used, significant 

information on the structure of the sample still could be extracted from TSFG images. 
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Chapter 2 

 

405 nm excitation resonance Raman microspectroscopy 
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2.1. Introduction 

 Raman spectroscopy is a kind of vibrational spectroscopy based on Raman 

scattering[33,34]. If the incident light is irradiated to a molecule, inelastic scattered light (Raman 

scattering) can be found in the vast amount of elastic scattered light (Rayleigh scattering). The 

resulted wavelength of the inelastic scattered light (ωRaman) is ω1 + Ω or ω1 – Ω, where ω1 is 

the wavenumber of the incident light and Ω is that of the difference between ω1 and ωRaman. 

The light with the wavenumber of ω1 + Ω is called anti-Stoles Raman scattering, and with ω1 - 

Ω is called Stokes Raman scattering. The difference of wavenumber (Ω) between the incident 

light and the inelastic scattered light corresponds to the wavenumber of the molecular vibration 

of the irradiated molecule. Therefore, the typical spectrum of the Raman scattering can be 

illustrated as Fig. 2-1a. The Raman spectrum contains the information on the molecular 

vibration. This is an abstract of Raman scattering. In general, the intensity of anti-Stokes 

Raman scattering is weaker than that of Stokes Raman scattering. Thus the signal of Stokes 

Raman scattering is normally used for spectral analysis. Since the molecular vibration is deeply 

related to the molecular chemical structure, Raman spectroscopy provides the plenty molecular 

structural information[35]. Therefore Raman spectra are frequently called molecular 

fingerprinting. In addition to this, the intensity of signals of Raman scattering is strictly 

proportional to the number of molecules. Due to its quantitative character and low invasiveness, 

Raman scattering has been frequently applied to the biological studies[36–42]. 

 In the mechanism of Raman scattering, so-called virtual state is related. The schematic 

energy diagram of nonresonant Raman scattering is frequently described as Fig. 2-1b. In this 

figure, |g> corresponds to the ground electronic state and |e> corresponds to the virtual state 

of a molecule. In the nonresonant condition, the energy of |e> is far from the excited electronic 

state of the molecule. On the other hand, if the energy of the incident light and that of the 

electronic transition of a molecule is close to each other, the signal of Raman scattering is 

resonantly enhanced through the interaction with the vibronic state of the molecule. This 
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phenomenon is called resonance Raman scattering (RRS) (Fig. 2-1b)[43,44]. Due to the 

resonance enhancement, the intensity of the signal of RRS is more than 103 folds larger in 

comparison to that of nonresonant Raman scattering. Thus, by using RRS, we are able to 

identify the small concentration molecules in the vast variety of dense molecules in living 

cells[45]. 

 It is well known that hemoproteins including cytochrome species possess two major 

absorption bands in the visible wavelength region, namely Soret band around 410 nm and Q-

band around 550 nm (see the absorption spectrum of cyt c shown in Fig. 2-2)[46,47]. By tuning 

the excitation wavelength to these absorption regions, RRS from cytochrome species can be 

observed. In fact, some previous studies attempted to quantify the intracellular cytochrome 

species by using 532 nm RRS resonant with Q-band[45,48,49]. In 532 nm excitation scheme, 

however, the intensity of the oxidized form was apparently quite weaker than that of the 

reduced form. Thus the experimental precision of quantifying the oxidized form was inferred 

to be bad. 

 As shown in the absorption spectra (Fig. 2-2), the absorption coefficient of Soret band 

is 5 times larger than that of Q-band. This fact indicates that RRS resonant with Soret band is 

expected to provide stronger signals than 532 nm excitation RRS resonant with Q-band 

provides. In this chapter, I chose 405 nm excitation system to improve the intensity of RRS 

signals and applied the developed new RRS scheme to quantify the intracellular redox state of 

cytochrome species. 
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Fig. 2-1 Schematic of the Raman spectroscopy and Raman scattering. (a) An example of the experimentally 

obtainable Raman spectrum. (b) Schematic energy diagrams of Raman scattering of nonresonant 

and resonant conditions. The black line means the vibronic state of the molecule, the dotted line 

means the vibrational state, and the broken line means the virtual state.  

 

 

 

 

 

 

 

 

 

 

Fig. 2-2 Absorption spectrum of cytochrome c solution (reduced form). The absorption bands of Soret band 

(around 410 nm) and Q-band (around 550 nm) are indicated for clarity. The broken line means the 

wavelength of 405 nm and 532 nm which were used for RRS measurement. 

  

(a) (b) 

532 

405 

Soret band 

Q-band 
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2.2.  Experimental  

2.2.1. Optical system 

 The developed RRS microscope is depicted in Fig. 2-3. This system possesses two 

excitation laser lines to compare 405 nm excitation and 532 nm excitation under the same 

experimental condition. The light source of 405 nm system was a wavelength stabilized diode 

laser (SureLock LM, ONDAX). After the expansion of irradiation diameter and the rotation of 

polarization, 405 nm light was introduced into an inverted microscope (IX71, Olympus), and 

irradiated onto a sample through an objective lens (x60, 1.25 NA, Oil immersion, Olympus). 

The samples was placed upon a piezo electric stage (P-527 3CD, PI Japan). The typical laser 

power at the sample point was 2.3 mW. The back scattered Raman signals were collected by 

the same objective lens and passed through a beam splitter with transmittance/reflectance = 9/1 

property. Then the signal passed a confocal pinhole with 75 μm in diameter and was introduced 

into a spectrograph (iHR320, HORIBA) after removing the excitation light by long-pass filters. 

An EMCCD camera (iXon Ultra 897, Andor) was used for detection of the signal. In the case 

of 532 nm excitation scheme, some components were exchanged. The light source was a 

frequency-doubled cw Nd:YVO4 laser (Millennia Pro, Spectra Physics). Elimination of the 

excitation light was performed by a notch filter, and the detection camera was changed to a 

liquid-nitrogen cooled CCD camera (Spec-X, Princeton Instruments). 
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Fig. 2-3 Schematic diagram of the developed 405 nm excitation resonance Raman spectral microscope. 

 

 

 

 

 

  



14 

2.2.2. Sample preparation and measurement 

Standard cytochrome solutions 

 The dry powder cyt c (cyt c from Bovine Serum, Sigma Aldrich Japan) was dissolved 

in phosphate buffered saline (PBS). To completely control the redox state of cyt c solution, I 

added an excess amount of sodium ascorbate as a reductant, and potassium ferricyanide as an 

oxidant. The redox state of the solution was confirmed by the absorption spectra as shown in 

Fig. 2-4 which were consistent with spectra shown in the previous studies[28,50]. The 

concentration of cyt c solution was estimated from the absorption coefficient described on the 

previous study[51]. In the case of cyt b, the sample was provided as diluted PBS solution 

(cytochrome b5 human recombinant, Sigma Aldrich Japan). Since the total volume of the 

solution was not so large, I prepared dense sodium ascorbate solution (reductant) and potassium 

ferricyanide solution (oxidant) in order to regulate the redox state of cyt b. The mixture of cyt 

b solution and reductant/oxidant were used as the standard solution. Redox state of cyt b 

standard was checked by absorption spectra as shown in Fig. 2-4 which were consistent with 

the previous studies[52]. The concentration of standard cyt b solutions was calculated from the 

differential absorption coefficient provided by Sigma Aldrich Japan.  
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Fig. 2-4 Absorption spectra of standard cytochrome solutions. 

 

Measurement and analysis of standard Raman spectra of cytochrome species 

 After the confirmation of the redox state of the prepared cytochrome solutions, I 

dropped the solutions onto glass-bottom dishes. In order to prevent evaporation of the solution, 

the Raman spectra of the each cytochrome species were quickly measured. In the observation, 

raster scanning of the liquid samples was performed in order to avoid the intensity fluctuation 

originated from various optical effect such as photobleaching and thermal lens effect of 

cytochromes. 

 The obtained standard Raman spectra passed through data processing. After 

subtraction of the dark noise, the wavelength dependence of the sensitivity of the detector was 

normalized by using the signal from halogen lamp. The background signals of solvent and 

reductant/oxidant were subtracted by using their spectra. Broad fluorescence signal was 

eliminated by polynomial fitting technique[53]. The four standard spectra, namely reduced cyt 

b, oxidized cyt b, reduced cyt c and oxidized cyt c, were normalized to the same concentration 

and experimental condition. 
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Cell culture 

 All cellular samples measured in this study were the wild type HeLa cell. Cells were 

cultured on 35 mm glass-base dish (Iwaki) for Raman measurement, and on 6-well plate (Nunc) 

for viability assay. The culture medium was Dulbecco’s Modified Eagle’s Medium (DMEM) 

high-glucose with L-glutamine, phenol red, fetal bovine serum (FBS) and penicillin-

streptomycin (Pen Strep). The culture dish was incubated in a CO2 incubator with 5 % 

concentration, 37 degree Celsius. 

