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英文摘要 

The objective of this research project (term of execution, 17 months) is to develop a 

microscope based on infrared-visible sum-frequency generation (SFG) for applications to 

surface catalytic reactions and biologically relevant surfaces. Originally the project was until 

July 31, 2009. However it was extended to December 31, because, unexpectedly, the 

laboratory to which the procured optical table was supposed to be installed had not been 

available until then.  

First the sample part of the SFG microscope has been constructed. A breadboard is 

used to mount optical components in a vertical plane. He-Ne laser outputs are used as a guide 

to align those optical components. The incident angles of the mid-infrared and 532 nm beams 

are chosen as 70º and 60º, respectively. To fulfill the phase matching condition, the angle of 

the SFG output is estimated to be 61.2º, which lies in between the mid-infrared and visible 

beams. Since a broadband femtosecond infrared light (about 400 cm-1 width) will be used in 

order to achieve multiplex SFG measurements, variation in the angle of the SFG output with 

the frequency of the infrared light is also calculated. We are currently making an effort to 

develop an SFG microscope by integrating the sample part into an existing femtosecond laser 

system.  

While waiting for the optical table to be installed, we have made full use of the 

procured CCD detector and combined it with a laboratory-designed Raman microscope. By 

using this apparatus, we study biofilms consisting of Escherichia coli grown on a glass 

substrate. A biofilm is a complex community of microorganisms that reside in a film-like 

architecture of extracellular polymeric substances. Comprehensive molecular vibrational 

imaging has been successfully demonstrated for the first time, which unravels highly 

heterogeneous nature of the E. coli biofilm. SFG studies of those biofilms are planned in the 

near future.  
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中文摘要 

此研究計畫的目的（執行期間為 17 個月）為要發展 infrared-visible sum-frequency 

generation (SFG) 顯微術應用在表面催化反應及和生物體表面。原本此計畫期限是至

2009 年 7 月 31 日，而後延長至 12 月 31 日。延長的原因在於為進行此計畫而購買的光

學桌無法在計畫截止前完成安裝測試，故延長至 2009 年年底。 
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首先 SFG 顯微鏡中放置樣品的元件已經架設完成，使用另一個光學元件架設平

台在垂直的平面上。輸出氦-氖雷射來引導以便校準光學元件。中紅外光與波長 532 nm

的雷射光的入射角分別選定為 70 度和 60 度。滿足實驗的條件下，可以使 SFG 訊號輸

出落在中紅外光與可見光區，此時 SFG 輸出訊號的角度大約 61.2 度。為了達到 multiplex 

SFG 的量測，我們使用寬波帶的飛秒紅外線光（波寬大約 100 cm-1），也同時計算紅外

線光頻率在 SFG 訊號輸出上的角度變化。目前我們正致力於將現有的雷射系統與樣品

作結合發展出 SFG 顯微術。 

等待光學桌安裝的同時，我們充分利用已購買的 CCD 偵測器與實驗室的拉曼顯

微鏡結合。使用這些器材，我們可以研究培養在玻璃基質上由大腸桿菌所組成的生物薄

膜。生物薄膜是一種複雜的微生物共同體，它存在於長的像薄膜結構的胞外聚合物質。

我們首當先例成功得到大腸桿菌分子振動的影像，這將會高度顯現大腸桿菌的表面異質

特性。在不久的將來，我們計畫將 SFG 應用在這些生物薄膜的研究上。 

 

中文關鍵詞 
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1. Introduction 

Surfaces are ubiquitous in chemical processes. They play a central role in solvent 

extraction, catalytic reactions, biochemical reactions in cells, and so on. However, compared 

to the long history of studies on the bulk, only little has been understood about surfaces from 

a molecular viewpoint. We know far less about dynamical information on molecules or ions 

involved in surface catalytic reactions and in biologically relevant surfaces such as 

membranes and biofilms. 

