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Welcome Back to Ulm
We’re delighted to once again host our core community, in person, for the 18th Confocal Raman
Imaging Symposium.
As restrictions recede, we can now return the event to its intended form, with new research
captivating a live audience and colleagues chatting in-real-life during poster sessions, over
dinner and between equipment demonstrations.
Raman imaging is evolving from a powerful specialty into an essential component of welloutfitted laboratories. The Confocal Raman Imaging Symposium has become the central
occasion to mark this progress, and the premier forum to present cutting-edge results.
The first day of the conference will be bookended by a comprehensive introduction to Raman
microscopy and an evening lecture focused on Ulm’s most esteemed citizen: Albert Einstein. The
second day will conclude with the Poster Award ceremony and the final day will move to WITec’s
recently expanded headquarters facility to showcase the latest product developments in our
new demo laboratories.
Carrying forward the tradition of past Symposia, there will be something for just about everyone
this year: microplastics, life sciences and biomedicine, astromaterials, plant cell biology,
low-dimensional materials, soil science, and pharmaceutical research. These topics will be
accompanied by presentations on advanced techniques such as correlative Raman-SEM-EDS
analysis, Raman calibration standards, and cryogenic Raman imaging.
We hope you thoroughly enjoy the 13 speakers, 30 posters, and the time spent in Ulm with your
fellow attendees.
Sincerely,
Dr. Joachim Koenen and Dr. Olaf Hollricher – Founders and Managing Directors of WITec

Dr. Joachim Koenen (left) and Dr. Olaf Hollricher (right)
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General Information

General Information
Locations
See enclosed city map and directions for details (pp. 11 - 13).

Conference talks and poster sessions (September 26 - 27)
Stadthaus Ulm, Münsterplatz 50, 89073 Ulm
Directly southwest of the Ulm Minster (see p. 11)

Conference dinner (September 27, 7:00 p.m.)
Restaurant “Krone“, Kronengasse 4, 89073 Ulm
Ca. 100 m southwest of the townhall and the central library (see p. 11)

Equipment demonstration (September 28)
WITec Headquarters, Lise-Meitner-Str. 6, 89081 Ulm
Streetcar stop “Science Park II“ nearby, parking spaces available (see pp. 12 - 13)

Meals
Lunch and dinner on September 27 as well as lunch on September 28 will be provided by WITec.

WLAN
WLAN will be available throughout the conference.
Participants will receive individual access codes for the WLAN in the Stadthaus.
In the WITec Headquarters building, you can access the WLAN for guests with the following details.
WLAN name: Pegasus		

WLAN password: Goldwing4all!
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Ulm & Neu-Ulm
The Twin Cities on the Danube
Middle ages meets modernity
Ulm’s citizens are an audacious people; they commissioned star architect Richard Meier to design the dazzling
white and geometric Stadthaus, located adjacent to
the revered and ornate Ulm Minster. Modern buildings,
including the Weishaupt museum and the glass-walled
pyramidal central library, surround the medieval town hall.
Ulm is also home to a truly unique superstar, the “Löwenmensch” (lion man). It was made in a cave near Ulm some
32,000 years ago from the tooth of a young mammoth.
“Löwenmensch” is to date the oldest figurative art ever
found.
Other famous residents of Ulm were Albert Einstein, born in
the town, and resistance fighters Hans and Sophie Scholl,
who were excecuted in 1943 in Munich.
Founded around 850 and long renowned as a free imperial
city, Ulm has many sites of historical interest. The best
known is the gothic Minster, the tallest church in the
world. Begun in 1377, it was built for 20,000 people, then
twice the population of the city. Building costs were paid
completely by Ulm’s citizens. Another nearby attraction
is the historical town hall with its lavishly painted, early
Renaissance facade. The ornamental astronomical clock
was installed around 1520.
From here to the southwest extends the fishermen’s and
tanners’ quarter with its half-timbered houses, which dates
back to the Middle Ages. This district includes, at and
over the river Blau, the Leaning House. Nearby is the Oath
House. From 854 to the 14th century it was the King’s Palace
in Ulm, then it was used as a commercial center. Today it’s
the home of the local history museum. It plays a central
role in an important Ulm tradition; every year on “Schwörmontag”, a local public holiday in July, the Mayor of Ulm
reaffirms the historical oath of the town’s constitution.

View of the Ulm Minster and old town on the river Danube

Ulm Minster and Stadthaus
© Karin Hollricher, WITec GmbH

Neu-Ulm and its Danube island were
separated from Ulm in the aftermath of
the Napoleonic Wars. Since then, Ulm has
belonged to Baden-Württemberg, NeuUlm to Bavaria.

Both images below:
© Ulm/Neu-Ulm Touristik GmbH - Anna Beyrer (CC0)

The lion man in the Ulm Museum
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Streetcar stop
“Main Station”
Line 2 to
Science Park II

Main Train
Station

Streetcar stop
“Theater”
Line 2 to
Science Park II

Map © Ulm/Neu-Ulm Touristik GmbH-IKONS Intermedia Concepts.

Symposium Locations 2022

Ulm City Map

Conference Location
Stadthaus
Münsterplatz 50, 89073 Ulm
September 26 and 27

Dinner at
Restaurant Krone
Kronengasse 4, 89073 Ulm
September 27, 7.00 p.m.

Directions to WITec, Ulm
Würzburg
Stuttgart

Berliner Ring

München/Munich

A8

Exit 62
B10

Ulm

A7

B28
N

Exit 122
W

E

S

Memmingen/Kempten

By car
On motorway A7 from the South (Kempten/Memmingen)
At interchange Hittistetten take exit Ulm/Neu-Ulm/Senden (Exit 122) onto B28. Drive past Neu-Ulm,
continue along the B10 through Ulm, up the hill. Take exit Langenau/Wissenschaftsstadt/Kliniken/
Eselsberg. Keep left - you are now on the Berliner Ring ...

On motorway A7 from the North (Würzburg)
At interchange Ulm/Elchingen merge onto A8 towards Stuttgart. Take exit 62 Ulm-West onto the B10
towards Ulm/Friedrichshafen. After about 4 km take exit Blaustein/Wissenschaftsstadt to get onto the
Berliner Ring ...

On motorway A8 from East (München) and from West (Stuttgart)
Take exit 62 Ulm-West onto the B10 towards Ulm/Friedrichshafen. After about 4 km take exit Blaustein/
Wissenschaftsstadt to get onto the Berliner Ring ...

... continued
When you have reached the Berliner Ring, turn left at the second light onto Wilhelm-Runge-Straße/
Science Park II. Then turn right at the next crossing onto Lise-Meitner-Straße. After 200 meters you will
have reached your destination, WITec Headquarters. Parking places are in front of the building or ca.
150 m down the street next to the tram station.
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From airports by trains
Frankfurt (280 km)
Take the train from the airport to Ulm Hbf (Ulm main station). Takes 2 - 2.5 hrs.

Stuttgart (80 km)
Take the S-Bahn (local train) S2 (towards Schorndorf) or S3 (towards Backnang), platform 2 and exit at
Stuttgart Hbf (main station). From there, take a train to Ulm Hbf (Ulm main station). Takes 1.5 - 2 hrs.

München/Munich (160 km)
Take the S-Bahn (local train) S8 (towards Herrsching) to München-Pasing or the S-Bahn S1 (towards
München Leuchtenbergring) to München Hbf (main station). From there change to a train to Ulm Hbf
(main station). Takes 2 - 2.5 hrs.

Memmingen (60 km)
Take the bus line 810 or line 2 to Memmingen Bahnhof/ZOB. Then take a train to Ulm Hbf (main station).

Ulm main station
From Ulm Hauptbahnhof (Hbf, main station), take the streetcar/tramway (Straßenbahn) Line 2 towards
Science Park II. Get off at the final stop (Science Park II) and walk uphill, along Lise-Meitner-Straße. After
about 150 meters you will find our building on your left hand side.

Taxi Ulm: Phone +49 (0)731 - 66 0 66, www.ulm-taxi.de
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Conference Program 2022
Monday, September 26

Stadthaus Ulm, Münsterplatz 50, Ulm

14:00 – 14:30
14:30 – 14:45
14:45 – 15:45

Sebastian Schlücker

15:45 – 16:00
16:00 – 16:45

Thomas Dieing

16:45 – 17:30

Jürgen Popp

Registration & Coffee
Welcome
The Principles of Raman Spectroscopy and its
Application in Microscopy
Coffee
Confocal Raman Imaging: Instrumentation,
Performance and Correlative Techniques
Raman Imaging for Life Sciences and
Biomedical Research
Poster session & Get-together
with snacks and beverages
Evening lecture: Einstein in Ulm – Past and Future

17:30 – 19:15
19:15 – 20:00

Nancy Hecker-Denschlag

Tuesday, September 27
08:45 – 09:00
09:00 – 09:30
09:30 – 10:00
10:00 – 10:30
10:30 – 11:00
11:00 – 11:30
11:30 – 12:00
12:00 – 13:00
13:00 – 13:30
13:30 – 14:00
14:00 – 14:30
14:30 – 15:00
15:00 – 15:30
15:30 – 16:00

Stadthaus Ulm, Münsterplatz 50, Ulm

Coffee
Session I – Geo and Environmental Sciences
Sören Thiele-Bruhn
Applications of Confocal Raman Microscopy in Soil
Science
Ryan Jakubek
Astromaterials Research and Curation Applications of
Raman Imaging Spectroscopy
Enora Prado
Microplastic Particles Pollution in Ocean: An Overview
on their Variability and Analytical Difficulties
Coffee
Session II – Life Sciences and Pharmaceutics
Notburga Gierlinger
Imaging of Plant Cells: Chemistry and Mechanics in
Context with Micro- and Nanostructure
Andrew Ewing
3D Spectroscopic Imaging of Pharmaceutical Tablets
Lunch & Poster session (continued)
Session III – Advanced Imaging and Materials Analysis
Harald Fitzek
Correlative Raman-SEM-EDX – Fundamentals,
Practical Aspects & Applications
Gus Rosania
Inkjet-printed Microdot Arrays as Calibration
Standards for Raman Chemical Imaging
Coffee
Katharina Nisi
Symmetries in 2D Quantum Material Heterostructures
Elisabeth Trommer
Raman Goes Cryo
Coffee
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Tuesday, September 27 – continued
16:00 – 16:20
16:20 – 16:40
16:40 – 17:00
17:00 – 17:20
19:00

Session IV – Contributed Presentations
Ashutosh Mukherjee
Three-dimensional SERS Substrate: Fabrication and
Applications
Krishna C. Polavaram
Accurate Phase Quantification of Anhydrous Cements
via Raman Imaging
Elmar Schmälzlin
Upgrading of a Witec alpha300R to a Multichannel
Confocal Raman Imaging Microscope
Kazushige Yokoyama
Investigation of Gold Colloid Aggregates Within the
Hippocampus of the Alzheimer’s Disease Rat
Conference dinner & Poster Award ceremony

Wednesday, September 28

WITec Headquarters, Lise-Meitner-Str. 6, Ulm

09:15 – 09:30
09:30 – 12:30

A Very Short Overview
Equipment demonstrations

12:30 – 13:30
13:30 – 14:45
14:45 – 15:00

Equipment demonstrations

Confocal Raman Imaging System Configurations
• Confocal Raman imaging & automation
• The inverted confocal Raman microscope
alpha300 Ri
• TrueSurface™ for topographic imaging
• Correlative Raman-AFM microscopy
• WITec Project data evaluation software
• Find, classify and identify microparticles with
ParticleScout
Lunch
Continued
Wrap-up & Coffee

Please note our policy regarding
photography and recording of
symposium presentation images.
1.

Attendees are not permitted to take photos or videos of speakers’ slides, posters or demonstration
instruments unless the speakers/poster presenters give their explicit permission.

2.

We will take pictures during talks and the poster sessions and we’ll also take a group photo of all
participants that we will use for press activities. We will not ask for written consent. Please inform us
(i.e. during registration) if you do not want to appear in our photos.

15

Invited Speakers 2022
Thomas Dieing
Dr. Thomas Dieing is Product Manager for the WITec alpha300 product line and its accessories. He
obtained his PhD from La Trobe University, Melbourne, Australia in 2005 investigating the MBE growth
of nitrogen containing III/V semiconductors. In 2006 he joined WITec’s application team and became
Director of Applications and Support. In his role as Product Manager since 2019 he is responsible for all
activities related to the product development process.

Andrew Ewing
Dr Andrew Ewing is a Senior Scientist in the Material Characterisation Team at Pfizer (UK). He uses
advanced microscopical and spectroscopic methods to deliver insights and understanding of a range of
pharmaceutical materials and products. Andrew completed his PhD in ATR-FTIR spectroscopic imaging of
pharmaceuticals at Imperial College London and has been working at Pfizer since 2017.

Harald Fitzek
Harald Fitzek has been a senior scientist at the Graz Centre for Electron Microscopy (ZFE) since 2018 and
is the lead scientist with regard to Raman microscopy. He is also giving laboratory tutorials and lectures
on microscopy at the closely associated Institute of Electron Microscopy and Nanoanalysis (FELMI), which
is part of the Graz University of Technology (TU Graz). In addition, he is working in depth with variable
pressure SEM and has started a new focus on correlative microscopy at the FELMI-ZFE.