 

Cell viability assay 

 The cell viability was measured by trypan blue assay following the protocol offered 

by the manufacture. Before apoptotic stimulation, the culture medium was changed to the 

imaging buffer (DMEM high-glucose with L-glutamine and without phenol red, FBS and Pen 

Strep). This manipulation is indispensable because ultraviolet (UV) light was absorbed by the 

additives. At time zero, UV-C light (10 mJ/cm2) was irradiated onto HeLa cells cultured on 6-

well plates. The irradiated cells were then incubated in the CO2 incubator with 5 % 

concentration, 37 degree Celsius. At some point in time, 3 dishes in 6-well plates were supplied 

to viability assay (Fig. 2-5). The culture medium was transferred to micro test tubes and the 

dish was washed out by PBS three times. Then trypsin solution was added to the dish and 

incubated in the CO2 incubator with 5 % concentration, 37 degree Celsius, for 1 minute. Then 

the suspension with cells was transferred into the micro test tube and centrifuged. Supernatant 

was removed and then the precipitated cells were re-suspended by the mixture of PBS and 

trypan blue 0.4 % (w/v) solution with the same volume. Then the tube was incubated in room 

temperature for 1 minute, and the numbers of stained and unstained cells were counted by an 

automated cell counter Countess (Life Technologies). In this case, unstained cells were 

regarded as being live and stained cells were regarded as being dead. 
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Measurement and analysis of Raman spectra from HeLa cells 

 Before Raman measurement, the culture medium was changed to the imaging buffer. 

To achieve high signal-to-noise ratio measurement of HeLa cells, spatially averaging method 

was adopted (see Fig. 2-6). The CCD camera and the stage were simultaneously triggered at 

the start of measurement. Generated signals from each scanning point were accumulated on 

limited numbers of frames of the CCD camera. Thus the obtained signal corresponded to the 

summation (or average) over the whole single cell area. 

On the apoptosis experiment, several different single HeLa cells on the single dish 

were measured. Several dishes were prepared on each experimental day. Culture medium was 

changed to the imaging buffer described in the previous section before apoptosis stimulation. 

Then all dishes (except for the negative control) were simultaneously irradiated by UV-C light 

(10 mJ/cm2) and incubated in a CO2 incubator with 5 % concentration, 37 degree Celsius. The 

time course of the experiment was the same as that of the cell viability assay (Fig. 2-5). At each 

time point, one dish was immediately placed upon the microscope stage and RRS measurement 

was performed. 

 

Spectral fitting 

 Quantification of the redox state of intracellular cytochrome species was performed 

through spectral fitting technique. This method is frequently called classical least square 

regression, direct classical least square or biomolecular component analysis[54–57]. In this 

analysis, the experimentally obtained spectra were decomposed into linear combination of the 

standard Raman spectra of constituent molecules of the object (Fig. 2-7) through least squares 

method or matrix operation. Since the intensity of the Raman scattering is proportional to the 

number of molecules, the fitting coefficients can be quantitatively evaluated. 
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Fig. 2-5 Experimental scheme of apoptotic cell measurement. Before stimulation, the medium filling the 

dish was changed to the imaging buffer. And then UV irradiation was applied at the time zero 

except for the control experiment. At each time point, one dish was supplied to the measurement. 

 

 

 

 

 

 

 

 

Fig. 2-6 Experimental schematic of the spatial averaging measurement of Raman spectra from HeLa cells. 

After the simultaneous triggering of the sample stage and the CCD camera, raster scanning was 

started. The generated signals were collected into the small limited numbers of frames of the CCD 

camera. Thus the obtained accumulated spectrum did not contain the spatial information. 

 

 

 

observation 

observation 

observation 

observation 
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Fig. 2-7 The schematic of spectral fitting analysis. The experimentally obtained spectrum (d) was 

decomposed into linear combination of the standard spectra of the known constituent molecules 

(ν1, ν2, ν3, ν4, in this figure). The fitting coefficients (α, β, γ, δ, in this figure) was determined 

through the least square method and matrix operation. 

  

d = α v
1
 + β v

2
 + γ v

3
 + δ v

4
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2.3. Standard Raman spectra of cytochrome species 

 Observed standard Raman spectra of reduced and oxidized forms of each cyt b and 

cyt c by 405 nm excitation are shown in Fig. 2-8. All four spectra showed the characteristic 

bands originated from cytochrome species such as around 1360 cm-1 (porphyrin skeletal 

vibration) and 700 cm-1 (pyrrole ring vibration)[47]. On the other hand, the detailed peak 

position, band width and the ratio of band intensities were unique for each species. These 

differences were originated from the chemical structure of each heme type and the electronic 

state (or the absorption). The chemical structure difference changes the peak position of the 

Raman band, and the electronic state difference changes the factor of the resonance 

enhancement for each Raman band. This indicated that the obtained standard Raman spectra 

could be used to identify each cytochrome species from the experimentally obtained spectra. 

 Raman spectra of four standard cytochrome solutions by 532 nm excitation were also 

observed. The obtained result is shown in Fig. 2-9. All four spectra showed the characteristic 

bands originated from cytochrome species such as around 1130 cm-1 (porphyrin CH vibration) 

and 750 cm-1 (pyrrole ring vibration)[47]. These spectra were normalized to the same 

concentration and experimental condition as that 405 nm excitation spectra were observed. All 

four spectra provided the consistent spectral patterns with the previously reported spectra[47,52]. 

 To compare the experimental precision of 405 nm excitation and 532 nm excitation, I 

evaluated the contribution from the spectral intensity and similarity. First, the ratio (reduced 

cyt b : oxidized cyt b : reduced cyt c : oxidized cyt c) of the calculated integral intensity of four 

standard Raman spectra of cytochromes is 1.0 : 0.70 : 0.64 : 0.38 for 405 nm excitation. On the 

other hand, the ratio is 1.0 : 0.28 : 0.67 : 0.048 for 532 nm excitation. In addition, the ratio of 

the integral intensity of the 405 nm and 532 nm excitation schemes became comparable after 

normalization of the spectral intensity based on the intensity of the Raman band of the external 

standard (here the band around 1020 cm-1 of indene was used). Calculated ratio is summarized 

in the Table 2-1. As it is clear, the difference of the intensity between reduced and oxidized 
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forms is more than 10 folds in the case of 532 nm excitation. In the 405 nm excitation, the 

difference of the intensity is 2.5 folds and quite smaller than 532 nm. In addition, all four 

standard spectra obtained by 405 nm excitation provided stronger signals than 532 nm 

excitation. The difference of the intensity of signals between 405 nm and 532 nm was 

reasonable because the absorption coefficient (see Fig. 2-2 and 2-4) of Soret band is larger than 

that of Q-band and thus the stronger enhancement could be expected in 405 nm than in 532 nm. 

This result indicates that the expected experimental precision of quantifying the redox state by 

405 nm excitation is better than that by 532 nm excitation. 

Next, the effect of spectral similarity was considered. If the standard spectra were 

similar to each other, it was inferred that the fitting precision of spectral fitting technique would 

get worse. In order to consider the contribution from spectral similarity, synthesized spectra 

with the same signal-to-noise ratio by adding four standard Raman spectra of cytochromes and 

small random noise were constructed in both 405 nm and 532 nm cases (Fig. 2-10). Then 

spectral fitting analysis was applied to the synthesized spectra by using four cytochrome 

standard spectra as the basis set. The averaged relative errors of the four fitting coefficients is 

4 % for 405 nm excitation and 1 % for 532 nm excitation. Therefore, from the view point of 

spectral similarity, 532 nm excitation provided better fitting errors. 

The result of spectral intensity and similarity showed the opposite conclusion. Namely, 

from the view point of spectral intensity, 405 nm excitation scheme was expected to be better 

than 532 nm excitation scheme. On the other hand, from the view point of spectral similarity, 

532 nm excitation scheme was better than 405 nm excitation. Under the current experimental 

condition, the difference between the two excitation schemes in the intensity was, however, 

estimated more significant than that in the similarity because the amount of intracellular 

cytochrome was inferred to be small as μM scale. If the concentration of the intracellular 

cytochromes is large and the spectra with extremely high signal-to-noise ratio are obtainable, 

532 nm excitation is inferred to provide the better experimental result than 405 nm excitation. 
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Fig. 2-8 Observed Raman spectra of standard cytochrome solutions by 405 nm excitation. 

 

 

 

 

 

 

 

 

 

 

Fig. 2-9 Observed Raman spectra of standard cytochrome solutions by 532 nm excitation. 
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Table 2-1 Calculated ratio of the integral intensity of four standard Raman spectra of cytochromes. 

 reduced cyt b oxidized cyt b reduced cyt c oxidized cyt c 

405 nm 1 0.7 0.6 0.4 

532 nm 0.2 0.06 0.1 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-10 Synthesized Raman spectra and their analysis. (a) 405 nm excitation. (b) 532 nm excitation. In 

each figure, red spectrum is the synthesized spectrum, green spectrum is the result of fitting, and 

blue is the differemce between red and green. 

(a) 

(b) 
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2.4. Application to single cell analysis 

 Based on the result of the comparison between 405 nm and 532 nm, I adopted 405 nm 

excitation RRS to the analysis of the intracellular redox state of cytochrome species. Following 

the procedure described in the experimental section, single living HeLa cells were measured. 

The typically obtained spectrum is shown in Fig. 2-11, red. The spectra obtained from HeLa 

cells were passed through some data processings, namely background subtraction, intensity 

correction and fluorescence removal by polynomial fitting technique. The major components 

in the obtained spectrum was dominated by the Ranan bands of cytochromes, such as the strong 

bands around 1360 cm-1 and 700 cm-1 (see Fig. 2-8). This means that the small amount (μM 

scale) of intracellular cytochrome species can be specifically analyzed by 405 nm excitation 

RRS. 