IR–visible sum-frequency generation (SFG) spectroscopy, initiated by Shen et al.1 in 1987, 

is a powerful technique to measure vibrational spectra at surfaces/interfaces. Because this 

technique is based on a second-order nonlinear optical process,2,3 the vibrational information 

contained is inherently interface-specific. SFG spectroscopy has found many applications in 

various disciplines of surface science including basic air–liquid interfaces,4,5 self-assembled 

monolayers (SAMs),6–8 adsorbed species at a solid–liquid interface,6 clean surfaces under 

ultra-high vacuum.9 Unfortunately, however, vibrational spectra obtained with SFG 

spectroscopy are spatially averaged, and hence detailed vibrational information on chemical 

heterogeneity at interfaces is lost in many cases. To facilitate space-resolved SFG 

measurements toward molecular vibrational imaging of surfaces, much effort has recently 

been devoted to combine SFG spectroscopy with either near-field10,11 or far-field12–14 

microscope. 

Saykally et al.10 used near-field scanning optical microscopy (NSOM) combined with SFG. 

Their light source was a Ti:sapphire laser/amplifier system operated at 1 kHz and an optical 

parametric amplifier (OPA). An 800 nm pulse (80 fs, ~3 J) and a mid-IR pulse (2.8–10 m, 

155 fs, ~10 J) were incident upon the sample in collection mode. The spatial resolution of 

~108 nm was achieved. They demonstrated SFG NSOM for chemical vapor deposited (CVD) 

disk of ZnSe, with data acquisition time of 30–35 min for 200 × 200 pixel arrays. Another 

near-field SFG imaging has been done by Y. Shen et al.11 They used a Q-switched Nd:YLF 

laser as a light source. The fundamental (1047 nm) and second harmonic (523.5 nm) were 

combined to illuminate the sample that was mounted with an index-matching oil on a fused 

silica prism under total internal reflection. The SFG signal was collected by an Al-coated fiber 

probe. They applied their SFG microscope to organic nanocrystals, showing that the spatial 

resolution of ~360 nm was achieved. However, it should be noted that the SFG microscope 

developed by Shen et al. uses near-IR light in the SFG process instead of mid-IR light, which 

results in poorer molecular specificity. 

Far-field SFG microscopy is advantageous in that it does not require scanning and 

nanoscopic tip (near-field fiber probe) which collects SF waves, but the signal is expected to 
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be much weaker than in near-field SFG microscopy. Kuhnke et al.12 developed an IR–visible 

far-field SFG microscope using a diffraction grating. With this method, they succeeded in 

acquiring direct SFG images without scanning. The laser source used was a Nd:YAG laser 

with 35 ps pulse duration and 20 Hz repetition rate. A 532 nm pulse and mid-IR pulse derived 

from an OPA were focused onto the sample with ordinary SFG geometry. A pair of camera 

lenses focused an intermediate image of the illuminated sample region on the grating. The 

SFG signal reflected by the grating was then collected with an objective and refocused with a 

tube lens onto a charge-coupled device (CCD) camera. They estimated the spatial resolution 

to be 4.9 m in horizontal and 3.1 m in vertical direction, which are worse than those 

achieved with the NSOM method. They used as a demonstration SAMs of the alkanethiol 

CH3–(CH2)17–SH. Baldelli et al.14 also developed this type of SFG imaging microscope and 

demonstrated it for microcontact-printed SAMs. Despite these pioneering work, development 

of SFG imaging microscopy and its application to surface science is still a challenging topic. 

In this grant proposal, we aimed at developing a new SFG imaging microscope system 

that is applicable to tracing dynamical behavior of surface catalytic reactions. We planned to 

use a 1-kHz repetition-rate femtosecond Ti:sapphire laser/amplifier and OPA system as a light 

source. An image of the target surface is directly acquired by a CCD camera in combination 

with a diffraction grating, which is similar to the previous setup.12,14 The spatial resolution is 

in principle determined by the wavelength of the visible light, not by that of the mid-IR light. 