Notburga Gierlinger
Notburga Gierlinger (Assoc. Prof.) is heading the research group “Biological materials on the nano- and
microscale” (www.bionami.at) at the Institute of Biophysics at the University of Natural Resources and Life
Sciences (BOKU, Vienna). She has focused on Raman microscopy applications on biological materials
since 2 decades with emphasis on revealing the chemistry in context with the microstructure of plant
tissues. Within the ERC consolidator grant (2017-2021) microspectrocsopic and scanning probe (AFM)
approaches are applied to reveal important structure-function relationships of nut-shells.

Nancy Hecker-Denschlag
Dr. Nancy Hecker-Denschlag is a Staff Scientist at Carl Zeiss Meditec AG in Oberkochen. Her research
focuses on new developments in optical coherence tomography for use in ophthalmic surgical
microscopes. She is also President of the non-profit Albert Einstein Discovery Center Ulm Association. It is
the Association’s goal to establish a worthy tribute to Albert Einstein in Ulm – the city of his birth – in the
form of a modern museum and learning place.

Ryan Jakubek
Dr. Ryan S. Jakubek is a Raman imaging spectroscopist working at NASA’s Johnson Space Center under
the Jacobs-JETS contract. His research investigates the history and curation of various astromaterials
including meteorites and lunar samples.
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Katharina Nisi
Katharina Nisi is Chair Assistant in the group of Professor Holleitner of the ZNN (Center for
Nanotechnology and Nanomaterials) at the Technical University of Munich. Her primary research interests
involve the optoelectronic study of two-dimensional materials, specializing in V-WSe2 monolayers and
their magnetic field-dependent optoelectronic properties.

Jürgen Popp
Prof. Dr. Jürgen Popp is Scientific Director and Head of the Spectroscopy/Imaging Department of the
Leibniz Institute of Photonic Technology (Leibniz IPHT) in Jena, Germany as well as Professor for Physical
Chemistry at the Institute of Physical Chemistry at Friedrich Schiller University Jena, Germany. His
research interests include the developing and implementing of innovative optical and photonic methods
and tools for multiscale spectroscopy and multimodal imaging.

Enora Prado
Dr. Enora Prado is an Associate Researcher in spectroscopy at IFREMER (Institut Français de Recherche
pour l’Exploitation de la Mer – National Institute for Ocean science). Her work there focuses on: optical
(bio)-sensors development, with emphasis on surface chemistry and development and validation of
analytical protocols using Raman spectroscopy, SERS and SPR. Currently, her main research topic relates
to microplastics identification and sample preparation using Raman imaging.

Gus Rosania
Gus R. Rosania, PhD is a Professor of Pharmaceutical Sciences at the University of Michigan (Ann Arbor,
MI, USA). He is Principal Investigator of a research group that studies, models and predicts the pathways
of small molecule drug transport and distribution. He has pioneered applications of Raman chemical
imaging for quantitatively studying the distribution of chemical agents inside cells, and from cells to
organs to whole organisms.

Sebastian Schlücker
As Professor of Physical Chemistry at the University of Duisburg-Essen (Germany), his research interests
include the design, synthesis and bioanalytical applications of SERS nanoparticle probes as well as the
development and application of laser spectroscopic techniques in biophysical chemistry.

Sören Thiele-Bruhn
Prof. Sören Thiele-Bruhn is head of the Department of Soil Science at University of Trier. His main research
interests include Soil, Environmental and Agricultural Sciences. He uses spectroscopic approaches to
study the contents and quality of soil organic matter as well as carbonic soil contaminants such as soot
and microplastic.

Elisabeth Trommer
Low temperature applications and their challenges attracted very early the interest of Elisabeth Trommer.
During the PhD at the Walther-Meissner-Institute in Garching/Munich she designed a superconducting
quantum switch on a chip which is today a key element in superconducting quantum networks. With the
background of quantum physics and cryogenic application she started as technical sales engineer at
attocube systems AG in 2013 consulting and supporting customers in Europe and Asia.
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Abstracts:
Invited Talks
A-Z by presenter name

Confocal Raman Imaging: Instrumentation, Performance and
Correlative Techniques
Thomas Dieing
WITec GmbH, Ulm, Germany

Confocal Raman microscopy is an indispensable tool for analyzing a sample’s
chemical composition. In confocal Raman imaging, a complete Raman spectrum is
recorded at each pixel of an image. The obtained chemical information is then color
coded in the image to visualize the components’ spatial distribution. A high-quality
confocal Raman microscope enables nondestructive imaging of chemical properties
on surfaces or within 3D volumes at diffraction-limited resolution (Fig. 1). Raman
imaging can also be integrated with complementary techniques for more
comprehensive sample analyses.
This presentation will highlight the technical requirements of a high-throughput, highresolution confocal Raman microscope. The benefits of fully automated systems will
be explained, which simplify operation and can be controlled remotely for
measurements in enclosures. An overview of correlative Raman imaging approaches
will also be given. By equipping a Raman microscope with an optical profilometer
(TrueSurface microscopy), Raman images can be recorded on roughly textured,
curved or inclined surfaces and topographic Raman images can be generated (Fig. 2).
The presentation will also explain how Raman microscopes can be integrated with
atomic force or scanning electron microscopes in order to analyze chemical properties
and surface structure at the same sample area and correlate the information. Finally,
it will be shown how microparticle analyses can profit from the combination of an
automated Raman microscope and particle analysis algorithms, as particles in a
sample can be characterized according to size and shape and chemically identified.
Application examples from various fields will illustrate these cutting-edge techniques.

Fig. 1: 3D confocal Raman image
of a moisturizing hand cream. The
emulsion consists of a water phase
(blue) and two oil phases with
different moisturizing ingredients
dissolved in them (red and green).
Scan volume 40x40x15µm³.

Fig. 2: Topographic Raman image of a
pharmaceutical tablet, revealing the distribution of the tablet’s ingredients on the curved
sample surface and in the approximately
500μm-deep groove: two different APIs (red
and blue), adjuvant (orange) and excipients
(green and yellow). Scan area 7x7mm².
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3D Spectroscopic Imaging of Pharmaceutical Tablets
Andrew Ewing, Don Clark, Fiona Clarke
Pfizer, Sandwich, UK
Understanding the relationship between the components of a formulation, processing
conditions and the final drug product is essential for the development of effective
pharmaceutical tablets. The visualisation of the microstructure within a tablet matrix
allows the effect of different formulations and processing parameters to be revealed.
Vibrational spectroscopic imaging is an established tool in the pharmaceutical industry
to determine the size and distribution of components within tablets based on their
chemical structure. However, the most widely used methods typically examine the
exposed surface area of the sample. There are limitations associated with estimating
domain size and shape statistics from two-dimensional (2D) chemical images. This is
because the values obtained will be dependent upon where the domain is crosssectioned and so potentially lead to over- or underestimating the true value of each
domain. Three-dimensional (3D) spectroscopic imaging has been reported in the
literature by using confocal Raman measurements to obtain a depth profile of a
sample. However, this depth is often only between about 30 to 50 micrometres into
the sample. The particle sizes of commonly used excipients and active pharmaceutical
ingredients are usually larger than this depth range, making confocal measurements
unsuitable for visualising the spatial arrangement of components as a function of
depth. Our recent research has explored an alternative method for obtaining a 3D
spectroscopic image of a tablet sample using a combination of Raman mapping and
serial cross-sectioning of the tablet (Fig. 1). Furthermore, data processing methods
required to extract quantitative domain size and novel spatial distribution statistics have
been reported. By providing a means to quantify the 3D microstructure of components
within a tablet matrix, these new capabilities link product performance with 3D physical
characteristics. This research is expected to impact knowledge that can be used to
optimise tablet formulations during their development and for troubleshooting
applications.

Fig. 1: Schematic showing a series of 2D Raman spectroscopic images that were
acquired at fixed depth intervals, and then combined to produce a 3D spectroscopic
image.
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Correlative Raman-SEM-EDX – fundamentals, practical aspects &
applications
H. Fitzek1, R. Schmidt2, M. Nachnebel1, K. Wewerka2, A. Zankel1,2, T. Planko1, J.
Rattenberger1, G. Kothleitner1,2, F. Hofer1,2, U. Schmidt3 and H. Schröttner1,2
1
Graz Centre for Electron Microscopy (ZFE), Graz, Austria
2
Institute for Electron Microscopy and Nanoanalysis (FELMI), Graz University of
Technology, Graz, Austria
3
WITec GmbH, Ulm, Germany
The correlation of Raman microscopy with SEM-EDS has seen increased interest in
recent years. However, both practical challenges, with regard to sample preparation,
instruments design and the need for operators experienced in multiple techniques, and
unique data treatment challenges, such as combining data sets with different
resolutions and contrast mechanism or evaluating spectral maps with different physical
meaning arise. Furthermore, there are some subtle differences between doing Raman
spectroscopy in vacuum or air. All of this combined makes correlative Raman-SEMEDS a highly useful but also challenging endeavor.
Addressing each of the three challenging aspects one by one. We want to first present
our standard approaches to doing the measurements and how they overcome the
practical challenges and limitations. After that, we want to provide some generalpurpose workflows (see fig. 1) for combining the datasets and getting the most out of
it. Finally, we want to demonstrate why for some sample Raman spectroscopy is more
difficult in vacuum and how this might restrict the application of correlative RamanSEM-EDS.
To prove that all of this effort (overcoming difficulties and challenges) is not in vain we
will share application examples from the last four years. This will hopefully convince
you, dear reader, that Raman-SEM-EDS microscopy is worth the trouble.

Fig. 1: Example of the combination of a SEM (BSE) image, EDS- and Ramanspectral maps into a common data set, including a combined evaluation.
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Imaging of Plant Cells:
Chemistry and Mechanics in Context with Micro- and Nanostructure
Notburga Gierlinger1, Sebastian Antreich1, Peter Bock1, Martin Felhofer1

1

University of Natural Resources and Life Sciences (BOKU), Vienna, Austria

By chemical and mechanical imaging of plant cell walls by Raman and Atomic force
microscopy we aim to deepen our understanding of intrinsic properties of the plant cell
walls and surfaces as well as cell morphogenesis. Our plant samples included strong
lignified materials like wood and nutshells, plant model systems like Arabidopsis and
algae and important economic fruits like tomato.
Chemical imaging of the cuticle, the outer plant surface, revealed that beside lipids and
carbohydrates, also phenolic components play an important role and show distinct
patterns. Based on Raman spectra we distinguished phenolic acids and flavonoids and
their different distribution along cross sections suggested different roles in mechanical
support and UV-protection [1].
Cell morphogenesis was studied in the star-shaped
algae Micrasterias and puzzle cells of walnut shells by
Raman imaging. Spectral differences between the
indent and tip region of the primary cell walls of the
Micrasterias lobes were scarce, but a spectral mixing
approach pointed to more cellulose fibrils deposited in
the indent region. Therefore, we suggested that cell
wall thickening together with a denser network of
cellulose microfibrils stiffens the cell wall at the indent
and induces different cell wall extensibility to shape the
lobes [2]. A similar lobe formation mechanism was
revealed in the 3D-puzzle cells of walnut shell [3].
By correlative Raman and atomic force microscopy Fig. 1: Raman image of
(AFM) we were able to track in situ molecular Micrasterias [2]
rearrangement of wood polymers during compression.
Revealing changes in cellulose microfibril distances, disentangling of hemicellulose
chains and lignin supported a new more "loose" cell wall model based on flexible lignin
nanodomains [4].
Correlative Raman and Atomic force microscopy opens the view on plant cell walls on
the micro- and nano-level in terms of chemistry as well as mechanics in the native plant
cell walls as well as during growth and/or deformation. Based on these insights we can
retrieve structure-function relationships and come up with a better understanding of
plant cell walls – one of our most important sustainable resources for food, materials
and energy.
1.

2.
3.

4.

Bock P, Felhofer M, Mayer K, Gierlinger N (2021): A Guide to Elucidate the Hidden Multicomponent
Layered Structure of Plant Cuticles by Raman Imaging. Frontiers in Plant Science 12: 793330, DOI:
10.3389/fpls.2021.793330
Felhofer M, Mayr K, Lutz-Meindl U, Gierlinger N (2021) Raman imaging of Micrasterias: new insights
into shape formation. Protoplasma 258(6):1323-1334, DOI: 10.1007/s00709-021-01685-3
Antreich SJ, Xiao N, Huss JC, Gierlinger N (2021) A belt for the cell: Cellulosic wall thickenings and their
role in morphogenesis of the 3D puzzle cells in walnut shells. Journal of Experimental Botany
72(13):4744-4756. DOI: 10.1093/jxb/erab197
Felhofer M, Bock P, Singh A, Prats-Mateu B, Zirbs R, Gierlinger N (2020) Wood Deformation Leads to
Rearrangement of Molecules at the Nanoscale. Nano Letters 20(4): 2647-2653,
doi.org/10.1021/acs.nanolett.0c00205
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Astromaterials Research and Curation Applications of Raman
Imaging Spectroscopy
Ryan S. Jakubek
1

Jacobs, NASA Johnson Space Center, Houston, TX, USA

NASAs Johnson Space Center (JSC) contains the Astromaterials Acquisition and
Curation office, which is responsible for acquiring and curating extraterrestrial samples
from past and future NASA missions. After acquisition, the samples are documented,
catalogued, and preserved to be requested for study by researchers world-wide. A
critical part of the curation process is performing preliminary examinations of the
astromaterials for proper classification and to provide accurate, detailed descriptions
of the material for requests. To do this, JSC houses a suite of analytical labs working
either independently or in a correlated manner for astromaterial characterization. One
of these labs is the Hliðskjálf Raman spectroscopy lab which will be the focus of this
talk and is used for astromaterials research as well as curation.
Raman spectroscopy is a light scattering technique that examines the nature of
molecular vibrations within an analyte to provide detailed information on the molecular
and crystalline species present. Raman is a non-destructive technique that requires
little to no sample preparation and no contact with the sample. This makes Raman an
excellent technique for the initial characterization of astromaterials as it preserves the
material for future studies. The Raman lab consists of two primary instruments, a
WITec α300R Raman microscope with 633, 532, and 488 nm excitations and a
custom-built UV Raman microscope that is an analogue to the SHERLOC Raman
instrument aboard the Mars Perseverance rover. In this talk I will discuss the use of
the Raman lab for both research and curation objectives and provide examples of the
power of Raman spectroscopy and imaging to astromaterials research.