Since the standard Raman spectra of cytochrome species do not possess any spectral 

marker bands, the spectral fitting analysis was applied to the spectra obtained from HeLa cells 

for quantification. In this study, 6 spectra (oxidized cyt b, reduced cyt b, oxidized cyt c, reduced 

cyt c, bovine serum albumin (BSA) and cover glass) were used as the basis set of the spectral 

fitting. Since the cells contain not only cytochromes but also huge amount of proteins, addition 

of the standard spectrum of BSA as a representative of proteins was expected to improve the 

fitting result. Addition of the spectrum of cover glass was also required to fully subtract the 

background signals. The green spectrum in Fig. 2-11 corresponds to the result of spectral fitting 

analysis applied to the red spectrum. The blue spectrum shown in Fig. 2-11 is the difference 

between the red and the green spectra. There is no spectrally significant residue in the blue 

spectrum. This fact indicated that the 405 nm excitation RRS and spectral fitting analysis with 

6 basis spectra could reconstruct the experimentally obtained spectra. As described in the 

introduction, the intensity of RRS signal is proportional to the number of molecules. Therefore 

quantification of the intracellular redox state of cytochrome species could be performed based 

on the calculated fitting coefficients. 
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Fig. 2-11 Result of spectral fitting to 405 nm excitation Raman spectra obtained from HeLa cells. Red; 

experimentally obtained spectrum from a single HeLa cell. Green; reconstructed spectrum of the 

red by spectral fitting analysis. Blue; difference between the red and the green spectra. 
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 In order to confirm the reproducibility of the current method, I observed more than 

hundred HeLa cells and checked the distribution of the redox state of cyt b and cyt c. Fig. 2-12 

is the histograms of the molar fraction of reduced forms of each cyt b and cyt c. Since the total 

amount of intracellular cytochromes is dependent on individual cells, the molar fraction is used 

for discussing the redox alteration in the following. As it was clear, cyt c tended to be kept in 

reduced state under the current experimental condition, and cyt b showed the middle of reduced 

and oxidized state. The obtained distribution indicated that the developed 405 nm excitation 

and spectral fitting analysis could provide reproducible results. If the Gaussian distribution was 

assumed, the full width of half maximum (FWHM) of the two distributions was calculated as 

0.1 for cyt b and 0.04 for cyt c, respectively. These widths of the distribution can be regarded 

as the sum of dispersion of cellular individuality and experimental error. Thus the calculated 

FWHM values were considered as the maximum experimental error of the molar fraction of 

the reduced form determined by the present method. 

 Next the ability of the developed method to trace the dynamic change of the redox 

state of cytochrome species inside cells was considered. Dithiothreithol (DTT) is a strong 

reductant and known to reduce the intracellular molecules[58–60]. I observed the redox state of 

HeLa cells before and after the addition of DTT into the culture dish. The obtained molar 

fraction of the reduced forms of cyt b and cyt c is shown in Fig. 2-13. The addition of DTT 

changed the redox state of cyt b into the more reduced form and the difference was significantly 

larger than the experimental error elicited above. This shift was consistent with the function of 

DTT inside the cells. Therefore it was suggested that the developed method could trace the 

dynamics of the redox state of intracellular cytochrome species. 
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Fig. 2-12 Histograms of the molar fraction of the reduced forms of (a) cyt b and (b) cyt c. 

 

 

 

 

 

 

 

 

 

Fig. 2-13 Result of the observing the dynamic change of the redox state of cytochromes induced by DTT 

addition. Left two plots correspond to the before DTT addition, and right two are after DTT 

addition. 
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2.5. Application to the analysis of apoptosis 

 As described in the chapter 1, cyt c is the initiation signal transduction protein in the 

apoptotic processes. The abstract of the signal transduction mechanism is described in Fig. 

2-14. The release of cyt c from intracellular mitochondria induces the activation of the executor 

protein of apoptosis, caspase. However, the redox state of the released cyt c, and the relation 

between the redox state modulation of mitochondrial cytochrome including cyt b and cyt c, and 

apoptotic signal transduction is not clear yet. 

 In order to investigate the relation between the redox state and apoptosis, I measured 

apoptotic HeLa cells. UV-C light was used for stimulation of apoptosis, and the cell viability 

and redox state were monitored over time. Obtained results are shown in Fig. 2-15. The cell 

viability (gray bold line in Fig. 2-15a) showed gradual decrease as the time passed. This result 

indicated that the UV stimulation induced apoptotic process. By comparting the results of the 

control (culture medium was exchanged to the imaging buffer but no UV irradiation, Fig. 

2-15b) and the sample experiment, it was recognizable that cyt c altered its redox state at the 

middle of the experimental time course though cyt b did not show any significant changes. In 

the later part of the experiment, the molar fraction of the reduced cyt c showed recovery. This 

behavior is considered to be originated from the cells of which apoptotic signal transduction 

was not stimulated. In this experiment, I chose the object at random. In the last part of the 

experiment, however, most of the cells were dead and only the cells whose apoptotic signal 

transduction was not triggered, were measurable. Thus I just measured the non-apoptotic cells 

and apparent recovery of the molar fraction was observed. 

 The possible reasons of the oxidation during apoptosis are (i) nonspecific oxidation 

by the production of the strong oxidant such as ROS, and (ii) target specific oxidation such as 

the enzymatic reaction. According to the previous study, reduced cyt b and cyt c are more stable 

than oxidized forms, from the thermodynamic point of view[61,62]. In addition, reduced cyt b is 

inferred to be more labile to oxidation in comparison to reduced cyt c[61, 62]. This fact was 
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controversial to the observed time course in the apoptosis experiment, namely cyt c was 

preferentially oxidized and cyt b was not. This result suggested that the nonspecific oxidation 

was not the reason of the oxidation of cyt c, and the target (cyt c) specific oxidation such as the 

reaction with cytochrome c oxidase took place during apoptotic signal transduction. At the 

present, it is difficult to distinguish whether oxidation of cyt c is indispensable for apoptosis or 

not. However, at least I can conclude that the oxidation of cyt c is a part of the apoptotic signal 

transduction process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-14 Schematic of the apoptotic signal transduction process in mammalian cells. 
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Fig. 2-15 Result of measurement of the apoptotic cells over time. (a) Cell viability curve and time course of 

redox state of cytochromes after UV irradiation. (b) Result of control experiment. 
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2.6. Short summary and future prospect 

 In this chapter, the development of 405 nm excitation RRS microspectroscopy was 

described. Hemoproteins including cytochrome species are known to possess the electronic 

transition (absorption bands) in the visible wavelength region. Previously, the application of 

532 nm excitation RRS resonant with Q-band (around 550 nm) to redox state analysis of 

intracellular cytochromes was reported. In this study, I tried to improve the experimental 

sensitivity and precision by using 405 nm excitation RRS resonant with Soret band (around 

410 nm), which stronger enhancement could be expected than Q-band resonant RRS. 

 Standard spectra measurement of cyt b and cyt c showed that 405 nm excitation 

scheme was expected to be more useful than 532 nm excitation for quantifying the intracellular 

redox state of cytochromes due to its strong enhancement of Raman signals. It should be 

mentioned that 532 nm excitation RRS is also useful if the experimentally obtainable spectra 

possess the sufficiently strong intensity of signals. Then the applicability of spectral fitting 

technique for quantifying the intracellular redox state of cyt b and cyt c was confirmed. The 

experimental error and the ability to trace the dynamic behavior of the intracellular redox state 

by 405 nm RRS and spectral fitting were evaluated. 

 At last, redox state alteration during UV-stimulation triggered apoptosis of HeLa cells 

was observed. 405 nm RRS elucidated that the redox state of cyt c was selectively altered into 

oxidized state during apoptosis, though that of cyt b was not changed. Taking into consideration 

the thermodynamic stability, the target selective oxidation of cyt c is considered to be a part of 

the apoptotic signal transduction process. This is the unique result accessible through the 

developed 405 nm RRS because previously reported methods are incapable of observing the 

dynamic behavior of the redox state of cytochromes inside living cells with single cell level 

resolution. 

Presently, the developed method makes us accessible to the ratio of the intracellular 

cytochrome’s redox state and its dynamic behavior. The spatial information is considered to be 
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obtainable by changing the spatial averaging method into the mapping method. Further 

experiment will make it possible to quantify the absolute amount of reduce and oxidized forms 

of each cytochrome species. The developed method is considered to be applicable to real-time 

tracing of the redox state during respiration metabolism and signal transduction. This will 

provide new information useful not only for understanding the basic biology but also for 

investigating the effect of medicines or the mechanism of disorders related to cytochromes. 
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Chapter 3 

 

Electronically resonant third-order sum frequency 

generation microspectroscopy 
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3.1. Introduction 

 In the chapter 2, I introduced the development of the nondestructive analytical method 

which quantifies the intracellular redox state of cytochrome species. In that case, RRS, a kind 

of linear vibrational spectroscopy, was adopted. In comparison to the linear optical process, the 

nonlinear optical processes possess some advantages such as high-speed measurement, deep 

penetration depth and multimodality. In this chapter, I introduce a novel nonlinear 

spectroscopic technique, electronically resonant third-order sum frequency generation 

spectroscopy[63]. 

 Third-order sum frequency generation (TSFG) is an analogue of third harmonic 

generation (THG)[64]. The difference between these two is the number of wavelengths used for 

signal generation. The schematic diagrams of TSFG and THG are shown in Fig. 3-1. In the 

case of THG, degenerated photons are used for signal generation. On the other hand, TSFG is 

generated by two or three differently colored excitation photons (thus TSFG can be regarded 

as non-degenerated THG). If white-light or supercontinuum are used for excitation light and 

multi-channel detection is adopted, multiplex TSFG spectrum can be observed[64]. 

