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In this trip, I visited the Hamaguchi group at the University of Tokyo and the
Nomura group at the University of Tsukuba. The primary objective of the visit to the
University of Tokyo was to discuss with Professor Hiro-o Hamaguchi our revised
paper submitted to Chemical Communications and possible ways to squeeze out our
students’ travel support for the International Summer School, which will be held in
Japan next month. In addition, I attended a regular group meeting of the Hamaguchi
group. During my visit to the University of Tsukuba, I met with our collaborator,
Professor Nobuhiko Nomura. We discussed new collaborative projects on Raman
imaging studies of nitrate bacteria and Lactobacillus as well as some preliminary
results of our previous project, that is, vibrational spectroscopy of bacteria-derived
alginates.
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The purpose of the visit to the University of Tokyo is to discuss with

Professor Hiro-o Hamaguchi our paper in revision for publication in Chemical

Communications and the International Summer School held in Izu, Japan,

during July 15-17. The visit to the University of Tsukuba is meant to have a

discussion with Professor Nobuhiko Nomura about our ongoing collaborative

projects and possible future plans.
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The schedule of my visit is summarized as follows:

6/9 | 14:30 Arrival at Tokyo (Narita)

6/10 Stay at the University of Tsukuba
10:30-15:00  Discussion with Prof. Nomura and his postdoctoral

researcher and student

6/13 Stay at the University of Tokyo

: 10:00-12:00  Attend group meeting
12:00-13:00  Luncheon meeting

13:00-14:00  Discussion with Prof. Hamaguchi

18:10 Leave for Taiwan

June 10. I met with Prof. Nomura of the University of Tsukuba. He is one of
our collaborators in Japan, who is working on quorum sensing (cell-cell
communication) in bacterial biofilms. We initiated our collaboration in 2008,
and since then, we have been seeking for a new platform of biofilm studies at
the molecular level, in which Raman microspectroscopy and imaging are
combined with microbiological approaches. The outcome of the collaborative
project on Raman imaging of Escherichia coli biofilms has been accepted for
publication in Journal of Raman Spectroscopy (see the attachment). I gave a
follow-up report on this project and ongoing Raman studies of Rhodococcus sp.
SD-74 biofilms. Then we discussed future projects including Raman imaging of
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nitrate bacteria and of Lactobacillus. Given that the oxidation of ammonia to
nitric acid (HNOs) through nitrous acid (HNO,) by ammonia oxidizing bacteria
and nitrate bacteria is a crucial step in wastewater treatment, it will be
environmentally very important to chemically visualize the localization of nitric
acid and nitrous acid. These bacteria samples will be sent to us soon.

We continued our discussion during lunch with Dr. Masanori Toyofuku, a
postdoctoral research in the Nomura group, and Ms. Kaori Ono, an
undergraduate student of Prof. Nomura. I explained the experimental details of
Raman microspectroscopy to Ms. Ono; she is working on the effects of amino
acids on the formation of E. coli biofilms found in our Raman imaging study.
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June 13. I paid a routine visit to the Hamaguchi laboratory at the University
of Tokyo. In the morning, I attended the weekly group meeting. I happened to
meet Mr. Minami, an alumnus of the Hamaguchi group. He is currently working
for a company developing embedded Linux systems and was invited to talk
about the software that he developed for multivariate analysis of a large number
of Raman spectra. Following Mr. Minami’s presentation, Mr. Kotatsu Bito, a
Ph.D. student of the Hamaguchi group, gave a progress report. He showed
preliminary results of simultaneous measurements of both coherent Stokes and
anti-Stokes Raman scattering (CSRS and CARS, respectively) spectra with the
help of supercontinuum light. Finally, Mr. Masanari Okuno gave a practice talk
for his poster presentation in the 15" International Conference on
Time-Resolved Vibrational Spectroscopy. He presented a time-resolved CARS

imaging study of the dissolution process of mammalian cells. I was much
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impressed by the speed of CARS imaging.

After the morning meeting, I had lunch with Prof. Hamaguchi, Mr. Minami,
and Mr. Chikao Onogi. We discussed in more detail the application of the
multivariate analysis software developed by Mr. Minami to our Raman data. I
was excited by the power of that analytical software and plan to test it as soon
as possible.