Fig. 1: Raman spectroscopy lab at
NASA’s Johnson Space Center
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Symmetries in 2D quantum material heterostructures
K. Nisi1,2, J. Kiemle1,2, C. Kastl1,2, A. W. Holleitner1,2
1Walter Schottky Institut and Physics Department, Technical University of Munich,
Am Coulombwall 4a, 85748 Garching, Germany.
2
Munich Center for Quantum Science and Technology (MCQST),
Schellingstrasse 4, 80799 Munich, Germany.
Two-dimensional (2D) crystals allow the assembly of atomically thin layers into vander-Waals heterostructures with a broad range of electronic and optical functionalities
that are often tunable even within a single heterostructure. Corresponding research
has extended substantially in the past decade following the discovery of graphene in
2004 and the discovery of 2D direct-gap semiconductors in 2012.[1]
In my talk, I will show how various properties of such 2D heterostructures depend on
the symmetries of both the underlying crystal and band structure, which can be probed
by using confocal, polarization-dependent Raman spectroscopy in combination with
second-harmonic imaging microscopy. A first example is given by V-doped WSe2, for
which theoretical and experimental works provided first evidence for roomtemperature, long-range, (ferro)magnetic order. I present Raman measurements
revealing the concentration-dependent doping effects on the crystallographic
properties of monolayer V-doped WSe2, as it is integrated within a field-effect transistor
heterostructure.[2] In a second example, I present studies on graphene which is brought
in proximity to a lattice-matched, narrow-gap semiconductor (Bi2Te2Se). In such a
heterostructure, the Bi2Te2Se induces a spin-orbit coupling at the interface to graphene
which can be utilized to electronically control the spin degree of freedom in the
conducting graphene channel.[3]
[1] Wurstbauer et al., J. Phys. D: Appl. Phys., 2017, 173001.
[2] K. Nisi et al., Adv. Optical Mater., 2022, 2102711.
[3] J. Kiemle et al., accepted in ACS Nano, 2022.
a
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Fig. 1: a) Normalized Raman spectra showing the overlapping 𝐸𝐸��
/𝐴𝐴�� (249 cm-1)
and 2LA(M) (262 cm-1) modes in V-doped WSe2. b) and c) Corresponding
schematic crystal structure and a spatial Raman map of a 0.3% V-doped WSe2
monolayer.
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Raman Imaging for Life Sciences and Biomedical Research
Jürgen Popp1,2,3
1
Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich-SchillerUniversity Jena, Helmholtzweg 4, 07743 Jena, Germany
2
Leibniz Institute of Photonic Technology, Member of Leibniz Health Technology,
Albert-Einstein-Straße 9, 07745 Jena, Germany
3
Research Campus Infectognostic, Philosophenweg 7, 07743 Jena, Germany
Besides fluorescence microscopy linear and non-linear Raman based technologies
have shown its great impact on life sciences and biomedical research and more and
more complement established imaging approaches like fluorescence microscopy.
Raman spectroscopy and microscopy allows displaying the morphochemistry of living
organism by which the molecular origin of functional and structural changes are
accessible. The particular advantage of Raman spectroscopy is its minimal sample
preparation; samples can be used as they occur. Furthermore, Raman microscopy
does not require external labels as compared to fluorescence microscopy. While the
advantages of Raman spectroscopy are its unprecedented high specificity and its
versatility it suffers from its poor sensitivity limiting the detection of molecules being
present in very low concentrations. This disadvantage can be overcome by utilizing
special Raman signal enhancing techniques like e.g. resonance Raman spectroscopy,
surface enhanced Raman scattering (SERS) or by non-linear Raman phenomena like
CARS = coherent anti-Stokes Raman scattering or SRS = stimulated Raman
scattering.
Within this contribution we highlight the great potential of the aforementioned Raman
approaches for biological and biomedical analysis. It will be shown that Raman
spectroscopy allows for a non-invasive and labelfree morphochemical characterization
of a broad variety of different biological samples ranging from prokaryotic and
eukaryotic cells, fungi, biofilms via tissue sections towards whole organs. The
application focus of the presented examples lies on (I) microbial analysis namely the
rapid detection of pathogens their antibiotic resistance together with the host response,
(II) intraoperative tumor characterization in terms of spectral histopathology or (III) the
Raman spectroscopic visualization of metabolic, defense or chemical communication
processes in cells and plant tissue.
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Microplastic particles pollution in Ocean: an overview on their
variability and analytical difficulties
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Contamination of the global environment by anthropogenic particles such as
microplastic (MP) is receiving worldwide attention with national and international efforts
driven by a common goal to understand the fate and risk of these pollutants. It requires
a deep knowledge to better understand their mapping and dynamic distribution across
the global ocean and in the several compartment of the marine ecosystem (i.e. surface,
water column, sediment, biota). Analysis of environmental samples is challenging.
Development of analytical tools needs to focus on the following critical steps such as
sample preparation and particles isolation, physical characterization and chemical
identification of particles. So far there is no standardized analytical protocols. The
analytical methodology must be adapted to each type of sample depending on the
presence of organic and/or mineral matter, particulate charges or the size of the
targeted particles, for example. A specificity of environmental samples is the large
morphological variability of particles in terms of size, shape and polymeric nature.
Through several scientific projects investigating plastic contamination of various
marine environments (estuarine, offshore, Polynesian atolls, etc.), different
methodologies developed for MP analysis by vibrational spectroscopies (Raman and
IR) will be presented, compared and discussed. Several parameters will be considered
such as particle size and size range, particle shape or technical limit. A specific focus
on microfibers analysis will also be presented. Indeed, the difficulty to characterise
microfibers, links to the shape and diameter size, induces than this type of MP pollution
is often disregard. However, several studies show that microfibers pollution could be
predominant. For example, a recent study on mussels in the bay of Seine shows that
the shells were primarily contaminated by microfibers (99% of MP were microfibers).
In Polynesian atolls, a higher and significant proportion of microfibers was shown in
oysters compared to their surrounding sea water. Thus, these recent results underline
to consider this part of MP pollution and highlight the high need for reliable and
applicable analytical tools.
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Inkjet-printed microdot arrays as calibration standards for Raman
chemical imaging
1

Gus R. Rosania1
Primo Research Inc., Ann Arbor, MI 48103; email: caiaalter@yahoo.com

Single-cell analytical technologies provide researchers an avenue through which to
explore subcellular phenomena and characterize cell population heterogeneity. Lipid
storage disorders, (e.g. Niemann-Pick disease, atherosclerosis, drug-induced
phospholipidosis), manifest as the inappropriate accumulation of lipids and other
molecules within cells. As such, a single-cell approach to measure the amount of
bioaccumulating material would provide valuable insight into the mechanisms of
storage disorder pathogeneses at the single-cell level. State-of-the-art cytometric
analysis instruments, like flow cytometers, typically rely on relative assessments based
on exogenous fluorescence labels, and the resulting semi-quantitative data often does
not allow determining whether a specific signal is associated with differences in cell
size, variations in the instrument settings, or of the affinity of labeling reagents, or in
the preparation of the samples.
Thousands of cells are often required to get reproducible results, which marginally
capture the characteristics of the cells being sampled. As an alternative, this talk will
present how Confocal Raman microscopy can be used to quantitatively analyze the
content and distribution of endogenous biochemical components and exogenous
chemical agents in tissues and cells, in a precise, accurate manner. With the latest
generation of commercially-available Raman imaging systems, such as the WITec
Alpha300R Raman confocal microscope, clinical applications of Raman spectral
imaging now are within reach. For this purpose, we have developed inkjet printing
techniques based on biorelevant ink formulations that allow printing artificial cell
mimics of known composition to be used for instrument calibration. We demonstrate
the printing of cell-sized ink drops, wherein the ink drops include lipid, protein, nucleic
acids, an aqueous carrier, and any additional biochemical component provided in a
controlled amount in a range of about 0 pg to about 1000 pg. The plurality of ink drops
each have substantially the same volume, but a different concentration of the
biochemical components. Our ink formulation technology exhibits no phase-separation
of components upon drying, forming uniform films over a controlled surface area. We
demonstrate how such microdot printed arrays have been used as quantitative
reference standards, to measure the absolute content of various biochemical
components at the single-cell level, by relating the Raman signal acquired from the
cell, to the absolute content of the biochemical component as present in microdot
arrays of known composition and comprising the most important, cellular components
of interest.
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The Principles of Raman Spectroscopy and
its Application in Microscopy
Sebastian Schlücker
University of Duisburg-Essen, Germany
This lecture gives an introduction into the principles of Raman spectroscopy and its
applications in microscopy.
First, both classical and quantum mechanical descriptions of the Raman effect are
discussed. The latter (perturbation theory, Kramers-Heisenberg-Dirac dispersion
formula) then serves as a starting point for introducing the concept of resonance
Raman scattering (RRS). Several examples of RR (from diatomics to proteins)
highlight the advantages of this Raman technique.
In addition to the Raman effect, also fundamentals of molecular vibrations and their
symmetry (basic group theory) are covered by using the water molecule as an
example.
We then make the transition to Raman microscopy, starting with the invention of the
first Raman "microprobe" in the 1970s. Also other specialized Raman techniques such
as surface-enhanced Raman scattering (SERS) and coherent-anti-Stokes Raman
scattering (CARS) microscopy are briefly introduced and their specific advantages over
conventional Raman spectroscopy are highlighted.
Finally, quiz questions allow the participants to test their knowledge anonymously in
an interactive format (feedback and discussion).
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Applications of Confocal Raman Microscopy in Soil Science
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Soils are extremely heterogeneous with structural features (aggregates) at the cm
scale, single mineral particles from ≤2 mm (sand) to ≤2 µm (clay) and pore sizes
ranging from up to several cm down to ≤0.2 µm (fine pores). Minerals, organic matter
and organisms are distributed differently in these structured soils. In present research,
it is more and more recognized that this spatial distribution and organization is a
relevant feature of the properties and functioning of soils. Hence, imaging techniques
such as Confocal Raman Imaging with its ability to determine the chemical composition
and spatial distribution of compounds at a mm to µm scale appear to be ideal for soil
analysis. On the other hand, a multitude of different substances and organisms are
present in soil in a crude mixture, each component occurring in only small
concentrations. Additionally, dark organic matter such as humic substances produce
massive fluorescence and are highly susceptible to beam damage. The information
obtained by Raman spectroscopy about the organic matter in the soil is therefore rather
limited.
However, the technique is all the more suitable for investigating more uniform
compounds such as minerals. Confocal Raman Imaging investigation of the authigenic
Fe minerals of Andosol topsoils of the Magellanic Moorland revealed that that Fe(hydr)oxide (trans)formation in that soils was closely linked to tephra weathering and
organic matter turnover. Combining Confocal Raman Imaging with other analytical
techniques enabled to identify pathways of oxide formation such as maghemitization,
yielding hematite. Furthermore, the distribution and identification of anthropogenic
carbon materials such as microplastics and soot in soil can be analyzed, especially
when resin-embedded ground and thin sections of soil samples are prepared. Raman
signals show that microplastic particles become enclosed by soil material and/or
biofilms after a short residence time in the soil.
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Raman goes Cryo
Elisabeth Trommer1, Thomas Dieing2, Patrick Altmann1, Jan Englert2, Damon Strom2,
Mirko Bacani1,
1
attocube systems AG, Haar, Germany
2
WITec GmbH, Ulm, Germany
In a combined effort, WITec - champion in Raman spectroscopy - and attocube champion in cryogenic microscope - developed a platform that brings Raman mapping
to its limits.
Cryogenic temperatures and high magnetic fields open new possibilities for the study
of material physics. Raman and photoluminescence spectroscopy provide a detailed
understanding of changing phase states. The range of measurement options is further
complemented by WITec upgrades like polarization control or the RayShield filter
allowing for measurements of smallest wave numbers (>10 rel. cm-1).
In a series of proof of principal measurements, we show how the cryoRaman performs
high-resolution Raman mapping at various temperatures (down to 2K) and high
magnetic fields (up to 9T). For this purpose, WSe2 and MoS2 as well-known materials
are chosen to show the possibilities of the setup. Polarization resolved Raman maps
allow a comparison of the results with the experiments shown by Yang et al.1 and Ji et
al.2.
As a conclusion, the cryoRaman proves itself to be a user-friendly cryogenic setup with
state-of-the-art measurement upgrades for low temperature Raman experiments.