 

 

 

 

 

 

 

  Fig. 3-1 Schematic energy diagrams of THG and TSFG. 
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 Similar to Raman scattering, THG and TSFG are inferred to be resonantly enhanced 

if one of the virtual states of the nonlinear optical processes and electronic transition of a 

molecule are close in energy. In fact, electronically resonant THG has been reported[65–70]. In 

order to confirm and analyze the resonant enhancement of THG, however, scanning of the 

excitation wavelength is required. Multiplex TSFG can overcome this problem and provide the 

spectral information on the electronic state of the target molecule. Thus, if the resonant TSFG 

is available, the information on the redox state of the molecule is possibly elicited from the 

spectral analysis of resonant TSFG spectra. 

 Among many hemoproteins, Hb is known as one of the redox active proteins and 

changes its electronic state in response to the change of its redox state. As is the same with 

cytochromes, Hb possesses two major absorption bands (Soret band and Q-band). It is thus 

expected that resonance enhancement of TSFG can be observed if the energy of three virtual 

states of TSFG process is close to that of either Soret band or Q-band transition. In that case, 

resonant TSFG is inferred to provide the information on the redox state of Hb. In this chapter, 

I describe the experimental setup, observed spectra, spectral analysis and signal generation 

mechanism of resonant TSFG to analyze the redox state of Hb. 
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3.2. Experimental 

3.2.1. Optical system 

 The schematic of the developed TSFG microscope is depicted in Fig. 3-2. The light 

source was a cw Q-switched microchip Nd:YAG laser. The fundamental 1064 nm radiation 

was firstly divided into two. One was used for excitation (ω1) and the other was introduced into 

a photonic crystal fiber to generate supercontinuum radiation. This supercontinuum radiation 

was used as the broad band excitation source (ω2). Under this condition, the possible 

combination for the TSFG process is 2ω1 +ω2 and ω1 + ω2 + ω2’. The 1064 nm and 

supercontinuum radiations were superimposed after eliminating the spectral components 

shorter than 1064 nm, and introduced into a modified inverted microscope (ECLIPSE Ti, 

Nikon). Then the incident light was irradiated onto a sample placed upon a piezo electric stage 

(Nano-LP200, Mad City Lab) through an objective lens (x40, 0.9 NA, Nikon). Forward 

propagating signals were collected by the second objective lens (x40, 0.6 NA, Nikon) and the 

excitation light was removed by a short-pass filter. The signal was introduced into a 

spectrograph (SpectraPro300i, Princeton Instrument) and detected by a CCD camera 

(PIXIS 100BR eXcelon, Princeton Instrument). 

  Fig. 3-2 Schematic diagram of the developed TSFG microscope. 
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3.2.2. Sample preparation and measurement 

Cytochrome c solution 

 In order to confirm the electronic resonance enhancement of TSFG, I firstly tried to 

measure the signals from dense cyt c solution. Cyt c from bovine heart (Sigma Aldrich Japan) 

was dissolved in PBS. In resonant TSFG study, I did not control the redox state of cyt c. 

 

Hemoglobin solutions 

 The Hb samples were purchased from the manufacture. Hb human lyophilized powder 

(Sigma Aldrich) and Hb A0, ferrous stabilized human (Sigma Aldrich Japan) were dissolved in 

PBS after deaeration of the solvent by nitrogen gas. These two samples corresponded to 

oxidized and reduced samples, respectively. The redox state of Hb solution was checked by 

UV-visible absorption spectra (Fig. 3-3). The peak position and the spectral shape were 

consistent with the spectra in the previous studies[71,72]. For control experiment, I made the BSA 

solution, which did not possess significant absorption in the Soret band wavelength region (Fig. 

3-3). 

 

Sample preparation and measurement 

 The schematic of the sample preparation is depicted in Fig. 3-4. The sample solution 

was sandwiched by two cover glasses with polystyrene beads of 20 μm in diameter. These 

beads functioned as a spacer. The two cover glasses were sealed by Vaseline in order to prevent 

the evaporation of the solution. To observe TSFG signals, the sample was scanned in the axial 

direction by the piezo stage. 
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Fig. 3-3 Absorption spectra of reduced and oxidized forms of Hb solutions and BSA solution. 

 

 

 

 

 

 

 

 

Fig. 3-4 Schematic of the sample preparation for TSFG experiment. The sample solution was sandwiched 

by two cover glasses with polystyrene beads with 20 μm in diameter. The edge of the cover glass 

was sealed by Vaselin. 
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3.3. Resonant TSFG spectra 

 Figure 3-5 shows the result of TSFG measurement with axial direction scanning of the 

sample preparation of PBS. From the upper part of Fig. 3-5a, each dark layer corresponds to 

surrounding atmosphere, upper cover glass, sample solution and lower cover glass, respectively. 

As it is clear, TSFG signals generated only at the interface between two layers. Though the 

TSFG signal at the glass-solution interface was quite weaker than that at the glass-atmosphere 

interface, TSFG from each interface was separately detected (Fig. 3-5b, c). 

 In the following, the TSFG spectrum obtained from layer A/layer B interface is 

defined as Ia/b. Before spectral analysis, I obtained TSFG spectrum of Iglass/solution and 

Iglass/atmosphere. In order to take account of the aberration under the current experimental condition, 

TSFG spectra were averaged over ± 2 μm within the peak position in the TSFG intensity plot 

(Fig. 3-5b, c). 

 Figure 3-6a is the obtained raw TSFG spectra of the PBS and cyt c solutions 

(Iglass/solution). It is noticeable that the wavelength region of TSFG signal is coincide with Soret 

band absorption (see Fig. 3-3 and Fig. 3-6a). Thus the resonance enhancement of the TSFG 

signal is expected. In Fig. 3-6a, it is difficult to discuss any significant difference between two 

raw spectra and thus the TSFG spectra have to be passed through data processing. After 

background subtraction, Iglass/solution was divided by the Iglass/atmosphere obtained at the upper 

glass/atmosphere interface. This manipulation corresponded to the intensity correction of the 

supercontinuum. It should be noted that the spectrum obtained at the lower glass/atmosphere 

interface is inappropriate because re-absorption by the sample itself possibly occurs. Resulted 

TSFG spectra are depicted in Fig. 3-6b. For reference, absorption spectra of cyt c solution is 

also shown in the same figure. At this stage, the difference between two spectra were 

recognizable, namely the intensity of TSFG from cyt c solution was stronger than that from the 

PBS. This result indicates that electronic resonant enhancement of TSFG can take place and is 

observable by the present experimental setup. 
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Fig. 3-5 Result of the TSFG measurement of PBS. (a) Obtained image by the axial direction scanning of 

the sample. (b) Intensity plot of the axial scanning. (c) Expanded plot around the sample solution 

layer. 
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Fig. 3-6 Obtained TSFG spectra and their analysis. (a) Raw TSFG spectra from PBS and cyt c solution. (b) 

TSFG spectra after intensity correction of the supercontinuum. 
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3.4. Detailed analysis of resonant TSFG 

3.4.1. Resonant TSFG spectra from Hemoglobin solution 

 I also measured the reduced and oxidized Hb solutions following the same 

experimental process as the last section. The obtained result was shown in Fig. 3-7a. For 

reference, absorption spectra of reduced and oxidized Hb solutions are also shown. In this 

experiment, the BSA solution was measured as negative control. Although the difference 

between Hb solutions and control (PBS and BSA solution) originated from the resonance 

enhancement were clear, the difference between reduced and oxidized forms was slight. In 

addition, despite the fact that there is no electronic resonance in the case of PBS and BSA, the 

spectral profile of these two control samples was not spectrally flat. 

 This is possibly because of the aberration under the current tight focusing condition 

using microscope objective, which cannot be perfectly corrected by Iglass/atmosphere. In order to 

normalize the spectral profile, and extract information on electronic resonance effect, the TSFG 

spectrum of Hb solution was divided by that of PBS. This manipulation was considered as the 

modification of experimental errors including aberration. In the following, TSFG spectrum 

divided by that of PBS is defined as normalized TSFG spectrum. Obtained normalized TSFG 

spectra are shown in Fig. 3-7b. It is noticeable that both absorption and normalized TSFG 

spectra of reduced Hb show longer peak position in comparison to oxidized Hb. Therefore I 

can conclude that normalized TSFG spectra qualitatively provide the information on the redox 

state of Hb. 
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Fig. 3-7 Analyzed TSFG spectra from Hb solutions. (a) TSFG spectra after supercontinuum 

intensity correction. (b) Normalized TSFG spectra. Absorption spectra of Hbs are also 

shown for reference. 
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3.4.2. Signal generation mechanism of TSFG 

 Although qualitative information on the redox state of Hb could be obtained from 

TSFG spectra (Fig. 3-7), the spectral shape of the normalized TSFG spectrum was still severely 

distorted and apparently was not consistent with the absorption spectrum. In order to elucidate 

the reason of spectral distortion, I theoretically analyzed the signal generation mechanism of 

TSFG. 