The time resolution of sub-picosecond to picosecond15–18 is anticipated, which enables one to 

monitor ultrafast phenomena at surfaces. Wavelength tunability of the incident visible beam 

offers new possibilities of using electronic resonance enhancement in the SFG process.  

However in the course of the project, we found that the optical table which we procured 

could not be installed until the late stage of the project due to a serious delay in construction 

of the university facility. Therefore we had to apply for five-month extension of the project. 

Meanwhile we first built up the sample part of the SFG imaging microscope. The optimum 

angle of the SFG output was calculated for given angles of incoming visible and IR beams on 

the basis of the standard theory of SFG.3 The optical components were aligned on a 

breadboard so that the three beams (the visible and IR inputs, and the SFG output) satisfy the 

phase matching condition and achieve high SFG efficiency.  

Furthermore, while waiting for the optical table to be installed, we made full use of the 

procured CCD detector and combined it with a laboratory-designed Raman microscope. 

Raman microspectroscopy is capable of molecular vibrational imaging, the concept of which 

is analogous to SFG imaging, although it is intrinsically nonspecific to surfaces/interfaces. We 

used this technique to study biofilms.19–21 A biofilm is defined as a microbial community 
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encapsulated in a self-produced extracellular polymeric substances (EPS) adherent to a living 

or inert surface.21 Biofilms have been chosen to study in this project mainly because they 

involve biologically relevant surfaces, which too are a target of this project.  

Biofilms are found everywhere; they can grow on a tooth, on the surface of a pipe, in a 

catheter, and so on. They exhibit high antibiotic resistance compared with a planktonic 

counterpart.20 Different microcolonies in a biofilm are known to communicate with one 

another, and this phenomenon is called quorum sensing.22 Despite those intriguing 

characteristics and their broad importance in science, the structure and functions of biofilms 

have not been understood at the molecular level.23–28 In this work, Raman microspectroscopy 

is used (i) to analyze biofilms extracted from activated sludge that is used in waste-water 

treatment and (ii) to understand more fundamental properties of biofilms by using a model 

system that consists of Escherichia coli. The former will demonstrate the potential of Raman 

microspectroscopy for in situ biofilm analysis, while the latter is expected to serve as a good 

starting point of more systematic studies of the structure and functions of biofilms. A Raman 

mapping experiment has revealed highly heterogeneous molecular distribution associated 

with biofilm formation. In this regard, SFG studies of biofilms, which allow for IR imaging 

with sub-m spatial resolution, will also be very interesting.  

 

2. Methods 

2.1. SFG microspectrometer 

The SFG part of the microspectrometer is the same as the standard configuration in the 

second-generation (multiplex) SFG spectrometer.29,30 The principle of multiplex SFG 

spectroscopy is depicted in Fig. 1. The target surface is irradiated with a broadband IR pulse 

and a narrowband visible pulse (wavelength = 532 nm), and the SFG signal is generated in the 

Fig. 1. Principle of IR–visible sum-frequency generation (SFG) process. 
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phase-matched direction. To fulfill the phase-matching condition and get a sufficient SFG 

signal, both the visible and mid-IR pulses are incident upon the surface with angle of 60 to 70 

degrees from the surface normal. The broadband IR pulse generates a vibrational spectrum 

over 400 cm−1 range. 

The most significant part of the apparatus lies in the imaging part. An SFG signal cannot 

be generated efficiently with ordinary forward or epi-detection configuration, where both 

visible and IR beams are incident perpendicular to the sample surface. In this proposal, we 

use a pair of camera lenses to focus an intermediate 1:1 image of the irradiated surface area on 

a diffraction blazed grating (see Fig. 2). The SFG signal reflected by the grating is then 

collected with a 10× long-working distance microscope objective and refocused with a tube 

lens onto a CCD camera with 1024 × 1024 pixels of (13 m)2 area each. Reflected visible and 

IR beams are blocked by a shortpass filter. The SFG image for a selected vibrational band 

within the broadband IR is obtained using a bandpass filter with very small bandwidth. 