Y. Yang, W. Liu, Z. Lin, K. Zhu, S. Tian, Y. Huang, C. Gu, J. Li, Micro‐Defects in Monolayer MoS2 Studied by Low‐
Temperature Magneto‐Raman Mapping, J. Phys. Chem. C 124, 17418 (2020)
2
J. Ji, A. Zhang, J. Fan, Y. Li, X. Wang, J. Zhang, E.W. Plummer, Q. Zhang, Giant magneto‐optical Raman effect in
a layered transition metal compound, PNAS 113, 2349 (2016)
1
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Three-dimensional SERS substrate: Fabrication and applications
Ashutosh Mukherjee, Frank Wackenhut, Anita Lorenz, and Marc Brecht
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Silica particles have attracted great attention for their usage in drug delivery,
electrochemical sensors, and catalysis due to the flexibility to control the particle size
and the surface area by tuning their porosity. Additionally, their surface can be
chemically modified with different functional groups, which allows to successfully trap
metal nanoparticles (NPs) on their surface or in their pores. A combination of silica
particles as a carrier for metal NPs provides a promising concept for three-dimensional
(3D) surface-enhanced Raman spectroscopy (SERS) substrates. In this work, we
present a facile method of fabricating such 3D-SERS substrates on mercaptofunctionalized silica particles for silver and gold. These were prepared by two different
approaches. The gold 3D SERS substrates are prepared by sputtering and silver 3D
SERS substrates are created by Tollenz reagent.
For silver, SEM characterization reveals that the sizes of silver NPs deposited on silica
particles strongly varies from ~5 nm to ~400 nm (Fig. 1 a). Furthermore, the density of
silver NPs varies for different silica particles, consequently leading to different gaps
between the silver NPs. Extinction spectra show that these particles have a broad
resonance at approx. 720 nm and thus can be excited with a 633 nm laser.
For gold, SEM images reveal a uniform distribution of gold NPs with an island-like
morphology (Fig 1 b), however, due to the shadowing effect only the hemisphere
exposed to evaporation source is covered with gold. The 3D-SERS substrates have
an extinction maximum around 690 nm.
Such 3D substrates prove to be useful for efficient SERS experiments in solution or
can be used for SERS experiments with biological samples e.g. cells, tissues etc.

Fig. 1 (a) Functionalized silica particles covered with silver
and (b) functionalized silica particles covered with gold.
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Accurate Phase Quantification of Anhydrous Cements via Raman
Imaging
Krishna C. Polavaram & Nishant Garg
Department of Civil and Environmental Engineering, University of Illinois at UrbanaChampaign, Urbana, United States of America
The chemical and phase compositions for heterogeneous materials are key to
understanding their behaviour. Specifically, for anhydrous cements, most
investigations obtaining mineral chemical and phase composition have relied on
methods like X-ray diffraction, scanning electron microscopy (SEM), and nuclear
magnetic resonance. However, these methods have certain limitations that may affect
their accuracy in certain sample-specific scenarios. Raman imaging is an alternative
high-precision technique that allows direct fingerprinting of mineral polymorphs. Here,
using a superior analytical methodology, we report a Raman imaging quantitative
analysis performed on 11 different types of ordinary and blended commercial Portland
cements. Firstly, we report a high level of agreement (>98%) between the cement
phase compositions obtained by SEM – Energy Dispersive X-ray Spectroscopy and
the quantitative Raman imaging mapping protocol. Secondly, using sufficient statistics
(250,000 spectra per image, error < 0.71%), we accurately mapped and quantified the
principal phases (alite, belite, aluminate, and ferrite) with high coefficients of
determination (R2 > 0.98) when compared to XRD Rietveld and supplier data. Thirdly,
we were able to quantify 8 additional, secondary phases present in the clinkers
(gypsum, anhydrite, bassanite, syngenite, dolomite, calcite, quartz, and portlandite)
with a high degree of confidence. These results pave the way for future application of
Raman imaging for phase quantification in other complex mixtures and systems.

Fig. 1: The Raman imaging quantitative analysis was done on 5x5 mm areas by
mapping and quantifying the phases present in cements. The composite map shows
the different phases detected along with their corresponding phase percentages.
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Upgrading of a Witec alpha300R to a Multichannel Confocal Raman
Imaging Microscope
Lu Gao, Florian Korinth, Elmar Schmälzlin, Martin M. Roth
Leibniz Institute for Astrophysics Potsdam (AIP), Potsdam, Germany
Transferring the multichannel technique of integral field spectroscopy from astronomy
to Raman imaging allows a quick recording of entire Raman images without time-consuming point-by-point scanning. The potential has been demonstrated previously for
skin cancer detection1. However, the setup of this work is not confocal. Apart from the
lack of resolution in depth, the illumination of the entire image field involves drawbacks
such as waste of laser light, strain on the sample, loss of x and y resolution due to
crosstalk, and reduced fluorescence suppression.
To overcome these disadvantages, we realized as a World’s first a setup that combines
multichannel and confocal Raman imaging. As a pilot project for a future device with
20 × 20 channels, we upgraded a Witec alpha300R from one to eight confocal channels. Fiber bundles with multifiber MTP connectors were used as light guides. At the
laser side, a coupler dispenses the 785 nm excitation to eight singlemode fibers. The
linear arrangement of the fibers inside the connector results in a row of eight excitation
spots at the sample. The multimode fibers at the detection side connector act as pinhole array. A customized tube lens focuses the Raman signals exactly onto the fiber
cores. The parallel signal traces on the CCD detector allow for simultaneous acquisition of eight spectra at each measurement position. Fig. 1F illustrates the setup, and
Fig. 1E a result achieved with a polystyrene (PS) bead and a polymethylmethacrylate
(PMMA) particle. Fig. 1A to 1D show the microscope images for various z focus positions. Fig. 1E presents a four-dimensional Raman image of the two particles, constructed by taking the Raman intensities at 601 cm-1 and 1002 cm-1, respectively.

Fig. 1: Camera and four-dimensional Raman image of plastic particles. The multichannel setup is capable to detected eight points confocally in one single exposure.
E. Schmälzlin et al.: Nonscanning large-area Raman imaging for ex vivo / in vivo skin cancer discrimination, J. of Biomedical Optics, 23(10), 2018, 105001.

1

37

Investigation of Gold Colloid Aggregates Within the Hippocampus
of the Alzheimer’s Disease Rat
K. Yokoyama1
1
The State University of New York Geneseo College, Geneseo, USA
Amyloidogenic or amyloid beta (A) peptides, such as A1-40 or A1-42 are regarded as
hallmark neuropathological biomarkers associated with the neurobiological
mechanisms contributing to and observed in clinical populations afflicted by
Alzheimer’s disease (AD). The middle section of the hippocampus of the Alzheimer’s
disease rat was treated with 80 nm gold nano-particles. We observed the formation of
gold colloid aggregates at the section where the detectable fiber-like segment(s)
located. The gold colloid aggregates were examined with Surface Enhanced Raman
Scattering (SERS) imaging. The SERS spectra were analyzed, and modes associated
with -sheet of the amyloid were detected. Comparing with spectral features collected
from the in in-vitro gold colloid aggregates, the best matches were found with that of
the aggregates of A1-42-coated 80 nm gold colloid under ~pH 4.0. However, there was
a clear difference in the morphology. The current study confirmed a formation of gold
colloid aggregates with a relatively simple processing scheme of AD rat hippocampal
section with gold-nano particles. As notable remarks, the location of the aggregates
was highly surrounded by the features of amyloid fiber-like shadows implying the high
interaction between amyloid fibril-like structures and gold colloidal surfaces, thereby
resulting in the observed aggregations. Nevertheless, this preliminary work has paved
the way for a new approach in describing amyloid fibrils.

Fig.1: a) The white-light image of a section of the tissue. b) The white-light image of
a section of the tissue marked by a box in a). c) The Raman imaging map of gold
colloid aggregates. d) The overlaying the trace of amyloid fiber-like shadows. e) The
Raman shift spectrum of the components A and B and base line (Component C). The
color of each component corresponds to those shown in Raman image in c). f) A
representative SERS spectrum at the position marked by “+” in b).
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Confocal Raman Microscopy Down Under
Thomas Becker1, Mark J. Hackett1, Simon W. Lewis1, Martin Danišík2
1
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2
John de Laeter Centre, Curtin University, Perth, Australia
The scanning probe microscopy facility of the School of Molecular and Life Sciences
at Curtin University is a multi-user facility providing access to researchers from many
different disciplines. Current research projects are concerned with the measurement
of residual pressure within mineral inclusion, understanding the relationship between
zinc homeostasis and cognitive function during natural ageing, zircon (U-Th)/He
thermochronometry, spectroscopic techniques for imaging oxidative stress, chemical
and physical properties of latent fingermarks, geochemical and crystallographic studies
of molluscs, distribution and identification of microplastics, investigation of steel
corrosion and corrosion inhibition, differentiation of carbon nanomaterials.
This presentation provides an overview of the variety of research projects from different
disciplines along with some examples of the exciting research outcomes.
We show studies of the effects of tissue processing and sample preparation to
minimise autofluorescence interference in Raman spectra of tissue samples. A
protocol was optimised that minimise tissue autofluorescence, enabling sub-cellular
Raman imaging, with the ability to perform immuno-fluorescence microscopy on the
exact same tissue sections. This has enabled overlay of biochemical images with
fluorescent markers of specific proteins to confirm cell types. These protocols are now
being used to study biochemical changes that occur during the process of brain ageing,
which may increase the risk of onset of neurodegenerative disease.
In a project on geochronological investigations, Raman spectroscopy is employed to
quantify the degree of structural damage in zircon and other minerals. Variation in
crystal structure (i.e., degree of metamictization/ crystallinity) in zircon, which can be
mapped using the WITec confocal Raman system at the micrometer scale, controls a
mineral's ability to retain radiogenic Helium and other isotopes. Understanding of
crystal structure has therefore profound implications for interpretation of (U-Th)/He and
U-Pb geochronological data and geological interpretations.
Apart from industrial and academic research projects conducted by PhD students or
postdoctoral researchers, we also implement the use of confocal Raman microscopy
into teaching and research projects for undergraduate students, giving the students
the opportunity to experience working with Raman micro-spectroscopy.
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Super-resolution Raman imaging based on a modular section
collection system for ultramicrotomy
Thomas Böhm1, Peter Felfer2, and Simon Thiele1,3
1
Forschungszentrum Jülich GmbH, Helmholtz-Institute Erlangen-Nürnberg for
Renewable Energy (IEK-11), Erlangen, Germany
2
Materials Science & Engineering, Institute I, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Erlangen, Germany
3
Department of Chemical and Biological Engineering, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Erlangen, Germany
Confocal Raman imaging enables high-resolution chemical imaging of various sample
systems. The technique is capable of optical sectioning, which enables non-destructive
imaging of cross-sections or 3D imaging of a specimen by focusing below the sample
surface. However, the approach is limited when opaque samples are investigated or
in the case of optical artifacts from spherical aberration if the refractive indices of the
sample and the objective do not match.
A workaround for the following issues, namely, a limited penetration depth in throughplane imaging, and a reduction in data quality and resolution at increasing imaging
depths, is enabled by physical sectioning of a sample followed by sequential imaging
of the single sections. The axial resolution of the confocal microscope can be increased
using this approach since the resolution-limiting factor is not the microscope's pointspread function but the section thickness. For example, we showed that confocal
Raman imaging is possible on 100 nm ultra-thin sections prepared by ultramicrotomy.1
Here, we introduce a modular system that can be installed as an add-on to standard
ultramicrotomes (Fig. 1A). The cassette-based section collection device can be used
to automate the collection of serial ultra-thin sections and as a section library for longterm storage and imaging of the sections (Fig. 1B). Thus, a higher level of automation
can be reached compared to currently available solutions, and the risk of
contamination or loss of sections is minimized. As a proof of concept, we demonstrated
the sectioning of a polymer blend sample with the modular serial section cassette,
followed by Raman imaging of the sections within the device. We obtained a tomogram
that spanned 15x15x15 µm³ of a blend of polystyrene and polylactic acid, recorded at
a voxel size of 150 nm (Fig. 1C).

Fig. 1: Application example of the serial section cassette. A) Automated section
collection from ultramicrotomy. B) Confocal Raman imaging of sections on tape. C)
3D reconstruction of images of 100 serial sections from a polymer blend.
1: Böhm et al., Serial section Raman tomography with 10 times higher depth resolution than confocal
Raman microscopy, J Raman Spectrosc. 2020, 51:1160–1171
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Changes of polymorphic form of active pharmaceutical substances
in solid dosage forms and its identification by Raman spectroscopy
Justyna Dabrowska1, Bartlomiej Kubiak1,
1
Preformulation Department Adamed Pharma S. A., Pienkow, Poland
Polymorphisms is the phenomenon of the occurrence of substances in different
crystalline forms. The substances can also be amorphous or show
pseudopolymorphism in combination with solvents, e.g., hydrates. It’s important to
have stable polymorphic form in the case of different solubilities (for bioavailability) or
in the case of patent claims.
Polymorphic forms could be identified by eg. X-ray powder diffraction, Infra-Red
spectroscopy, and Raman spectroscopy. In solid dosage form Raman surface
mapping gives us information about distribution of active pharmaceutical ingredients
(API) and other excipients. Due to the visible differences in the spectra of individual
crystal forms, it is possible to identify them. In the examples below, this method allowed
for the identification and investigation of probable causes of polymorphic form
changes.
In the first case, the active substance in anhydrous form constitutes most of the tablet
mass. The hydrate form should not be present in the final drug form. Two granulation
technologies (dry or wet) were used to check if a hydrate form was present in the tablet.
There was a hydrate present in both tablets made by the dry and wet granulation
technology. Raman mapping made it possible to determine where this
pseudopolymorph appears. In this case, the anhydrous substance bound the water
present in a small amount in the excipients and formed a hydrate close to excipient
particles.
Second case showed that mixing one of excipients with active substance in the first
step of manufacturing process may cause amortization of API. A high-resolution
Raman map identified small areas of amorphous form in the presence of calcium
phosphate (Fig. 2). The separation of the components prevented the formation of the
amorphous form.