Furthermore, I had a one-to-one discussion with Prof. Hamaguchi about our
revised manuscript submitted to Chem. Commun. and about the financial

support for my students’ travel to attend the International Summer School.
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All the discussions that I had during this visit are of great help for ongoing
research in my laboratory; in particular, the fact that we will be able to use
multivariate analysis software for Raman data is very good news to us. The
_discussion with Prof. Nomura brought me an idea to establish a research center
(or association) in Taiwan for spectroscopic investigations of biofilms oriented
to environmental sciences. As always, I highly appreciate kind support from the

ATU plan.
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® Outcome of the collaboration with Prof. Nomura published in Journal
of Raman Spectroscopy (IF 3.147; 7/39 in Spectroscopy)
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Leucine pools in Escherichia coli biofilm
discovered by Raman imaging

Hemanth Nag Noothalapati Venkata,® Nobuhiko Nomura® and
Shinsuke Shigeto®*

In structured communities of bacteria known as biofilms, a variety of biomolecules have been shown to play a unique role as
signals and/or regulators.in biofilm formation. Here, we report that high levels of the amino amd Ieucme (Ieucme pool) were
detected, for the first time, within microcolonies in a 30-h-old Escherichia coli biofilm by R ion of leucine
revealed by multifrequency Raman images indicates leucine accumulation during the early stage of the E. coli blofilm formation,
which may have resulted from physiological enviror ~speclfic k We d rate that our label-free
Raman imaging method provides a useful platform for directly identifying still unknown natural products produced in biofilms
as well as for visualizing heterageneous distributions of biofilm constituents in situ. Copyright (€ 2011 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Biofilms are structured consortia of sessile bacterial cells adherent
to a surface that are encased in ah-extracellular matrix comprising
exopolysaccharides, proteins, and DNA. While traditional micro-
biology has:focused on planktonic bacteria, it is bacterial cells in
biofilms that play a central role in many microbe-associated pro-

«cesses such as bacterial infections,'?) wastewater treatment,®
‘and bioremediation ¥ Inall these processes, various biomolecules
‘serveaschemical signals; regulators, and structural components.®!

For example, in many species including Pseudomonas aerugi-
nosal®? and Staphylococcus aureus,'® extracellular DNA has been
shown to be required for initial biofilm formation, Very recently,!
it has been reported that some p-amino acids trigger biofilm dis-
assembly in-Bacillus subtifisand other bacteria. These studies have
been done mostly with biochemical assays and/or fluoreéscence
imaging. However, the former often lacks space-resolved informa-
tion, and the latter has only limited access to the information on
molecularstructures and microenvironments in biofilms.

As a first step to fully understand how the biomolecules in
biofilms, regardless of whether they are already identified -or
not, fulfill their advanced functions, we used a label-free Raman
imaging method to study the constituents of an Escherichia coli
biofilm in situ and to visualize their distributions in the biofilm. We
found that high levels of the amino acid leucine were localized
within microcolonies in the E, coli blofilm.

Experimental

Space-resolved Raman spectra were recorded on a laboratory-
built confocal Raman microspectrometer with 632.8 nm excitation
(see the Supporting Information for details). Spatial resolutions
‘of 300nm in the lateral direction and 2.4pm in the axial
direction were. achieved. The laser power was 3mW at the
sample pointthroughout this work. For the space-resolved Raman
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measurements, the exposure time was 60 s for'the E. coli bicfilm,
100 s for a planktonic cell, and 30.s foramino acids. For the Raman
imaging measurements, the sample was translated at 0.5um
intervals both in X and Y directions and the Raman 'spectrum
was recorded at each point:with a 1-s exposure time, To iImprove
image contrast, we employed a numerical post-treatment based
on singular value decompositiont®'"} (Supporting Information).

E. coli XL.1-Blue was routinely cultured in LB medium at 37°C.
Biofilms were grown on a glass-bottomed dish at'37 °Cunderstatic
conditions. After 30 h, excess LB medium was gently pipetted out
from the edges ofthe dish. The sample was then transferred directly
to the microscope stage for Raman measurements without any
further pretreatment. All the amino acids were purchased from
Sigma-Aldrich and recrystallized once.

Results and Discussion

Everywhere in the 30-h-old £ cofi biofilm, microcolonies were
observed as shown in Fig. 1 {inset). Figure 1(a)~(c) compares the
Raman spectra recorded Inside and outside the microcolony at
~3 um above‘the substrate with that of a planktonic £ cofi cell
measured independently using optical trapping. The extracolonial
spectrurm - was almost identical to the planktonic Raman spectrum
with few exceptions including the Raman band at 1408 cm™!
This band is due probably to the COO~ symmetric stretch
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