Another bandpass filter is used when we measure the “background image” that contains only 

vibrationally nonresonant signal. Subtraction of these two images yields the SFG image that 

has higher vibrational contrast. Depending upon the objective used, a resolution down to 1 m 

can be expected. With a magnification factor of 10, the total field of view seen by the CCD is 

~(500 m)2, which should be large enough for many of surface studies. 

2.2. Confocal Raman microspectrometer 

A schematic layout of our confocal Raman microspectrometer is shown in Fig. 3. It 

consists of a He-Ne laser (wavelength = 632.8 nm), a custom-made microscope, an imaging 

Fig. 2. Optical layout of the SFG imaging microscope. 
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spectrograph, and a CCD detector, 

which was originally purchased for the 

SFG experiment. The excitation laser is 

focused onto the sample set on the 

microscope stage by a 100× objective, 

and the back-scattered Raman signal is 

collected by the same objective. A 

pinhole (diameter = 50 m) is located 

in front of the spectrograph to achieve 

confocal detection. When an XYZ 

piezoelectric translation stage is implemented, the apparatus is capable of doing Raman 

mapping. The estimated spatial resolution is 300 nm in the lateral direction and 3.1 m in the 

axial (depth) direction.   

 

3. Results and discussion 

3.1. Development of the sample part 

We have constructed the sample part of the SFG imaging 

microscope (Fig. 4). This part is the key to determine high 

generation efficiency of the SFG signal. Since SFG is a 

parametric process, energy conservation must be fulfilled:  

 Vis IR SFG    .              (1) 

Here Vis, IR, and SFG are the angular frequencies of the 

incident visible light, the incident IR light, and the SFG signal, 

respectively. In addition to Eq. (1), momentum conservation is required as well:  

 Vis IR SFG k k k , (2) 

where kVis, kIR, and kSFG are the wave vectors of the incident visible light, the incident IR light, 

and the SFG signal, respectively. Equation (2) is known as the phase matching condition.2,3 

For an SFG process shown in Fig. 5, Eq. (2) can be written as 

 Vis Vis IR IR SFG SFGsin sin sin       , (3) 

where Vis, IR, and SFG denote the angles with respect to the surface normal, of the incoming 

visible light, the incoming IR light, and the SFG signal, respectively. The optical components 

that introduce the visible and IR inputs and collect the SFG output must be aligned so as to 

satisfy Eq. (3); otherwise the SF signal will not be generated efficiently. Here the incident 

angles of the visible (532 nm) and mid-IR (3000 cm−1) beams are chosen as 60º and 70º, 

respectively. The angle SFG that satisfies Eq. (3) is calculated to be 61.2º, which lies in 

Fig. 3. Schematic diagram of the confocal Raman 
microspectrometer. 

Fig. 4. Sample part of the 
SFG setup. 
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between the IR and visible beams. The two camera lenses (see Fig. 2) need to be put along 

this direction. 

A broadband IR light will be used, so IR changes within the band width (~400 cm−1). We 

also take into account this variation in IR. Given that the band center of the IR radiation is 

3000 cm−1, the corresponding wavelength changes from 3.125 to 3.571 m. Again by using 

Eq. (3), the angle SFG is found to change from 61.1º to 61.3º accordingly, which is negligibly 

small compared to the high f-number of the camera lenses used.  

3.2. Molecular vibrational imaging of biofilms 

(a) Biofilms extracted from activated sludge 

Two types of activated sludge-extracted biofilms have 

been provided by our collaborator at Tsukuba University. 

They are denoted biofilms 1 and 2 (see Fig. 6).  