Fig. 1: Case I: Hydrate form (red)
around excipient (yellow), anhydrous
form (blue), other excipients (green
and violet)

Fig. 2: Case II: Amorphous form (red)
and crystalline form (blue) close to
calcium phosphate particle (light blue),
other excipients (green and yellow)
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Spatial distribution of deuterium in Maize root by high-resolution
correlative analysis
Y. Davoudpour1, N. Musat1, HH. Richnow1, M. Schmidt1
1
ProVIS - Centre for Chemical Microscopy, Department of Isotope Biogeochemistry,
Permoserstraße 15, 04318, Leipzig, Germany
Analytical methods to investigate the growth of plant roots are essential to study
processes in the rhizosphere. If plants are grown in heavy water the incorporation of
deuterium (2H) into their biomass can be used as a label for studying the growth
activity. Common methods to detect 2H in plant roots comprise mass spectrometry
(MS), neutron tomography and nuclear magnetic resonance (NMR). However, these
techniques suffer either from low spatial resolution (e.g. NMR) or require complex
sample preparation. The tremendous shift of the C-H-related Raman bands from about
2800-3100 cm-1 to 2040-2300 cm-1 when 1H is replaced by 2H renders confocal Raman
microscopy (CRM) a promising technique for 2H-analytics in biological specimens.
Hence, we combined 2H isotope labelling for growth analysis of Zea mays plants with
CRM as a non-destructive method with a cellular level resolution. In the experiments,
we grew Zea mays hydroponically in 40% 2H2O and subsequently studied the
distribution of 2H in cross-sections of the roots. The cross-sections were merely (no
embedding in resin etc.) prepared by vibratome-cutting. To calculate the concentration
of the label as 2H/(1H+2H) from the shift of the C-H bands in the Raman maps a dataprocessing workflow has been developed. As expected, the labelling was highest in
the young (most actively growing) parts of the roots with values between 2% and 5%
for one and four days of growth, respectively. Older parts of the roots contained a very
low label that was not significantly increasing with longer growth in 2H2O. To place the
CRM map in a structural context with a lateral resolution much higher than achievable
by CRM, a correlative microscopy approach was used. For that, micrographs of the
root cross-sections were acquired by scanning helium ion microscope (HIM), a nondestructive technique with a sub-nanometer resolution before CRM analysis. The CRM
maps were then registered onto the HIM micrographs (Fig 1). The developed workflow
for both, preparation of the sample and correlative analysis, will provide a novel option
to study biogeochemical processes in the rhizosphere.

Fig. 1: Distribution pattern of deuterium obtained by
overlaying Raman map onto HIM image of root
cross-section
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Monitoring of porous silicon nanocontainers loaded with the anticancer drug sunitinib in H9c2 cells by Raman micro-spectroscopy
J. Dierks1, E. Tolstik1, T. Brand2, M. Pernecker1, L. Osminkina3, K. Lorenz1,2
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3
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Nanoparticles have the potential for targeted and controlled drug delivery and release,
enabling new and improved therapeutic approaches. To monitor the effectiveness of
drug uptake and its intracellular localization, precise tools for highly resolved imaging
and detection of the substances are needed. Here, we applied Raman spectroscopy
imaging on cardiomyoblast cells (H9c2), which were treated with sunitinib loaded in
porous silicon nanoparticles. Sunitinib is an anti-cancer drug with a successful clinical
application; however, patients with long-term treatment are suffering from several side
effects including cardiac toxicity. A use of nanoparticles for the drug delivery and
controlled release should minimize the side effects.
In the presented work porous silicon nanocontainers and sunitinib were measured first
in unloaded and loaded states as references to detect remarkable Raman shifts,
identifying unique bands for sunitinib and nanoparticles. After H9c2 cells were treated
with sunitinib and sunitinib loaded in nanoparticles, 2D- and 3D- Raman images of the
cardiac cells were acquired, automatically grouped through hierarchical clustering
analysis and compared to a control group of untreated cells. The applied multistatistical
algorithm aimed to form clusters with equal Raman bands expected in both untreated
and treated cells (e.g. nucleus, cytoplasm) but forming unique clusters for treated cells
with visible Raman bands detected for pure compounds.
Thus, we identified the cell-interior regions with a high nanoparticle concentration,
associating them with strong silicon-specific Raman shifts. In addition, low-intensity
sunitinib-specific Raman bands were detected in these cell regions, which were not
detected in untreated control cells. We were able to prove that nanoparticles loaded
with sunitinib are effectively penetrating the cell and can be well-localized using linear
Raman spectroscopy, thus having the potential for a targeted and sustained
intracellular drug release.

Fig. 1: 3D Raman scan of sunitinib+nanoparticles treated heart cells with nucleus
(blue), cytoplasm (green), and groups with nanoparticles and sunitinib contribution
(orange and red), b) corresponding mean spectra of groups.
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Anthropogenic particles pollution in (sub)surface water of Atlantic
Ocean
Enora Prado1*, Maria El Rakwe1, Léna Thomas1,Florence Mazeas1, Catherine
Dreanno1, Victor Burger2,3, Edgar Dusacre2, Bénédicte Morin2, Jérôme Cachot2,
Sophie Lecomte3, Christophe Maes4, Fabrice Amedeo5...
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Navigateur, Reporters du Large, Lorient, France
Contamination of the global environment by anthropogenic particles as microplastic
(MP) is receiving worldwide attention with national and international efforts driven by a
common goal to understand the fate and risk of these pollutants. This knowledge
improvement requires their cartography across the global ocean. During the last
“Vendée Globe” race (2020), Fabrice Amedeo has equipped his IMOCA Nexans – Art
& Fenêtres sailing ship with a water pump-through system allowing continuous
collection on different sieves with a pore size: 300, 100 and 30µm. A total of 53
(sub)surface water samples were collected across the Atlantic Ocean, then split into
two sets for analysis at Ifremer and University of Bordeaux Laboratories. The same
analytical approach was applied for both sets: identification of particles on 300 µm
sieves are realized by ATR-FTIR and micro-Raman spectroscopies while only the latter
approach is applied for particles in 100-300 µm size range. No significant differences
are reported between the inter-laboratory results validating our analytical approach. As
expected, data from 300 and 100 µm sieves show an increase in abundance of
particles as the mesh size decreases. More surprising, morphological analysis
highlights that Atlantic ocean’s (sub)surface water is more polluted by microfibers than
fragments. This pollution is mainly linked to a high concentration of cellulosic fibers in
both size ranges (around 60% of total particles). The most abundant synthetic
polymers are PE and PET, but a greater variety of polymers is detected on 100µm
rather than 300 µm sieves. This map of anthropogenic particles pollution in the Atlantic
Ocean is the first step to develop a prediction model that would be helpful to
understand the sources, transfer and fate of this pollution.

Fig. 1: IMOCA Nexans- Art & Fenêtres (A.) equipped by water pumpthrough system for microplastic sampling (B.) and VDG2020 journey
realized by Fabrice Amedeo (C.)
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Waveguide-Enhanced Raman Spectroscopy for
Detection of Chemical Vapors
Erik Emmons, Phillip Wilcox, Kevin Hung, Erik Roese, Ashish Tripathi,
Jason Guicheteau
DEVCOM CBC, Ben Miller, Ethan Luta, Matthew Yates, University of Rochester Medical
Center, Nathan Tyndall, Todd Stievater,Naval Research Laboratory
Detection of threat materials is an important capability for the military and homeland
security to protect soldiers and civilians. Waveguide-enhanced Raman spectroscopy
(WERS), a photonic integrated circuit sensing methodology, is being developed for field
detection of materials related to chemical warfare agents, explosives, and narcotic
threats. In WERS, waveguides are used to tightly confine the excitation light over a long
path length, leading to large signal levels from molecules present in the evanescent field
just above the waveguide. In the present work, low-fluorescence silicon nitride spiral
waveguides with path lengths of tens of millimeters are used to obtain high signal levels
with near-infrared excitation (785 nm and 1064 nm). Compact single-mode-fiber-coupled
spectrometers with high sensitivity are being utilized for detection of the Raman scattered
light. Thermoelectrically cooled CCD or InGaAs detectors (-15 °C) provide low noise and
high quantum efficiency spectral measurement. Performance comparable to that
obtained with large benchtop spectrometers is observed. The spiral waveguides are
coated with functionalized polymer sorbents suitable for concentrating relevant classes
of vapor materials in the evanescent field of the waveguide. The sorbents are deposited
using piezoelectric microdispensers to allow for controlled deposition of thin films without
the need for spin-coating. Raman chemical imaging microscopy is used to characterize
the uniformity of the sorbent polymers on the waveguides. Library spectral matching can
be used in combination with the selectivity of the sorbent materials to provide
discrimination of the materials absorbed by the polymer coatings. The ultimate objective
is development of a prototype handheld WERS sensor system suitable for defense and
security applications in the field. WERS development and spectral measurements will be
presented.

(a) Coupling of 532 nm laser light into WERS spiral waveguide. (b) WERS
spectra of sorbent polymer coating on spiral waveguides of different length
using 633 nm excitation. (Approved for public release; distribution unlimited)
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Evaluation of mass transfer phenomena in binary fluid systems by
Raman stable isotope probing
A. Erb, R. W. Stark
Physics of surfaces, TU Darmstadt, Darmstadt, Germany
Wetting and dewetting phenomena play an essential role in production, energy and
process engineering. One important factor for these phenomena is the fluid mass
transport which is only poorly understood by now. Industrial applications include
printing processes, condensation of fluids on cooled surfaces and mass transfer in
microfluidic apertures.
To develop and advance such processes, an understanding of transport processes in
fluid mixtures is essential. Due to its variability, lack of markers and high spatial
resolution, Raman spectroscopy was selected to evaluate such mixing processes.
To be able to spectroscopically distinguish chemically similar constituents (such as
different alcohols), Raman stable isotope probing was introduced. Here, the hydrogen
atoms of one component are substituted by deuterium atoms, causing a primary peak
shift. Hence, two alcohols can be distinguished by their CH and CD peaks.
To quantitatively evaluate mass transfer processes, concentration gradients were
extracted. A calibration procedure was applied to calculate component concentration.
Combined with a confocal setup and repeated depth scans, spatial and temporal
concentration gradients could be determined.
Transfer processes were evaluated in different systems: microfluidic y-channels,
sessile drops on flat surfaces and sessile drops on structured surfaces. Here, different
behaviors were found. While concentration gradients in sessile drops were caused by
deviating evaporation speeds of the components, in microfluidics they were caused by
microfluidic chip design.

Fig. 1: Repeated depth scans on evaporating 50:50 mol% 1-butanol-d₉:1-hexanol
sessile drop on a glass surface. High integrated intensities are shown in yellow,
weak intensities in black. On the left the signal of 1-butanol-d₉ is shown, on the
right the signal of 1-hexanol (images taken from [1]).

[1] A. K. Bell et al., “Concentration gradients in evaporating binary droplets probed by spatially resolved Raman
and NMR spectroscopy,” Proc. Natl. Acad. Sci. U.S.A., vol. 119, no. 15, p. e2111989119, Apr. 2022, doi:
10.1073/pnas.2111989119.
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Different Software for Different Sizes? Comparison of Two
Automated Approaches for the Fast Analysis of Microplastics From
> 50 µm to 1 µm With Raman Microspectroscopy
Kristina Enders¹, Robin Lenz¹, Franziska Fischer¹, Lucie Marx²,
Dirk Holz², Julia Muche¹, Elisavet Kanaki¹, Dieter Fischer¹
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Leibniz Institute of Polymer Research, Dresden, Germany
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Raman microspectroscopy in combination with optical particle detection is a commonly
used approach to identify and quantify microplastic (MP) particles in a wide range of
samples. This particle-based approach often comprises of the steps optical image
acquisition, particle detection, Raman scan, spectra analysis and result evaluation. To
speed up analyses, software packages have been developed that provide all these
steps in one application. While these packages include the same basic functionality,
they differ in speed, accuracy and other functionalities that favor, for example, their
application in certain MP size ranges over others. Here we present example analyses
of MP particles in environmental and bottled water samples. We compare the results
in the size ranges > 50 µm, > 10 µm and > 4 µm obtained in parallel with WITec’s
proprietary ParticleScout software and the python-based GNU GPL-licensed
GEPARD, which was developed at the IPF Dresden. ParticleScout fully utilizes the
instruments’ capabilities, which results in optimized analysis speed, precision and ease
of use. As an open source software GEPARD can be adapted to a broader range of
instruments. In contrast to ParticleScout, it provides a unique annotation module for
correcting inaccuracies in the particle detection with regards to, e.g., particle shapes,
sizes, or over-fragmentation. For the two software packages, we discuss performance
trade-offs between speed and accuracy for samples with varying particle size ranges
and shapes. We also present how we combine GEPARD and ParticleScout to optimize
the workflow and result accuracy.
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Plasmonic induced catalysis of different molecules on Ag
nanoarrays monitored by surface-enhanced Raman spectroscopy
Shashank Gahlaut and Ilko Bald
Institute of Chemistry, University of Potsdam-Golm, Germany 14476
gahlaut@uni-potsdam.de
Plasmonic materials have found their promising applications in most of the research
domains in natural sciences and engineering. The metallic nanoparticles interact with
the electromagnetic radiation through the collective electronic oscillations. Under some
specific conditions, these oscillations resonate and generate very high intensity
electromagnetic modes called surface plasmon resonance. After a series of events,
these plasmons decay and the energy is transferred to the surrounding in the form of
heat or electrons. This energy is enough to make various chemical reactions happen.
The non-radiative decay leads to the generation of hot electrons in the metallic
nanoparticles. We study the plasmonically induced chemical reactions like dimerization
of molecules e.g., 4-Nitrothiophenol (4-NTP) and 4-Aminothiophenol (4-ATP) along
with the dehalogenation in radiosensitizers e.g., Br-Adenine and Br-Guanine. SERS
has been employed for in-situ monitoring the chemical reactions on the hot-spots in
fabricated Au/Ag nanoarray substrates. Being an ultrasensitive detection tool, SERS
not only investigates the reactions but also gives the information of the structural
alteration of adsorbed molecules and the identification of the reaction product. For
example, the plasmon induced dimerization of 4-NTP molecule on the silver nanorods
array is monitored by time-dependent SERS as shown in the figure below.