 In general, the spectral intensity of the coherent nonlinear optical processes can be 

described by using nonlinear susceptibility, 

(1) 

where χ(3)
res is nonlinear susceptibility of the resonant term and χ(3)

nonres is that of the 

nonresonant term. Each term in Eq. 1 is described as, 

(2) 

 

(3) 

where Ares is the amplitude of the resonant term, ωTSFG is the angular frequency of the TSFG 

signal, ωres is the resonance angular frequency, Γres is the damping factor of the electronic state, 

C is the amplitude of the nonresonant term and θ is the relative phase between the resonant and 

the nonresonant terms. For simplicity, single electronic state is assumed to contribute to 

resonant signal. Under this assumption, the spectral intensity of the TSFG can be described as, 

 

(4) 

 

Among many parameters described above, θ is a critical factor which determines the spectral 

shape of the nonlinear optical process. Thus I theoretically investigated the value of θ. 

 For the sake of simplicity, the signal generation of THG is treated instead of TSFG 

and the confocal system which is applicable to the current experimental condition is assumed. 
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In addition, the optical system is supposed not to possess any aberration. The detailed property 

of the image formation of the confocal system is described in the previous study[73]. In the 

following, the coherent transfer function (CTF) is used to discuss the signal generation 

mechanism of THG. CTF is the Fourier transform of the amplitude spread function (ASF) of 

the optical system which consists of the excitation and collection systems. In third order 

nonlinear coherent microscopy, the ASF corresponds to the product of the cube of the excitation 

field formed by the excitation system and the signal field formed by the collection system. The 

ASF corresponds to the image amplitude distribution of a single point object obtained by the 

total system. It is notable that ASF possesses the information on the phase of the light, which 

cannot be discussed by frequently used point spread function. By using ASF, the image 

amplitude formed by the object with the nonlinear susceptibility χ(3)(x, y, z) through the 

nonlinear optical microscopy is described as, 

 

(5) 

 

where the coordinate (x’, y’, z’) indicates the displacement of the sample stage from the origin, 

χ(3)(x, y, z) corresponds to the distribution of nonlinear optical susceptibility of the object, and 

ASF (x, y, z) is the ASF[74]. The image intensity is calculated as the square of the modulus of 

the image amplitude A(x’, y’, z’). 

 First, the semi-infinite slab defined by the following nonlinear optical susceptibility is 

considered,  

 

(6) 

 

where u(z) represents the step function. The value of χ0
(3) is dependent on the nonlinear optical 

process. In the current experimental condition, the sample stage is scanned in the z direction 
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(direction of the optical axis), and the excitation and collection systems are unchanged. In other 

words, the center of the ASF is unchanged and fixed at the origin. The image amplitude of the 

semi-infinite slab (the complex amplitude of the signal for each depth position of the interface), 

Astep(z’), is expressed as follows, 

 

(7) 

 

with 

 

(8) 

 

and 

 

(9) 

 

where the displacement of the sample stage z’ corresponds to the depth position of the interface 

relative to the ASF center (origin). F(z’) is determined by the ASF and is independent of the 

nonlinear optical susceptibility. Eq. 7, 8 mean that the total intensity of the signal is described 

as the summation of the contribution from each small segment of the ASF. Using Fourier 

transformation, F(z’) is expressed as the inverse Fourier transform of the product of the CTF 

and U( fx, fy, fz ), where  

 

(10) 

 

which is the Fourier transform of the step function u(z). Here δ( f ) is the Dirac’s delta function. 

Therefore, F(z’) is described as 
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(11) 

 

For later use, the function F’(z’) is defined as   

 

(12) 

 

F’(z’) also can be expressed as the inverse Fourier transform of the product of the CTF and 

U’( fx, fy, fz ), where  

 

(13) 

 

which is the Fourier transform of u(z). Then F’(z’) is described as,  

 

(14) 

 

In the following, the value of F (0) is discussed as a critical factor for the coherent buildup of 

the signal in homogeneous medium. F (0) is proportional to the complex amplitude of the signal 

when the interface locates at the center of the ASF (Eq. 7), and is given by  

 

(15) 

 

F (0) is subject to CTF(0, 0, fz) which depends both on the nonlinear optical process and on the 

NAs of the excitation and collection systems.  

 Next, the homogeneous medium is considered. If the excitation beam is focused into 
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the homogeneous medium with the constant nonlinear optical susceptibility χ0
(3), the signal 

amplitude Ahomo can be described as  

 

(16) 

 

 

In the above equation, the relation of ASF(x, y, z) = ASF*(x, y, z) is used. Herein the factor 

cosθF, where θF = Arg[F(0)], is introduced. This value indicates the degree of coherent buildup 

and varies from 0 to 1. In particular, if cosθF = 1, the “constructive buildup” occurs. On the 

other hand, if cosθF = 0, the “destructive buildup” takes place. In the latter case, the signal from 

each point in the ASF is canceled out and significant signals are unavailable. 

 The CTF of THG microscopy has an asymmetric profile, namely the value of CTF(0, 

0, fz) becomes nonzero only in the positive fz domain, and is zero in the negative fz domain and 

at the origin[73]. This asymmetric CTF results in the distinguishing coherent buildup of the THG 

signal. Because the CTF is a positive real function, F(0) for THG microscopy becomes a pure 

imaginary number with the asymmetry of the CTF mentioned above (Eq. 15). Consequently, 

the factor cosθF becomes zero (θF = π/2), and the signal generation of THG results in the 

destructive buildup. It is also shown by Eq. 16, in which the signals from the upper part F(0) 

and the lower part F*(0) in the ASF are canceled out if F(0) is pure imaginary number. In THG 

microscopy with a high-NA excitation system, irrespective of the NAs of the excitation and 

collection systems, the CTF has the asymmetric profile[73]. As a result, the factor cosθF for THG 

microscopy inevitably becomes zero. This fact indicates that THG microscopy necessarily 

causes the destructive buildup regardless of the NAs of the excitation and the collection 

systems. This destructive buildup corresponds to the well-known phase mismatch under THG 

microscopy[75,76]. 

 In contrast, if the CTF is nearly symmetric around the origin and CTF(0, 0, 0) is non-
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zero, the imaginary part of F(0) is canceled out and the real part remains (see Eq. 15). In this 

case, F(0) approaches a real number (cosθF ≈ 1). As a result, F(0) + F*(0) becomes a large 

value, leading to the constructive buildup of the signal (Eq. 16). This means that the strong 

signal is generated from the homogeneous medium if cosθF ≈ 1. 

 Figure 3-8 illustrates how the signals of THG microscopy builds up in the case where 

the excitation beam is focused into the homogeneous medium through a higher-NA excitation 

system than the collection system. In Fig. 3-8, the red arrows indicate the contributions from 

each segment in the ASF to the total signals (Eq. 9). It should be noted that each contribution 

possesses both the amplitude and the phase factors. In THG microscopy, the phase of the signal 

from each segment drastically changes. This rapid modulation of the phase causes the 

destructive buildup. The sum of all arrows for THG microscopy in Fig. 3-8 reaches the 

imaginary axis (blue arrows), in other words, F(0) for THG microscopy is a pure imaginary 

number (cosθF = 0).  

 The destructive buildup of THG signal is depicted in Fig. 3-9, in which the 

contributions of the upper parts and lower parts from the ideal plane in the ASF are separately 

indicated. The depth position of the ideal plane is defined as z’. Note that Fig. 3-9 is 

independent of the value of the nonlinear optical susceptibility which is a complex number in 

general depending on the electronically resonant condition. Since the function CTF(0, 0, fz) for 

THG microscopy has zero values in the negative fz domain and at the origin, F(z’) (Eq. 11) 

becomes  

 

(17) 

 

Likewise, F’(z’) for THG microscopy [Eq. (14)] becomes  
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Fig. 3-8 Contribution of each section in ASF of THG microscopy to the THG signal. Red arrows indicate 

complex numbers in complex plane. The summations of the contribution of each section for the 

upper and lower parts are shown by the blue arrow in the right part of the figure. 

 

 

(18) 

 

Therefore, the relation of FTHG(z’) = - F’THG(z’) is obtained. This relationship means that, in 

the case of the homogeneous medium, the contributions of the upper part FTHG(z’) and lower 

part F’THG(z’) from the ideal plane differ by π in phase regardless of the position of the ideal 

plane. This constant anti-phase relationship around the ideal plane results in the disappearance 

of the THG signal (destructive buildup). This implies that θ in Eq. 4 should be π. 
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Fig. 3-9 Schematic of destructive buildup of THG signal. The top figures illustrate the ASFs of THG 

microscopy and the ideal planes. The middle figures describe the buildup of THG signal generated 

from the part above the ideal plane, representing the sum of the THG complex amplitudes that 

correspond to the arrows in Fig. 3-8. The bottom figures depict the buildup of THG signal 

generated from the part below the ideal plane. The leftmost figures show the case where the ideal 

plane is located in the center of the ASF. 
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 As experimentally shown in Fig. 3-5, THG microscopy generates the signal only at 

the interface if the sample object can be regarded as the semi-infinite slab. Figure 3-10 

illustrates the image amplitude of the semi-infinite slab which is proportional to FTHG(z’), and 

the image intensity which is proportional to square of modulus of FTHG(z’) (│FTHG(z’)│2). In 

Fig. 3-10, the curves of Re[FTHG(z’)], Im[FTHG(z’)] and │FTHG(z’)│2 are plotted. The figures 

in the middle row of Fig. 3-9 correspond to the curves on the right side from the dashed line in 

Fig. 3-10. 

 In the present study, the resonant TSFG signal was generated only from the sample 

solution. Although the nonresonant TSFG signal was generated from both the solution and the 

glass, the nonresonant signal from the glass was inferred to be more intense than that from the 

solution. In addition, the phases of the nonresonant signals from the glass and the solution differ 

by π. Consequently, the total nonresonant TSFG signal approximately had the identical phase 

with the that from the glass due to the partial cancelation between the signals from glass and 

solution. Thus, the phase difference between the resonant TSFG signal and the nonresonant 

TSFG signal was inevitably π regardless of the position of the interface between the solution 

and the glass (θ = π). 