Figure 7 shows two representative space-resolved Raman 

spectra measured from biofim 1. Inspection at various 

locations on biofilm 1 shows that Raman spectra of biofilm 1, 

except feature-less spectra due to autofluorescence, fall into 

those two categories. The spectrum in Fig. 7a shows 

characteristic features of carotenoids. The prominent bands centered at 1514, 1159, and 1010 

cm−1 are assigned to the C=C stretch, the C–C stretch, and the CH3 rock, respectively.31 

Therefore this Raman spectrum strongly suggests the presence of abundant carotenoids in 

biofilm 1. In contrast to the Raman spectrum in Fig. 7a, that in Fig. 7b is dominated by a 

sharp, intense band that appears at 996 cm-1. Based on the fact that Raman bands originating 

from abundant CH groups in biological samples, such as the CH bend, are not clearly 

observed in this spectrum and that the Raman shift of 996 cm−1 is close to the SO4
2− 

Fig. 6. Biofilms 1 and 2. 

Fig. 5. SFG process at a surface (see text for details). 
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symmetric stretch frequency, some inorganic compounds23 (minerals) are likely to exist in 

biofilm 1.  

In contrast with white, film-like biofilm 1, biofilm 2 is a dark-green suspension. Under 

the microscope, biofilm 2 does exhibit a substantially different world from biofilm 1. Figure 8 

shows an optical microscope image of biofilm 2, which captures a distinctive helical structure 

extending more than 100 m. This structure turns out to be the cyanobacteria called Spirulina 

(A. platensis). The space-resolved Raman spectrum obtained at a position on the helix is also 

displayed in Fig. 8. The Raman spectrum looks very complicated. Assignment of those 

Raman bands to common biological molecules (nucleic acids, proteins, and polysaccharides) 

available in reference database32,33 has been attempted but, so far, in vain. A clue to solve this 

conundrum would be that unlike ordinary Raman bands of biological samples, most of the 
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Fig. 7. Two representative space-resolved Raman spectra measured from biofilm 1 together 

with optical micrographs. The bar in the optical micrograph in (b) measures 5 m. 
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Raman bands observed are extremely sharp. Substances responsible for those bands may 

occur in crystals.  

In conclusion, Raman microspectroscopy has been demonstrated to be highly suitable for 

in situ studies of biofilms used as a bioremediation tool, despite their complicated nature. 

(b) Escherichia coli biofilm 

In order to understand the structure and functions of biofilms from a more fundamental 

aspect, a model system for biofilms needs to be investigated. Although the biofilms that are 

used practically in waste-water treatment are interesting to study, they are simply too complex, 

as shown above, to perform a systematic study. In this study, a biofilm of well-known 

Gram-negative bacteria E. coli is used. Since E. coli is widely used in microbiology and 

biotechnology as a model microorganism, Raman studies of an E. coli biofilm will serve as an 

excellent platform for in vivo characterization of biofilms at the molecular level.  

Space-resolved Raman spectra of an E. coli biofilm 24 hours after initiating cell culture 

are shown in Fig. 9. Even at this early stage of growth, the biofilm was heterogeneous; a 

dense region (the upper photograph) and a less dense region (the lower photograph) were 

found. However the Raman spectra measured in those two regions look nearly identical. Both 

spectra agree quite well with the Raman spectrum of planktonic E. coli reported previously.34 

It is thus concluded that the biofilm shown in Fig. 9 is in the first stage of growth, where 

initial adhesion of planktonic cells to the substrate takes place.20 After one week, as can be 

seen from the optical micrographs in Fig. 10, the biofilm became much more heterogeneous; a 

number of island-like structures (“microcolonies”) formed. The Raman spectra measured 

outside the microcolony (spectrum C) is similar to what we observe from a planktonic cell. 

The Raman spectra measured inside the microcolony (spectra A and B) show many additional 

bands compared to spectrum C. Some of those Raman bands are identified as the CH bend of 

aliphatic chains (1455 cm−1), the COO− symmetric stretch (1408 cm−1), the breathing mode of  

phenylalanine residues in the side chains (1005 cm−1), and the Fermi doublet35 of a 

ring-breathing vibration and the overtone of an out-of-plane ring-bending vibration of tyrosyl 

residues (847 and 835 cm−1). These Raman bands indicate that the microcolony is protein-rich. 