Fig. 1: Dimerization of 4-Nitrothiophenol (NTP) on the silver nanorods array
fabricated on glass slide (SEM image shown in inset) (a) SERS spectra of 4-NTP
after 50 sec of exposure under the laser 633 nm (1 mW power). (b) Time-series
measurements showing the decay in 4-NTP SERS peak at 1346 cm-1 and rise in the
1444 cm-1 peak corresponding to the DMAB.
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Determination of alcohol diffusion profiles in ion exchange
membranes via confocal Raman microscopy
C. Götz1,2, M. Komma1,2, S. Thiele1,2, T. Böhm1
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Ion exchange membranes for electrochemical energy conversion devices such as fuel
cells need to provide a high ionic conductivity, mechanical and chemical stability, as
well as a low fuel crossover. The latter criterion describes the permeation of fuel
through the polymer membrane by electroosmotic drag and/or diffusion, which causes
performance and efficiency losses. Fuel crossover is especially critical in direct alcohol
fuel cells. This fuel cell type produces electricity by the oxidation of alcohols, such as
methanol, ethanol, and 2-propanol.
Fuel crossover can be determined electrochemically or by an analysis of the fuel cell
exhaust gas or fluid. However, both approaches lack information about membranerelevant parameters such as the local fuel concentration within the membrane and
membrane swelling upon exposure to water-fuel mixtures. To this end, we developed
a microfluidic liquid-crossover cell for in-situ investigations of the alcohol diffusion in
ion exchange membranes with confocal Raman microscopy (Fig. 1A). In this assembly,
the membrane is clamped between two channels, which transport water and a waterfuel mixture. The spectral fractions of the fluids and the membrane components are
determined via a confocal through-plane scan (Fig. 1B). This data is converted into a
spatially resolved concentration profile of the water-alcohol solution (Fig. 1C). For
instance, we found a three-fold increase of the 2-propanol concentration inside the
membrane compared to the concentration of 1 M 2-propanol within the channel. This
setup can help to characterize and compare various ion exchange membranes for
direct alcohol fuel cells, and assist in their optimization towards reduced fuel crossover.

Fig. 1: Investigation of the diffusion of 2-propanol (IPA) and water in a commercial
proton exchange membrane (Nafion XL). A) Working principle of the liquid-crossover
cell. B) Spectral fractions obtained by a depth scan. C) Isopropanol concentration of
the water-alcohol solution within the membrane.
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Characterization of chemoresistant and chemosensitive ovarian
cancer cells with Raman spectroscopy
E. Harju1, T. Tomberg1, J. Saarinen1, S. Fraser-Miller2, C.J. Strachan1
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2
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Cancer chemoresistance, either intrinsic or acquired, is a substantial cause of
treatment failure and ultimately patient death. Current clinical practice lacks tools to
predict patient-specific chemoresistance and thus personally optimise chemotherapy
selection prior to treatment. In this project, the potential of Raman spectroscopy for
detection of chemoresistance in ovarian cancer in cells and tissues is investigated. The
overall aim is to develop and optimise a Raman-based analytical platform suitable for
robust personalised prediction of chemoresistance.
In the first stage of the project, the aim was to investigate the applicability of
spontaneous Raman mapping in characterization of chemoresistant and
chemosensitive ovarian cancer cells. TYKnu (chemosensitive) and TYKnu-CPR
(chemoresistant) cell samples were prepared so that cells were seeded on a piece of
CaF2, incubated, fixed with PFA and measured in PBS with a confocal Raman
microscope. Hierarchical cluster analysis (HCA) was used for forming false-coloured
images from the mapping data. Spontaneous Raman mapping proved to be a suitable
method for distinguishing cellular substructures of ovarian cancer cells.
Next, the aim was to be able to differentiate between the two cell lines using two
supervised classification methods: support vector machines (SVMs) and partial least
squares discriminant analysis (PLS-DA). Maps were recorded on three samples per
cell line, on multiple cells per sample. The mapping area was set smaller than in the
previous experiments, so that one map covered part of one cell or parts of a few closely
clustered cells. In SVM, the data was split to training and test set at the map level. This
resulted in poor classification accuracy; only approximately half of the test data was
correctly classified. PLS-DA was conducted on average spectra of maps. Based on
the factor 1 vs. factor 2 score plot (Fig 1), there was some separation between the two
cell lines. Factor 1 loading plot (Fig 2) indicates that peaks at ~1441 cm-1 and
~1630 cm-1 contribute most to this separation.
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Comparison of Confocal Raman Imaging Applied to Air-Dried or
Frozen-Hydrated Brain Tissue Sections
David Hartnell1,2, Thomas Becker2, Max Massi2 & Mark J Hackett1,2
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The imaging of air-dried (AD) tissue at ambient laboratory temperature with confocal
Raman techniques is well documented. However, AD samples are prone to
autofluorescence and laser-induced photo-damage. To avoid this, laser power is often
reduced, but this consequently reduces the signal to noise ratio. Additionally, the
process of air-drying tissue sections is inadequate for preserving the 3D cell structure
that exists in vivo. Recent technological advancements have made cryo-stages more
accessible, facilitating frozen tissue imaging without the need for considerable
investment. Imaging frozen tissue could circumvent the limitations seen in AD tissue
and allow for improved 3D biochemical imaging. Herein, to address these points, we
compare cryo-Raman (CR) and AD approaches to the imaging of rodent brain tissue
using a WITec Alpha 300R confocal Raman microscope (532 nm), paired with a
Linkam PE120 Peltier temperature stage. Figure 1 panel A compares lipid imaging
between CR and AD methods. Lipid distribution patterns are visibly different,
particularly in the olefin distribution, the red component of the lipid composite image.
This olefin variation is also revealed in the red shaded area on the representative
spectra in figure 1 panel B. Overall, there is a distinct variation in image clarity between
AD and CR approaches. This results from the increased laser power that can be used
in CR imaging, without inducing photo-damage. Specifically, the capability to use
increased laser intensity in a cryo-Raman experiment results in a significant increase
in signal to noise ratio (P<0.01, in the granular layer).

Fig. 1: Comparison of AD and CR approaches to brain tissue lipid imaging.
A. compares the total lipids (top) with specific lipid markers (bottom), most notably
the olefin distribution (middle) is more succinct.
B. Representative spectra (normalized to 1600-1700 cm-1) displaying the stark
spectral intensity differences between AD and CR methodologies.
(Scale bars= 30 μm)
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Nitride Bonded Silicon Carbide (NBSC) The Formation of Si3N4
Studied by in situ Hyperspectral Raman Imaging
Johannes T. Kehren1, Olaf Krause1
1
Hochschule Koblenz, Höhr-Grenzhausen, Germany
Nitride bonded silicon carbide refractory materials are an important material group
especially for the lining in waste incineration plants, because they are highly resistant
against alkalines, Cl and SOx in vaporous state. Furthermore, their high thermal
conductivity makes these materials ideally as a protective barrier between the
combustion chamber and the metallic pipes of the recuperator system.
NBSCs are produced by mixing silicon carbide with silicon powder and firing the
mixture to a temperature of up to 1600 °C in a nitrogen atmosphere. In industrial
applications additives like MgO, Fe2O3 or Al2O3 are added to control the formation of
nitride phases. α-Si3N4 starts to form at around 1300 °C while β-Si3N4 forms at higher
temperatures. In addition, a non-reversible phase transition from α- to β-Si3N4 can take
place at elevated temperatures. The presence of additives lowers the formation
temperature of β-Si3N4 and enables the formation of other phases like Si2N2O and
SiAlON. Most studies covering the nitridation process are performed ex situ and
therefore, there is a lack of precise information on the processes taking place during
nitridation.
Purpose of this study is the investigation of mentioned processes by in situ Raman
spectroscopy, using a heating stage capable of temperatures of up to 1500 °C. As a
basis for all spatially resolved high temperature experiments, spectra of the most
important phases are recorded at room temperature (RT) and afterwards at multiple
temperature steps between RT and 1500 °C. In addition, spatially resolved Raman
images of industrially manufactured NBSC shapes are acquired and analyzed for the
correlation between mineralogy and morphology.
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PlasticMelt: Studying the UV degradation of Microplastics in liquid
and air with Raman Tweezers
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Our work demonstrates the first study to use optically trapped microplastics (MP) to
monitor UV photodegradation. MP are a known and abundant environmental pollutant
found in our oceans, land, food and bodies. Research to understand MP break down
from macro plastics or from large to smaller MP work in polymer degradation requires
further development using more sensitive and advanced tools. Our work employs the
combined use of optical trapping and Raman spectroscopy, often referred to as Raman
Tweezers (RT) with UV exposure to study degradation of MP. The RT method allows
for a single particle to be held and studied over an extended time range, allowing for
dynamic processes like polymer structure or size change to be monitored.
Experimental work has been implemented within two trapping media, namely air and
water, allowing us to simulate the degradation of airborne MP and those in freshwater.
UV exposure at up to 50 times the environmental dosage rate allows for an accelerated
laboratory study with timelines that mimic MP environmental exposures, from 2-5
weeks. In air polystyrene (PS) of 2.5 um has shown change in size and structure over
a small time period of 3 hours. Position shifts were noted in nearly all observable peaks
due to the exposure, indicating a structure change of the MP. Fig 1. Shows the liquid
sample study in deionised water particles with a size of 10 um for polystyrene which
demonstrated structural changes during UV exposure.
To the best of our knowledge this is the first such study to use RT to study degradation
of MP and al is first to study degradation of such a small size of MP, with many studies
still focusing on the large MP size range or macro plastics. From this work we will
expand our sample study to include other polymer families and their rates of
photodegradation.

Fig. 1: Spectra of 10 um polystyrene microplastic exposed to UV light for a period of
20 hours, equivalent to 1-month environmental exposure. Insight image is of the
particle measured, trapped and isolated centre singular particle.
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Unraveling the spatial distribution of Eu(III) in tobacco BY-2 cells by
Raman microspectroscopy
M. Klotzsche1, B. Drobot1, R. Steudtner1, M. Vogel2, J. Raff1, T. Stumpf1
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Rare earth elements (REE) have become critical components in science and industry.
Their anthropogenic release into the environment and entry into the food chain poses
a risk for the health of living beings. Therefore, a comprehensive understanding of the
transfer and migration behaviour, the resulting localization and molecular
characterization of REE in biological systems is crucial for a reasonable risk
assessment and remediation strategies.
In this study a suspension cell culture of Nicotiana tabacum BY-2 as a robust cell line
of an agricultural crop was exposed to europium (Eu3+) – a lanthanide with exceptional
luminescent properties and, at the same time, a meaningful chemical representative
for other trivalent REE. After the tobacco cells had been incubated with 100 µM Eu3+
the cells were washed and readily used for microspectroscopic analysis. Application of
a Raman microscope equipped with a laser (λexcitation=532 nm) capable to stimulate
Eu3+ photoluminescence revealed the spatial distribution of the metal within the cell by
the means of a spectroscopic mapping. Given the biological complexity associated with
a variety of chemical microenvironments inside a cell and due to the overlap of Raman
and Eu3+ luminescence signals, spectral data was deconvoluted by the means of
iterative factor analysis. Data deconvolution allowed for the separation of Raman and
luminescence signals and enabled a distinction of different chemical species, i.e.
coordination sites, of Eu3+ based on dissimilar spectral features. These distinct
chemical species were then unambiguously assigned to cellular binding motifs
considering reference data. Subsequently, pure Raman microspectroscopy with
λexcitation=433 nm unraveled the chemical composition of a site of particularly strong
Eu3+ photoluminescence as an Eu3+-doped oxalate precipitate.
Herein, Raman microspectroscopy provided valuable information on the biological fate
of Eu3+, a REE, in tobacco BY-2 cells and additionally revealed the composition of a
metal-induced bioprecipitate in situ.