 

 

 

 

 

 

 

 

Fig. 3-10 The THG intensity and the THG complex amplitude acquired by scanning the interface in z 

direction. 
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3.4.3. Mathematical simulation of the resonant TSFG spectra 

 Based on the discussion in the last section, numerical simulation of the obtained 

normalized TSFG spectra of oxidized and reduced forms of Hb was performed. The conclusion 

of the last section is that the spectral distortion of normalized TSFG spectra was the result of 

coherent interference between the nonresonnat and resonant terms, and the relative phase 

difference between the two terms (the value of θ in Eq. 4) was estimated as π under the current 

experimental condition. The parameters of ωres and Γres in Eq. 4 were speculated from the 

absorption spectra, namely the ωres was estimated from the peak position of the absorption 

spectrum and Γres was estimated from the width of the absorption spectrum. 

 Simulated normalized TSFG spectra are shown in Fig. 3-11 by the bold lines. The 

mathematical simulation reproduced the general forms of the experimentally obtained 

normalized TSFG spectra. The minor inconsistence between the experimental spectra and the 

simulated spectra were found around 390 nm. The reason of the inconsistence is not clear yet, 

but some experimental or analytical processes are considered to be related, because all 

normalized spectra including those of Hb solutions and BSA solution possess the same spectral 

shape around 390 nm (Fig. 3-7). This result indicates that the redox state and the electronic 

state of Hb can be investigated through the spectral analysis of resonant TSFG spectra. 
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Fig. 3-11 Obtained normalized TSFG spectra and simulated TSFG spectra. Thin lines are obtained spectra, 

and bold lines are simulated spectra. Green lines are results of the reduced Hb and orange lines 

are those of the oxidized Hb. 
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3.5. Short summary and future prospect 

 In this chapter, the development of electronically resonant TSFG microspectroscopy 

was introduced. TSFG is a non-degenerated analog of THG. By using white-light excitation, 

TSFG spectrum is accessible. Since TSFG takes place as a result of the interaction with three 

virtual states, resonance enhancement is expected to be observed if the energy of one of the 

virtual states and that of the electronic transition of the molecule is close to each other. Resulted 

resonant TSFG spectrum possibly provides the information on the molecular electronic state 

and the redox state. 

 In order to confirm resonance enhancement, TSFG spectra from hemoprotein 

solutions were observed. In comparison to the control spectra from the solvent and the BSA 

which was not resonant under the current experimental condition, TSFG spectra from 

hemoproteins showed clear enhancement of the signal. Thus electronically resonant TSFG was 

confirmed. 

 On the other hand, obtained TSFG spectra showed severely distorted spectral shapes. 

The reason of the distortion was theoretically analyzed using ASF. It was revealed that the 

contributions to the total TSFG signal from the former and latter part of ASF possess the same 

amplitude but are kept in anti-phase relation. Moreover, this result is irreverent to the position 

of the interface inside ASF. By applying this result to the current experimental condition, it was 

required that the relative phase between the resonant and nonresonant terms of the TSFG’s 

nonlinear susceptibility should be π. 

Based on this result, the resonant TSFG spectra were mathematically simulated. 

Although the small inconsistency was found presumably due to optical aberration and other 

experimental errors, the general shape of the resonant TSFG spectra were reproduced by 

mathematical simulation. Therefore it was concluded that the redox state of Hb could be 

directly analyzed through the detailed spectral analysis of resonant TSFG. 
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The redox state of Hb is deeply related to the human disorders, not only limited to the 

difference of the ability to transport the oxygen molecules. For example, the redox state of Hb 

plays important role in malaria, in which the person possessing larger contents of oxidized Hb 

than usual shows resistance against the causal protozoa[77]. Therefore, the detailed redox state 

analysis of Hb inside the life body possibly provides the important knowledge to treat malaria 

disease. The analysis of the toxic gases is another example which Hb’s redox state and 

electronic state are deeply related. In forensic science, identification of the Hb’s electronic state 

is useful to analyze toxic gases such as hydrogen sulfate, carbon monoxide and hydrogen 

cyanide. The application of TSFG to this analysis fastens the analytical time because TSFG is 

an interface sensitive technique and will not require the complicated pretreatment to measuring 

the blood sample. Hence, further development and experiment of the resonant TSFG technique 

will offer plenty of information on Hb and related biological functions. 
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Chapter 4 

 

Attempt to apply TSFG microspectroscopy to biological 

sample; cornea study 
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4.1. Introduction 

 In the chapter 3, I introduced multiplex TSFG microspectroscopy and resonant TSFG 

spectroscopy. In that study, the sample was homogeneous solution with Hb and any 

applications of TSFG spectroscopy to biological samples were not described. 

 In this chapter, the application of TSFG microspectroscopy to ex vivo imaging of the 

rat corneal tissue is introduced. As mentioned in the chapter 3, TSFG is one of the nonlinear 

optical processes, which attract enormous attention in the field of bioimaging due to their 

properties such as high speed measurement, deep penetration depth and intrinsic three-

dimensional sectioning capability[64,78–93]. Among these characters, multimodality of the 

nonlinear optical process makes itself a powerful analytical technique for biological samples. 

When the intrinsic light is irradiated onto the sample, various nonlinear optical processes can 

simultaneously take place[94–96]. Since each process takes place based on the different contrast 

mechanism, simultaneous detection of various nonlinear optical processes provides plenty of 

structural and molecular information inside the biological sample without any labeling and 

destructive processes. 

 In this chapter, first I introduce the optical setup and the obtained signal other than 

TSFG. The contrast mechanism of each nonlinear optical process is shortly described because 

it is of great importance to interpret the obtained images. Then the abstract of the sample, rat 

cornea, is described. At last, the application of the developed optical system to the imaging of 

rat cornea is introduced and what can be observed by the TSFG and the other nonlinear optical 

processes is described. 
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4.2. Experimental 

4.2.1 Optical setup 

 The schematic of the developed nonlinear spectral microscope is depicted in Fig. 4-1. 

This optical system can be regarded as the extension of the TSFG microscope described in the 

chapter 3. The light source was a cw Q-switched microchip Nd:YAG laser. The 

fundamental 1064 nm radiation with 800 ps pulse width was firstly divided into two. One was 

used as excitation radiations, and the other was introduced into a photonic crystal fiber. 

Supercontinuum radiation generated from the photonic crystal fiber passed through long-pass 

filters, and superposed by a notch filter with the 1064 nm radiation. Two radiations were then 

introduced into a modified inverted microscope (ECLIPSE Ti, Nikon) and irradiated onto a 

sample through an objective lens (CFI Plan Apo 60×/NA 1.2, Nikon). The sample was placed 

upon a piezo electric stage to perform raster scanning. The generated signals were collected by 

a second objective lens (Apo NIR 60×/NA 1.0, Nikon) and divided into two, namely into the 

visible components and the near-infrared components, by a dichroic mirror. The visible signal 

passed through short-pass filters, and introduced into a spectrograph (SpectraPro 300i, 

Princeton Instrument). The signal was detecetd by an air-cooled CCD camera (PIXIS 100BR 

eXcelon, Princeton Instrument). For the near-infrared component, the signal passed through 

short-pass filters and a notch flter, and introduced into a spectrograph (LS785, Princeton 

Instrument). The signal was detected by an air-cooled CCD camera (PIXS 100BR, Princeton 

Instrument). 
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 Fig. 4-1 Schematic diagram of the developed nonlinear spectral microscope. 

 

 

4.2.2. Sample preparation 

 12- to 16-week-old male Long Evans rats, each weighing 250 g to 400 g (Charles 

River Laboratories), were used. All animals were treated in accordance with the ARVO 

Statement for the Use of Animals in Ophthalmic and Vision Research. Experimental protocols 

were approved from the animal ethics review board in University of Tsukuba. Each rat was 

anesthetized by intraperitoneal injection of pentobarbital (25 mg/kg of body weight). Under an 

operating microscope, corneas of the eyes were excised. The corneas were immediately soaked 

in normal saline, and then placed between a glass bottom dish and a cover glass. 
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4.3. Observed nonlinear optical processes 

 Typical obtained spectra from the cornea sample are depicted in Fig. 4-2. All spectra 

shown in the Fig. 4-2 were generated from different positions of the cornea. In the visible 

wavelength region, TSFG was detected around 400 nm as a broad band signal. The sharp peak 

at 532 nm corresponded to the signal of second harmonic generation (SHG). Next to SHG, 

second-order sum frequency generation (SFG) signal was also detected. In the near-infrared 

region, sharp bands on the broad background were detected. These signals corresponded to 

those of coherent anti-Stokes Raman scattering (CARS). 

 Correct understanding of the contrast mechanism of each nonlinear optical process is 

of great importance in order to interpret the obtained image by each process. SHG (and SFG) 

signal is obtainable from the non-centrosymmetric structure because the nonlinear 

susceptibility of SHG is zero if the system is symmetric. Therefore, SHG is sensitive to the 

filamentous structure such as collagen fibers[97,98], myosin filament[99,100] and 

microtubules[101,102]. On the other hand, CARS is one of the third-order Raman processes and 

its contrast mechanism is the same as that of spontaneous Raman scattering. The CARS spectra 

thus contain the information on molecular vibration and structure[88,90,94,103]. However, obtained 

multiplex CARS spectra showed dispersive line shapes (Fig. 4-2). This distortion is originated 

from the interference between the resonant and the nonresonant signals, which is directly 

elucidated from Eq. 4 in the chapter 3. Moreover, due to the coherent interference of the process, 

the intensity of the obtained CARS spectra was not linear to the number of molecules. This 

made the interpretation of the obtained spectra quite difficult. 