The dominant constituent of the biofilm structure is known to be exopolysaccharides, so the 

remaining Raman bands may be assigned to polysaccharide vibrations. In particular, colanic 

acid,36 which is the exopolysaccharide produced by a mucoid E. coli strain, is one of the most 

plausible candidates. A previous study using microanalytical methods37 show that the 

composition of colanic acid produced by E. coli S53 strain is: fucose, 30.4%; glucose, 18.2%; 

galactose, 26.0%; and glucuronic acid, 18.0%. We are currently measuring reference Raman 

spectra of those compounds in order to compare with spectrum A (or B) in Fig.10.  
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To reveal molecular distribution inside the microcolony, we did a Raman mapping 

experiment.38,39 In the Raman mapping experiment, the sample is scanned by using the 

piezoelectric stage with the laser focus fixed, and the Raman spectrum is recorded at each 

point on the sample. Subsequently the two-dimensional map of the intensity distribution of 

Fig. 9. Space-resolved Raman spectra of a biofilm that consists of E. coli measured 24 hours 
after starting cell culture. The laser power at the sample was 5 mW, and the accumulation time 
was 100 s. 

Fig. 10. Space-resolved Raman spectra of the E. coli biofilm measured one week after starting 
cell culture. The laser power at the sample was 5 mW, and the accumulation time was 60 s. 
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each band is constructed via curve fitting or spectral integration. Raman images obtained from 

a microcolony in the one-week E. coli biofilm are displayed in Fig. 11 for the bands at 1455, 

1408, 1004, 922, 833, and 533 cm−1, together with an optical micrograph of the microcolony. 

The dimension of each image is 15 × 16 m. The Raman images in Fig. 11 clearly visualize 

highly heterogenous nature of the biofilm. It follows from the images that molecular species 

responsible for the six Raman bands are well localized in the microcolony, and that they show 

quite similar distributions.  

Fig. 11. Raman mapping result of a microcolony of the 24-h E.coli biofilm. The 
left image in the top row represents an optical micrograph of the colony, and the 
others are Raman images for the bands at 1455, 1408, 922, 834, and 533 cm−1. Red 
color corresponds to higher intensities, while blue lower.  
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5. Self-evaluation 

Due mainly to the delay in construction of University facilities and many troubles in the 

laser, unfortunately the outcomes reported here are a bit different from what was anticipated. 

We deeply regret that the development of the SFG imaging microscope system has not been 

completed within the term of execution. As reported above, we are done with the construction 

of the sample part and laser training for a student involved. We also took advantage of the 

CCD camera that we purchased for the project and implemented it in a Raman microscope 

system so as not to waste this expensive instrument. With this, it has become possible to carry 

out molecular vibrational imaging of biologically relevant surfaces, which is one of the goals 

of this project, although the use of Raman microspectroscopy was not included in the 
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proposal. To the best of our knowledge, our study of the E. coli biofilm is the first to show 

comprehensive in situ analysis of biofilms. There indeed are several reports on Raman studies 

of biofilms, but none of them chemically identifies exopolysaccharides produced in the 

biofilms they studied and clarify the structure–function interplay. We will publish the results 

in a high-impact factor journal as soon as we are done with the assignment of the observed 

Raman bands. Our detailed study will bring about a broad impact in a variety of fields 

including microbiology, ecology, and medicine. For instance, if the EPS composition of a 

biofilm is determined by this method, then it will be possible to predict reagents that can 

efficiently remove the EPS from the surface to which the biofilm adheres. Such an efficient 

removal of EPS will be of great help for reducing bacterial infections of medical instruments. 

Finally, needless to add, we are continuously making every effort to finish developing the 

SFG imaging microscope.  
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6. Appendix 

The poster presented in the conference “Annual Meeting of Japan Society for Molecular 

Science”.  
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