Figure 1: Results of iterative factor analysis of microspectroscopic mapping data from
Eu3+-incubated BY-2 cells. A) Sites of strong Eu3+ luminescence, B) Distribution of
distinct Eu3+ single component species, C) Deconvoluted luminescence spectra.
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Optoelectronic properties of Graphene/h-Boron Nitride
heterostructures studied by the correlative microspectroscopy
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Carbon based 2D materials are interesting for electronic and photovoltaic applications.
Graphene is the most intensively studied 2D material due to its high quality and
electronic properties. Using graphene in photovoltaics is limited by intrinsic zerobandgap, and encapsulation hexagonal-Boron Nitride (hBN) could overcome the
graphene limits and improves charge carrier mobility. The hBN is a 2D material and
insulator with high optical transparency, thermal conductivity, and mechanical stability.
In this work, we studied the optoelectronic properties of the Graphene/hexagonal
Boron Nitride (G/hBN) heterostructure on SiO2 and Si substrates. Heterostructures
were prepared by adding high-pressure high temperature (HPHT) hexagonal Boron
Nitride on SiO2 or Si substrate. The chemical vapour deposition (CVD) graphene was
laid over the whole substrate using the PMMA transfer method. After graphene transfer
on substrates, the prepared heterostructures were cleaned by annealing at 400ºC in
Ar/H2. The G/hBN properties on Si and SiO2 substrates were studied by correlative
microspectroscopy using micro-Raman spectroscopy mapping, Kelvin probe force
microscopy, optical and Atomic force microscopy. The surface potential increased on
the G/hBN flake and decreased on the SiO2 substrate, while surface potential on the
Si substrate was uniform. Enhanced Raman intensity from Si and Graphene along the
G/hBN edge on Si substrate under visible light was observed. Enhanced Raman
intensity along the G/hBN edge is probably related to localised electrons concentration
and suitable perpendicular orientation of plasmonic vibrations. An enhancement of the
Raman signal was not observed at the G/hBN edge on the SiO2 substrate.
These results can be interesting for sensing and energy harvesting studies. This work
was partly supported by JSPS KAKENHI Grant Numbers JP 20H02191 and 20H00354
and the ERDF/MEYS project CZ.02.1.01/0.0/15_003/0000464 (CAP).

Fig. 1: Optical image, morphology and Raman map in the 2D peak of
G/hBN heterostructure
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Growth of p-doped 2D-MoS2 on Al2O3 from spatial atomic layer
deposition
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Increasing interest in 2D materials for electronic and optoelectronic applications has
driven research to develop new materials for high-performance devices. Transition
metal dichalcogenides with the formula MX2, where M is the transition metal and X is
the chalcogen, have emerged as an important class of 2D materials.
We report the synthesis of MoS2 monolayers by chemical vapor deposition directly on
dielectric Al2O3 layers. These alumina layers were prepared by spatial atomic layer
deposition, a fast and high throughput alternative to conventional atomic layer
deposition. The synthesized monolayers are characterized by atomic force microscopy
and confocal Raman and photoluminescence spectroscopy.
Our data show that the morphology and properties of the 2D material vary greatly
depending on its position on the substrate. On the one hand, we find individual flakes
with a typical edge length of several hundred micrometers and exhibiting n-doping on
the order of ne = 0.2 × 1013 cm−2. The doping of the deposited material depends strongly
on the substrate, e.g., MoS2 on a SiO2 is typically n-doped. In contrast to the extended
single flakes, we also find a mm-sized region consisting of densely packed, small MoS2
crystallites with edge lengths ranging from several micrometers to nanometers. This
nanocrystalline layer exhibits virtually no strain and appears to be p-doped with a
carrier density of nh = 0.1 × 1013 cm−2. This unusual p-type doping was achieved using
a standard CVD process. There was no substitutional doping, post processing or use
of additional chemicals. This could prove useful as a scalable process for applications.

Fig 1: Peak-force-microscopy images and Raman spectra of
individual MoS2 flakes and nano-crystallites.
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Determination of ionomer properties and imaging of PFSA
membranes with confocal Raman microscopy
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The proton exchange membrane is one of the core components of various
electrochemical energy systems, such as fuel cells and water electrolyzers. The
chemical composition and processing of the polymeric materials determine the
protonic conductivity, chemical and mechanical stability, as well as water uptake and
swelling of the membrane. To further improve the longevity and performance of
electrochemical energy systems, a precise determination of the membrane's
properties is of crucial importance. However, conventional measuring approaches,
e. g. gravitational determination of the water uptake, thickness determination with
micrometer gauge, or ion exchange capacity via titration, often suffer from insufficient
accuracy and lack spatial resolution.
Here, we use confocal Raman microscopy for the non-destructive and spatially
resolved investigation of application-relevant properties of various perfluorinated
sulfonic acid (PFSA) membranes. The Raman spectra of different commercially
available PFSAs show a clear trend of Raman mode intensities over the equivalent
weight. However, the spectra reveal differences in spectral position and area for
specific bands (Figure 1). We determined several characteristic properties of PFSA
membranes, such as swelling or water uptake, and developed a procedure to quantify
the equivalent weight. Furthermore, the combination of high spatial resolution and
chemical sensitivity of confocal Raman microscopy enables imaging of composite
membranes and their full characterization by resolving individual phases and features
within the membrane with sub-micron resolution. In summary, confocal Raman
microscopy is a powerful tool for determining characteristic properties and highresolution imaging of proton exchange membranes.

Fig. 1: Structural formulas and Raman spectra of Nafion, 3M Ionomer, and Aquivion
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This study focuses on having a greater understanding of the growth process of
nanocluster carbon using a cathodic arc system and its compositional analysis using
a Near Field Scanning Optical Microscope (NSOM). Different sets of nanocluster
carbon were grown using a cathodic arc system by varying different deposition
parameters. In this study, four different process parameters were used to grow
nanocluster carbon, including various bias conditions, temperature, nitrogen
incorporation, and helium incorporation with fixed nitrogen partial pressure, and their
composition was analyzed using a NSOM (ALPHA 300RAS). The different process
parameters lead to varying sizes of clusters, the presence of predominant
morphologies, and the degree of carbonization.
The Raman analysis of the nanocluster carbon was performed, and the wavelength of
a 532nm excitation laser was used. The nanocluster samples were characterized by
using several characterization techniques for acquiring different information for various
applications. The Raman spectra of nanocluster carbon grown under different bias
conditions is shown in fig.1. The Raman Spectra shows that it has one peak around
1573.27cm-1 for biassing conditions (150V, 120V, 100V, 60V), 1565.50 cm-1 for 80V,
1581.043 cm-1 for 45V, and no D peak. The Raman response indicates the nanocluster
carbon films are graphitic in nature. For 0V, two peaks in the sp2-sp3 mixed phase are
observed, the G peak at 1573.27 cm-1 and the D peak at 1340.81 cm-1 are observed.
This study aims at confirming the various growth process parameters that can be
adopted to grow nanocluster carbon and their compositional study using NSOM, for
understanding the growth mechanism and their composition for realizing some of the
technological properties.

Fig. 1: Raman spectra of nanocluster carbon
grown under different bias conditions.
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Amorphous quantification of drug compound using Raman
spectroscopy and partial least squares regression (PLS)
1
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Solid-state forms transformation of an active pharmaceutical ingredient (API), such as
crystalline, amorphous forms can impact its physical, chemical, and mechanical
properties. Phase transformation of API can occur during the milling, granulation, and
tablet compression process. It is important to monitor and characterise the processinduced disorder early in drug product development. Over the years, various analytical
methods have been used to study the solid state of API such as XRPD, TGA, and
DSC. However, these methods can not be implemented during the manufacturing of
API to monitor the real-time investigation of the solid state of API.
Raman spectroscopy provides several advantages including enabling real-time
measurement, low moisture signal interaction, minimal/no sample preparation, and
being non-invasive. In this study, we demonstrate the feasibility of Raman
spectroscopy as a sensitive analytical tool with multivariate data analysis (Partial least
squares regression (PLS)) to quantify the amount of different solid-state forms present
in early-stage APIs monitoring after micronisation. The predicted solid-state forms
were further verified with solid-state NMR data.
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During the last decade graphene-enhanced Raman spectroscopy has proven to be a
powerful tool to detect and analyze minute amounts of molecules adsorbed on
graphene [1].
Cobalt octaehtylporphyrin (CoOEP) is a promising candidate in the field of molecular
spintronics [2,3] and a deep insight into the coupling between molecule and graphene
is essential for the understanding of occurring phenomena. We report enhanced
Raman signals of CoOEP on graphene allowing us to investigate the adsorption and
interaction of the two. By using a graphene-based field-effect device the unique
opportunity arises to gain a deeper insight into the coupling of molecules and graphene
as graphene´s Fermi level can be controlled by the transistor´s gate voltage. We show
here that contaminations stemming from processing the device inevitably prevent
direct adsorption of the molecules onto graphene rendering it unsuitable for grapheneenhanced Raman spectroscopy.
We explore two different ways to solve this problem. First, we demonstrate that argon
cluster ion beam irradiation represents an efficient way to remove these residues after
processing. Secondly, a new approach is developed where an additional graphene
layer is transferred onto a graphene layer with the molecules already on top of it, before
the fabrication process takes place. This second graphene layer protects the
molecules from the harsh conditions during the photolithography process. Both
approaches successfully lead to working graphene transistors with strong molecular
Raman signals.

References
[1] X. Ling et al., Nano Letters, 10 553-561 (2010).
[2] C.F. Hermanns et al., Advanced Materials, 25 3473-3477 (2013).
[3] D. Klar et al., Physical Review B, 89 144411 (2014).
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Minerals with microporous structure are characterized by wide isomorphic substitutions
of extra-framework components presented by both ions and neutral molecules.
Investigation of extra-framework components and their zonal distribution in crystals of
microporous minerals makes more complicated because they usually contain nonmeasurable by WDS/EDS analysis elements (O, H, C, etc.) and/or are presented by
close by composition components, but having different structure. We faced the similar
type of problems studying minerals of the mayenite group characterized by the 3Dstructure formed by the (AlO4)5- tetrahedra with big zeolite-like cages coordinated by
the two Ca atoms, between which the central W-site locates. In natural mayenites this
site is as a rule occupied by F-, Cl- (+OH-) or H2O, that defines 4 mineral species:
chlormayenite Ca12Al14O32Cl2, fluormayenite Ca12Al14O32F2, chlorkyuygenite
Ca12Al14O32Cl2(H2O)4 and fluorkyuygenite Ca12Al14O32Cl2(H2O)4 [1]. Recently, in
pyrometamorphic rocks of the Hatrurim Complex, Israel crystals of S-bearing
fluormayenite-fluorkyuygenite were found. These crystals, in contrast to S2- dopted
synthetic analogs [2], have zonal distribution of the three extra-framework S-bearing
components: HS-, H2S0 and (SO4)2-. The zonal distribution of S-bearing components
correlate with the OH- and H2O distributions. The conditions and mechanism of water
incorporation to the structure of mayenite group minerals using Raman imaging have
already been elaborated [3]. We were able to distinguish the three scheme of the
incorporation of sulfur into fluormayenite structures: 1) 2WF-→SO42- (band at
1006 cm-1); 2) WF-→HS- (band at 2585 cm-1); 3) W□→H2S (band at 2600 cm-1). The
Raman temperature experiment showed that the type of sulfur substitution in mayenite
is temperature dependent. H2S/HS- molecules are stable up to 600°C, but SO42remains in the mayenite structure at a higher temperature.
[1] Galuskin, E. V., Gfeller, F., Galuskina, I. O. et al. (2015): Mayenite supergroup,
part I: Recommended nomenclature. European Journal of Mineralogy, 27(1), 99-111.
[2] Li C., Hirabayashi D., Suzuki K. (2009): A crucial role of O2- and O22- on mayenite
structure for biomass tar steam reforming over Ni/Ca12Al14O33. Applied catalysis B:
Environmental, 88, 351 - 360.
[3] Środek D., Dulski M., Galuskina I. (2018): Raman imaging as a new approach to
identification of the mayenite group minerals. Scientific Reports, 8, art. No. 13593.
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Holt melt extrusion (HME) is a commonly used production technique in pharmaceutical
industry and research [1]. During the process, thermoplastic carriers such as watersoluble polymers are compounded with an active pharmaceutical ingredient (API)
either to form a molecular, amorphous solid solution or a dispersedly loaded
composite. The API particles in such latter composites can be challenging for the
extrusion process itself [2] and downstream processes like 3D printing of individualized
dosage forms [3]. Due to these challenges, it would be favorable to determine the
particle size distribution and orientation inside the filaments produced by HME.
Unfortunately, APIs are not only typically partially soluble in the polymeric matrix, but
also soluble in the solvents the polymers are soluble in, making a particle size analysis
via redispersion impossible. Thus, we apply scanning Raman-microscopy for
determining both, particle size distribution and orientation simultaneously.
For the measurements, a confocal Raman microscope (alpha300 R, WITec GmbH,
Ulm, Germany) was applied in area scan mode with simultaneous surface tracking.
The longitudinal- and crosscut sections of several filaments with different API loads
were investigated and evaluated towards the Feretmax drug particle size distribution
and orientation relative to the extrusion direction. Applying this method, different effects
can be observed. For example, a significant reduction in particle size of needle-shaped
Theophylline (e.g. Figure 1), the shape and their orientation of those particles towards
the extrusion direction, and the effect of different particle loadings on those effects can
be analyzed.