In order to retrieve linear and non-distorted spectra from raw multiplex CARS spectra, 

the maximum entropy method (MEM) and time-domain Kramers-Kronig transformation have 

been developed[104–107]. In this study, MEM was applied in order to obtain Im[χ(3)] spectra, 

where χ(3) means the third-order nonlinear susceptibility. Im[χ(3)] spectra provide the same 

information as that spontaneous Raman spectra supply. 



62 

 

 

 

 

Fig. 4-2 Typical obtained spectra from the rat cornea sample. Differently colored spectra were obtained 

from different positions in the cornea. 
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 The spectra shown in Fig. 4-3 are obtained Im[χ(3)] spectra after the application of 

MEM and noise removal by singular value decomposition analysis to the original spectra 

shown in Fig. 4-2[108]. The insets in each spectrum are expanded spectra around the fingerprint 

region (900 – 1800 cm-1). Since the Im[χ(3)] spectra provide the same information as that the 

spontaneous Raman spectra provide, the assignment of the Raman band, which has been 

established by many previous studies, can be directly applied. Many molecular structural 

information is thus available from obtained Im[χ(3)] spectra. For example, the band at 1655 cm-1 

is assigned to the superposition of the cis C=C stretch of lipids and the amide I mode of proteins. 

The band at 1446 cm-1 is assigned to the CH bend mode of methylene (CH2) and methyl (CH3) 

functional groups. The sharp band at 1003 cm-1 is assigned to the phenylalanine residues in 

proteins. The weak band at 1480 cm-1, clearly recognizable in the blue spectrum, is assigned as 

the purine ring stretch mode. This mode can be used as a marker band for purine bases such as 

adenine and guanine in nucleotide. In the blue spectrum, the strong 1096 cm-1 band, 

corresponding to PO2- stretch of phosphate group, is recognizable. This band can be used as 

the marker band of nucleic acid. 

 As shown in this section, by the extension of the TSFG microscope, multimodal 

detection of various nonlinear optical processes from the biological tissue sample was achieved. 

This multimodality makes the present method a powerful analytical tool for bioimaging. In the 

next section, I describe what can be visualized by TSFG and the other nonlinear processes in 

the rat cornea. 
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Fig. 4-3 Retrieved Im[χ(3)] spectra from those shown in Fig. 4-2. The insets correspond to the 

 expansion of the fingerprint region spectra (900-1800 cm-1). 
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4.4. Imaging of rat cornea 

 The rat cornea sample soaked in normal saline was observed by the developed setup. 

The abstract of the rat eye tissue is depicted in Fig. 4-4 and that of the rat cornea is shown in 

Fig. 4-5. Cornea locates at the most outside of the eye, which functions as the protection of the 

eye tissue. Although the cornea is apparently transparent, it possesses the complicated layered 

structure as shown in Fig. 4-5. The outer layer of the cornea is called corneal epithelium (Ep), 

which is composed of layered epithelial cells. The downside of the Ep is corneal stromal layer 

(St), whose main constituent is the type-I collagen fibers. St also contains keratocyte, kind of 

a fibroblast. The inner layer of the cornea is called corneal endothelium, which has monolayer 

endothelial cells. Between Ep and St, a membrane structure called Bowman’s layer exists. On 

the other hand, a membrane like structure locates between St and endothelium is called 

Descemet’s layer. It should be noted that this layered structure of the rat cornea cannot be 

visualized without pretreatment such as staining. 

 The images shown in Fig. 4-6 are depth direction images of the cornea observed by 

the developed optical system. Each image corresponds to (a) TSFG, (b) SHG, (c) CARS at CH3 

stretch, (d) CARS at CH2 stretch, (e) CARS at CH bend, (f) CARS at purine ring stretch, and 

(g) CARS at phenylalanine residues, respectively. For reference, the H&E stained image of the 

cornea is also shown. It should be denoted that the sample of H&E staining was a frozen corneal 

section which was different sample from that nonlinear optical images (a)-(g) were observed. 

In these figures, the top part corresponded to Ep and the bottom is St. The scanning area of the 

image was 25 μm in the in-plane direction, and 175 μm in the depth direction. The available 

range of the image was restricted by the motion range of the piezo stage. Each image in Fig.4-

6 provided the different images which is originated from the different contrast mechanism of 

each nonlinear optical process.  
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   Fig. 4-4 Schematic of the rat eye tissue. 

 

 

   

Fig. 4-5 Schematic of the rat cornea tissue. 
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 In the TSFG image (Fig. 4-6a), the inside of the epithelial cells was visualized in Ep. 

This indicates that the intracellular structure of the epithelial cells is totally inhomogeneous. 

Between Ep and St, the membrane-like structure was visualized by TSFG. From the 

histological point of view, this structure is speculated as the basement membrane, which plays 

as a scaffold for epithelial cells. It is noteworthy that this structure was visualized only by 

TSFG. In St region, the flat structure was visualized. 

 In the SHG image (Fig. 4-6b), strong SHG signals were obtained from St layer. This 

result is consistent with the fact that the major component of St is type-I collagen fibers, which 

is known as a source of strong SHG signals[97,98]. In the CARS images (Fig. 4-6c-g), various 

structures were visualized based on the molecular structure of each layer. For example, in the 

CH2 stretch image (Fig. 4-6d), the cell membrane of the epithelial cells were visualized (the 

image showed doughnut-shape in Ep) because lipid molecules, which is a major component of 

the cell membrane, contain a lot of CH2 group. On the other hand, the purine ring image (Fig. 

4-6f) visualized the nuclei of the epithelial cells (the inside of the cell showed the strong 

signals). Since nucleotide including adenine and guanine as a part of the constituent molecules 

of DNA and RNA, the nuclei can be visualized by the purine ring image. It is notable that all 

TSFG and CARS images showed the flat structure in St layer. This structure was thus 

speculated as keratocyte because all signals from proteins, lipids and nucleic acids were 

detected. Since the keratocyte was strongly pressed by the collagen fibers in the healthy cornea, 

the keratocyte could be regarded as the optically heterogeneous structure in St, which is filled 

with collagen fibers. Thus the signal of TSFG was detected. 
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Fig. 4-6 Observed images of rat cornea in the depth direction. The scanning are is 25 μm in the in-plane 

direction, and 175 μm in the depth direction. (a) TSFG, (b) SHG, (c) CARS at CH3 stretch, (d) 

CARS at CH2 stretch, (e) CARS at CH bend, (f) CARS at purine-ring stretch, (g) CARS at 

phenylalanine residues, (h) referential H&E stained image. 
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 The images shown in Fig. 4-7 and Fig. 4-8 are the in-plane direction images observed 

in Ep (Fig. 4-7) and St (Fig. 4-8). The scanning area was 100 μm x 100 μm. Each image 

corresponds to (a) TSFG, (b) SHG, (c) CARS at CH3 stretch, (d) CARS at CH2 stretch, (e) 

CARS at CH bend, (f) CARS at purine ring stretch, and (g) CARS at phenylalanine residues, 

respectively. Comparing Fig. 4-7 and Fig 4-8, it is clear that Ep and St possess totally different 

inner structures. In Ep layer (Fig. 4-7), cellular structures (cell membrane and nuclei) were 

clearly visualized by CARS images (Fig. 4-7d, f). In the TSFG image, the heterogeneous 

intranuclear structures were visualized. It is notable that the TSFG image of Ep cells is not 

completely overlapped with that of the CARS images by purine ring (nucleic acid). This means 

that the inner structure of nuclei of epithelial cells cannot be regarded as homogeneous. In 

addition, particle-like structures were also visualized by TSFG. This pattern was not observed 

in the other images. Presently, I speculate that the origin of the particle pattern is water, which 

is possibly becomes a source of TSFG but does not provide any significant spectral signatures 

of Im[χ(3)]under the current condition. In St layer (Fig. 4-8), keratocyte was visualized in TSFG 

and CARS images (Fig. 4-8a, c-g). It is notable that SHG image (Fig. 4-8b) provided different 

patterns in comparison to the other images. Many fibrous structures in SHG image was 

speculated as the type-I collagen fibers. There are many types of collagens possessing different 

higher-order structures. For example, type-IV collagens is not filamentous but net-like 

structures. No SHG signal is thus detectable from type-IV collagens. Interestingly, the main 

constituent of the basement membrane which was mentioned in the axial direction image by 

TSFG (Fig. 4-6a) is type-IV collagens. It is thus reasonable that the membrane-like structure 

was not observed in the SHG image (Fig. 4-6b). 
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Fig. 4-7 Observed images of corneal Ep in the in-plane direction. (a) TSFG, (b) SHG, (c) CARS at CH3 

stretch, (d) CARS at CH2 stretch, (e) CARS at CH bend, (f) CARS at purine-ring stretch, (g) CARS 

at phenylalanine residues. The image corresponds to 100 × 100 µm2. 

  



71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-8 Observed images of corneal St in the in-plane direction. (a) TSFG, (b) SHG, (c) CARS at CH3 

stretch, (d) CARS at CH2 stretch, (e) CARS at CH bend, (f) CARS at purine-ring stretch, (g) CARS 

at phenylalanine residues. The image corresponds to 100 × 100 µm2. 
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 At last I performed three-dimensional imaging of the rat cornea ex vivo. Total 21 in-

plane direction images (40 × 40 µm2) were obtained with each 7.5 µm depth difference. Some 

of 21-depth resolved images, namely, 5 images with equidistant 22.5 µm depth positions from 

Ep (top) to St (bottom) are shown in Fig. 4-9. Since the optical axis of cornea tissue depends 

on the position of the sample, the optical axis of the microscopic system was different from 

that of the cornea. In Fig. 4-9, the left below part of the tissue was closer to the cover glass than 

the upper right. From the position of Ep to that of St, TSFG, SHG and CARS images showed 

characteristic depth dependence on their unique contrast mechanisms and their chemical 

specificities. In particular, doughnut-like and spot-like patterns are observed at the center and 

the edge of corneal epithelium by TSFG images. These patterns probably detect the boundary 

of nuclei in three-dimensional view. 

Fig. 4-9 Observed images of the rat cornea tissue in the three-dimensional direction; (a) TSFG, (b) SHG, 

(c) CARS at CH3 stretch, (d) CARS at CH2 stretch, (e) CARS at CH bend, (f) CARS at purine-

ring stretch and (g) CARS at phenylalanine residues. The image corresponds to 40 × 40 µm2. 
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4.5. Difficulty of the spectral analysis of TSFG from the tissue sample 

 In this chapter, I introduced the application of TSFG (and the other nonlinear optical 

processes) to the imaging of biological tissue samples. Obtained TSFG images provided 

characteristic pattern originated from the distinguishing contrast mechanism described in the 

previous chapter. Similar to the Hb experiment, it is expected that the detailed spectral analysis 

of TSFG provide the information on the molecular electronic state. 

 I tried to apply the spectral analysis established in the chapter 3 to the spectra obtained 

from the cornea. However, obtained spectral shapes were different from the Hb experiment. 

Especially, the spectral shape of TSFG signals showed the axial position dependence. Due to 

the positional dependence of TSFG, background of the TSFG spectra were unstable and the 

fitting with the Eq. 4 could not be applied. The reason of the depth position dependence is 

inferred to be the aberration caused by the thickness and the complicated structure of the 

corneal sample. Since the theory established in the chapter 3 supposes the aberration-free 

system, it is reasonable that the conclusion of the theory cannot be directly applied to the 

imaging of the cornea. In order to perform the correct spectral analysis, it is important to solve 

the positional dependence problem. 

 By the further development of the theory of TSFG and the optical system, it is 

expected that the difficulty of the spectral analysis of the multiplex TSFG will be overcome. 

This will enable the analysis of the electronic state (and the redox state) of the molecules inside 

the cornea. The development of the optical system will also enables various application. For 

example, real-time tracing of the wound healing process of the eye can be realized by the 

continuous measurement of TSFG, SHG and CARS signals. 
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4.6. Short summary and future prospect 

 In this chapter, the application of TSFG microspectroscopy to the observation of the 

biological tissue sample, rat cornea, was introduced. By the multimodality of nonlinear optical 

processes and extension of the optical system, simultaneous signal detection of TSFG, SHG 

and CARS was achieved. Since each nonlinear optical process is based on the unique contrast 

mechanism, the simultaneous detection makes the detailed molecular structural information 

inside the biological samples more accessible. 

 The application to the imaging of rat cornea revealed that the many intratissue and 

intracellular structures could be visualized through the multimodal imaging. In SHG image, 

the type-I collagen fiber generated the strong SHG signal and its oriented structure was 

visualized. In constructing CARS images, the application of MEM made the CARS spectra 

more informative. Resulted CARS images visualized the cellular membrane, nuclei and the 

distribution of the keratocyte. In TSFG images, some structures which were not visualized in 

the other imaging techniques could be found. The intranuclear structure given by TSFG 

indicates the heterogeneous environment of the nuclei. The speckle pattern which was currently 

speculated as water was visualized in Ep. The keratocyte was also visualized due to their 

flattened structure in St. Between Ep and St, the membrane structure speculated as the 

basement membrane was visualized, which was difficult to be observed by other analytical 

techniques. It should be emphasized that the current method enables the visualization of the 

detailed intrastructure of the cornea without any pretreatments. 

 In this thesis study, it was unsuccessful to elicit the molecular structural information 

from the spectral analysis of TSFG. This is presumably due to the optical aberration originated 

from the thickness of the corneal samples. Further development of the theory for the spectral 

analysis and the optical system will overcome the problem. This will make TSFG 

microspectroscopy more powerful analytical method to analyze the molecular electronic state 

in the tissue sample. 
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Chapter 5 

 

Concluding remarks 
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 In this thesis, I developed novel spectroscopic techniques which enabled analyzing the 

redox state of hemoproteins in the biological samples. To date, there have been many studies 

that reported the analytical methods to qualitatively or quantitatively analyze the redox state of 

hemoproteins. However, most of previously reported methods require the destructive 

experimental processes. The purpose of this thesis study is thus the development of the 

nondestructive analytical techniques of the redox state of hemoproteins. 

 In the chapter 2, I introduced the development of the 405 nm excitation resonance 

Raman microspectroscopy. Hemoproteins possess two major absorption bands, Q-band around 

550 nm and Soret band around 410 nm. The 405 nm excitation RRS uses the resonance between 

the incident light and Soret band transition, which showed five times larger absorption 

coefficient than that of Q-band transition. As expected from the difference of absorption 

coefficients, 405 nm excitation scheme provided the stronger intensity of signals than those of 

previously reported 532 nm excitation scheme. By the combination with 405 nm excitation 

scheme and the spectral fitting technique, sensitive and detailed analysis of the redox state of 

cytochrome species was achieved. The developed setup was applied to trace the redox state 

dynamics of the intracellular cytochrome species during apoptosis. Although cyt b did not show 

any significant changes of the redox state, cyt c showed the drastic decrease of the reduced 

form. From the thermodynamic point of view, reduced cyt c is more inert than reduced cyt b to 

oxidation. These facts indicate that the oxidation of cyt c during apoptosis is performed through 

the target specific manner. This is the unique result achieved by the developed analytical 

method due to its nondestructivity and single cell level resolution. The previously reported 

techniques were not applicable to single cell analysis. This is the first study that reported the 

intracellular redox state dynamics during the signal transduction process. 

 In the chapter 3, I introduced electronically resonant TSFG microspectroscopy. 

Electronic resonance enhancement of TSFG signal was confirmed by the measurement of the 

hemoprotein solutions. In order to interpret the TSFG spectra, the signal generation mechanism 
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of TSFG was theoretically analyzed. It was revealed that the spectral distortion of multiplex 

TSFG spectra was originated from the relative phase difference of π between the resonant and 

the nonresonant terms of nonlinear susceptibility. Based on the theoretical analysis, obtained 

TSFG spectra were mathematically reconstructed. This result indicates that the redox state and 

the electronic state of Hb can be directly identified through the spectral analysis of the 

multiplex TSFG spectra. In general, UV-visible microspectroscopy was applied to analyze the 

molecular electronic state with the high spatial resolution. Compared with this technique, 

resonant TSFG microspectroscopy is considered to be more useful if the analyte was 

complicated samples such as the blood. Though UV-visible absorption is severely affected by 

the matrix effect, TSFG will overcome this problem due to its interface-sensitivity. Therefore 

resonant TSFG microspectroscopy offers rapid and robust analysis of the hemoproteins. 

 In the chapter 4, the application of TSFG microspectroscopy to the biological samples 

was described. The rat corneal tissue was observed by the developed microscope. In addition 

to TSFG, SHG and CARS signals were simultaneously detected. The inner structure of the rat 

cornea was visualized without any labeling. Each nonlinear optical processes provided the 

various information originated from the different contrast mechanism. Especially, TSFG 

visualized the inside of the epithelial cells, basement membrane and keratocyte. Though the 

multimodal imaging with TSFG provided the informative images, the detailed spectral analysis 

of TSFG which established in the chapter 3 was not applicable to the spectra obtained from the 

cornea. The aberration of the optical system induced by thick and complicated sample was 

inferred to be the reason of the failure of the spectral analysis. The modification of the 

aberration by the improvement of the optical setup and the establishment of the theory taking 

into account the aberration will enable the spectral analysis of TSFG obtained from the 

biological tissue samples. 

 In this thesis study, spectroscopic methods were applied to the analysis of the redox 

state of hemoproteins. Recently, there have been many studies that apply the spectroscopy to 
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biological samples and attempt to elucidate the relationship between the molecular structure 

and biological functions. However, it is generally difficult to obtain the significant information 

on the biological phenomena. This thesis study revealed that the redox state of hemoproteins 

could be identified by the spectroscopic method in a nondestructive manner. As introduced in 

the general introduction, the redox state of biomolecules including hemoproteins plays the 

important roles to maintain the life. At the present, the developed analytical techniques are 

applicable only for the targeted hemoproteins. There are many other redox active molecules, 

however, inside the life body including from small molecules such as flavin analog and nicotine 

analog, to large proteins. By tuning the excitation wavelength, the redox state of the redox 

active biomolecules other than hemoproteins might be analyzed through RRS or TSFG. And 

the development of the redox state analysis of biomolecules other than hemoproteins will 

elucidate the various novel relation between the redox state and life phenomena. 
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