Figure 1: Left: Raman heat map of API distribution in a longitudinal cut section of HME
filament with 20 wt. % drug and SEM-Picture of raw drug particles; right: Particle size
distributions of particles in the pictures on the left side
[1] Crowley, M.M.; Zhang, F.; Repka, M.A.; Thumma, S.; Upadhye, S.B.; Battu, S.K.;
McGinity, J.W.; Martin, C. Drug Dev. Ind. Pharm. 2007, 33, 909–926.
[2] Witzleb, R.; Kanikanti, V.-R.; Hamann, H.-J.; Kleinebudde, P. Powder
Technology 2011, 207, 407–413.
[3] Tidau, M.; Kwade, A.; Finke, J.H. Pharmaceutics 2019, 11.
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Fabry disease (FD) is a heritable X-linked disorder caused by deficient activity of the
lysosomal enzyme α-galactosidase A (α-Gal A), which leads to systemic accumulation
of globotriaosylceramide (Gb3) and progressive multiorgan damage. Manifestation of
FD in the heart represents the leading cause of death in these patients. A diseasespecific enzyme replacement therapy is available, though its efficiency strongly
depends on its initiation before organ damage develops.
Here, we evaluate the potential of coherent anti-Stokes Raman scattering (CARS)
microscopy for the detection of FD associated biomolecular alterations. Cardiac
biosamples of α-Gal A-knockout and wild type mice at the age of 20 weeks, a time
point before phenotypic abnormalities have been reported, were studied. Since CARS
is based on intrinsic molecular vibrations, it is label-free and allows rapid imaging of
tissue with high spectral selectivity based on CH2 and CH3 stretching vibrations. The
spectroscopic measurements were assisted by multivariate data analysis including
image pre-processing, clustering and data-driven modeling (Fig. 1). The evaluation of
the classification performance was accomplished based on the leave-one-mouse-out
cross-validation aiming to differentiate between knockout and wild type groups. While
immunohistochemical (IHC) analysis of the heart sections did not provide a specific
Gb3 signal, significant lipid/proteins variations were identified by CARS microscopy
with the mean sensitivity up to 96 %. Thus, the large number of CH bonds in lipids,
which correlate with the FD biomarker Gb3, and the high sensitivity of spectral
information allow diagnostic support of early organ manifestations of FD.
Fig. 1: Workflow including
CARS-SHG imaging,
clustering and classification
models based on biomarker
identification, and
immunohistochemical (IHC)
staining of the cardiac tissue
sections of α-Gal A knockout
mice (GLAKO) and wild type
mice (GLAWT).
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In Germany, each year around 55,000 women[1] are newly diagnosed with breast
cancer, which is associated with a high mortality rate. Even after successful therapy,
there is a high risk of relapse due to cells that escape from the primary tumour and
metastasise to other parts of the body.[2] For instance, they can reach the bone marrow,
where they lie dormant for years and can cause relapses even after the primary tumour
was removed.[3] These disseminated tumour cells (DTCs) are highly heterogenous in
terms of predictive biomarker expression and, therefore, there is an urgent need for
their comprehensive characterisation.[2] This requires a bioimaging method that
provides a high multiplexing capacity and does not suffer from contrast degradation
due to an auto-fluorescence background.
Here, a promising technique called immuno-SERS (iSERS) microscopy is presented
to meet these requirements. To this end, a plasmonically-active gold nanoparticle is
functionalised with Raman-active molecules and conjugated with antibodies. These
SERS tag–antibody conjugates are used to stain the corresponding cancer-related
antigens on single cells. Finally, a confocal Raman microscope is used to visualise the
antigens based on the characteristic SERS tag Raman spectra. Due to the small widths
of vibrational Raman bands, the multiplexing potential exceeds that of
immunofluorescence as the current state-of-the-art method.
In this work, SkBr3 cells – an accepted model for DTCs – are distinguished from benign
bone marrow cells by their HER2 expression. To further demonstrate the multiplexing
potential, six different Raman-active molecules are used on Au/Au core/satellite
particles to stain cancer-associated HER2 as a 6 colour/1 target proof-of-concept
(Fig. 1).[4] Therefore, multivariate data analysis is needed to calculate the contributions
of each SERS tag to the measured spectrum. Consequently, the next steps are
providing a real-world example by targeting six different associated antigens and
expanding the method’s usability to intracellular targets. In the case of intracellular
targets, a high spatial resolution method is needed. Therefore, correlative iSERS/TEM
measurements can be used to compensate the related limitation of Raman imaging.

Fig. 1: Concept of 6 colour/1 target iSERS microscopy. Six different SERS
nanotags are labelled with the same antibody and used to stain a single cell.
All six SERS spectra [1-6] contribute to the measured spectrum [tot].[4]
[1] J. Bertz, Krebs in Deutschland. Häufigkeiten und Trends, 5. Aufl., Saarbrücken, 2006. [2] C. Alix-Panabières,
K. Pantel, Nat. Rev. Cancer 2014, 14, 623– 63. [3] B. Sai, J. Xiang, J. Cell Mol. Med. 2018, 22, 5776– 5786. [4]
E. Stepula, X.-P. Wang, S. Srivastav, M. König, J. Levermann, S. Kasimir-Bauer, S. Schlücker, ACS applied
materials & interfaces 2020, 12, 32321.
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The detection of specific single molecules in liquids, adsorbed on surfaces or in the
gaseous state, is a long-desired goal in spectroscopy and requires spectroscopic
techniques offering high spectral sensitivity. Single-molecule surface-enhanced
Raman spectroscopy (SM-SERS) is one of these techniques that has been
significantly developed in recent decades and now has the potential to detect the
spectroscopic fingerprint of individual molecules using plasmonic-active materials. The
gain of spectral sensitivity in SM-SERS can be achieved by utilizing DNA origami
structures with plasmonic metal nanoparticles, forming complex nanostructures to
capture single molecules for SM-SERS detection. However, such measurements are
challenging since the nanostructures easily agglomerate when attached to surfaces.
Here, we introduce a promising approach to precisely control the adsorption position
of plasmonic DNA origami nanostructure on a flat substrate in the form of a polar
surface array (PSA). The PSA surface is fabricated by physical vapor deposition (PVD)
of specific organic molecules on a hydrophilic substrate, followed by electron-beam
lithography (EBL) for surface patterning with nanometer precision. The polar surface
pattern of the PSA substrate drastically reduces the agglomeration of DNA
nanostructures, as shown by scanning electron microscopy (SEM) studies.
Furthermore, we show the impact of incubation time and nanostructure density in the
solution, as well as the impact of adsorption field size of PSA to improve the lateral
isolation of a single DNA nanostructure for future SM-SERS measurements.

Fig. 1: a) Schematic representation of deposited DNA
origami structure functionalized with two gold nanoparticles.
b) SEM measurement of deposited nanostructures without
(top) and with (bottom) polar surface array on the substrate.
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We present a novel platform, named VIRRION (VIrus capture with Rapid Raman
spectroscopy detection and IdentificatiON), which consists of a handheld microdevice
designed to capture different viruses based on their sizes, and performance of optical
identification using in-situ Raman spectroscopy coupled to a machine learning
algorithm and database. By comparing fingerprints of the virus spectra, this approach
identified different viruses within several minutes (~5 minutes) without any bench-top
procedures such as pipetting and also not requiring any label (e.g. antibody or primer,
etc.). More importantly, it was noted that after capture and detection, the viruses were
still viable and could be further tested using conventional methods, such as electron
microscopy, immunostaining, cell culture, and next-generation sequencing (NGS).
VIRRION was validated using avian influenza A virus subtypes, and other different
types of viruses that cause human respiratory infections. VIRRION accurately detected
human respiratory infections by rapidly capturing and identifying different viruses in
respiratory samples from patients who had previously been diagnosed with rhinovirus
(~30nm), influenza virus type A (Influenza A, ~100nm), or Human parainfluenza virus
type 3 (HPIV 3, ~200nm). A developed machine learning strategy was applied to
classify the results of the Raman spectroscopy. The accuracy for identification of the
specific viruses was ~93% using the logistic regression algorithm. Therefore, the
results indicate that VIRRION can be successfully used to detect specific viruses within
several minutes after collecting clinical samples. Interestingly, the captured viruses
remained viable and allowed for the enrichment of specific viruses by cell culture, thus
enabling more in-depth characterization and deep sequencing. The result also
demonstrated that this enrichment platform promoted these convention methods for
virus sample preparation in an effective way.
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Commercially available confocal Raman microscopes (CRMs) often cannot be used
for in-situ measurements in toxic or radioactive environments, without the risk of contaminating the whole system. Currently, there is an emerging interest in in-situ Raman
measurements of tritium-loaded graphene or graphene-like samples, associated with
recent proposals in neutrino physics programs (e.g. KATRIN and PTOLEMY). For such
samples post-loading desorption of tritiated species cannot be excluded, and thus the
CRM would be radioactively contaminated. Therefore, a CRM suitable for the task (i)
would need to be compatible with existing tritium handling facilities and regulations; (ii)
should comprise a minimal number of expensive parts exposed to contamination; and
(iii) in a future step should allow for integration into a tritium system. To fulfill these
requirements of tritium compatibility, a bespoke CRM was designed and built, predominantly from optomechanical 30 mm-cage elements (Thorlabs Inc), and associated
optical components. It is complemented by a fibre-coupled 532 nm DPSS laser as well
as a standard laboratory spectrometer / CCD detector combination.
In this work, we present the design of the system, as well as a range of characterization
measurements. The CRM has no moving parts in the optical system itself and comprises a motorized XYZ-sample stage. The working distance is ~12 mm for the 10×
objective currently in use, allows for the contaminated area to be isolated from the
optical system, and only the microscope objective is exposed to contamination from
any radioactive (or toxic) sample. In its current configuration the CRM can conduct
raster scans of samples up to a size of 20×20 mm2, applying software control to keep
the sample in focus across the full scan area. A gold-contacted graphene sample
(Graphenea) was used to test the instrument. Specifically, (i) axial and lateral resolution, linked to the actual laser focal beam diameter, were assessed; and (ii) Raman
raster maps were generated for spectrochemical analysis. In conclusion, these findings
show that our CRM, built from off-the-shelf components, is suitable to perform in-situ
studies of mm-scale to few-µm-scale effects of radioactive (or toxic) samples.

Fig. 1: CRM test results for a GFET-S10 (Graphenea) sample region. Left – spectral raster
scan; center – extracted lateral edge profile scan; right – axial profile scan.
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In the project “Establishment of a competence center for additive manufacturing of
inorganic-non-metallic materials” that is founded by the Rhineland-Palatinate Ministry
of Economic Affairs (MWVLW) and the European Fund for Regional Development
(EFRE), the aim is to print refractory castables by means of additive manufacturing.
Refractory castables are used, for example, to line crucibles for melting and casting
glass or metal. They must therefore be chemically and physically resistant to high
temperatures. In addition, printing refractory castables is different from printing
concrete for the construction industry. Therefore, not only the printing process has to
be revised, but also a castable has to be developed that satisfies the requirements and
achieves a good printing result. For this, Raman spectroscopy was used in this study
to investigate the hydration of calcium aluminate cement (CAC), which is an important
binder in refractory materials. The hydration was studied in situ as well as space and
time resolved. In particular, this study demonstrates that the high resolution and low
detection limits of this method allow an in-depth investigation of CAC and its hydration
processes. Proof for the capabilities are, for example, the identification of gibbsite and
portlandite in CAC, which have not previously been detected in other studies.

Fig. 1: Left: Raman Image of CAC covering an area of 130x130 µm² with a resolution
of 0.5 µm and an acquisition time of 1 s, respectively. Right: Raman spectra used for
the analyzation to create the Raman image. The spectra are averaged from 9
individual Raman spectra taken directly from the image data. The Raman bands of
the three unknown phases had to be fitted to the average spectra using Gaussian
functions. (CA = CaAl2O4; CA2 = CaAl4O7; C12A7 = C12Al14O33)
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Perspective:
Raman Microscopy
Evolution

Raman Microscopy Evolution
From specialist favorite to mainstream standard
The near future will likely see Raman imaging microscopy complete its evolution from a
specialized tool to a commonplace analytical technique. The overall number of fields that
employ it, and the variety of its applications within those disciplines, should both show steady
increases. The primary factors set to drive this expansion are advances in user-friendliness
and experimental flexibility.
Chemical characterization enabled by Raman
spectroscopy became practical with commer
cially-available solid-state photonics devices in
the 1970s and 80s. Lasers provided stable, monochromatic light sources in a range of wavelengths
for sample excitation. Charge-coupled devices
offered the sensitivity to detect signals from weak
Raman scatterers and to acquire large numbers of
spectra very quickly. Though it remained primarily
used by those familiar with spectroscopy, such as
physicists, chemists and materials scientists, these
technologies started the first wave of adoption of
Raman-based analysis.

Figure 2: Automated Raman imaging system WITec
alpha300 apyron

In the 1990s, increasingly powerful personal
computers and precise piezo-driven sample scan
stages made it possible for Raman instruments to
acquire a complete spectrum at each measure
ment point and compile them to generate an
image. Raman imaging microscopy was introduced to the marketplace by WITec GmbH in
1999. Once scientists saw visualizations of sample
component distributions three-dimensionally in
high resolution (Fig. 1), demand for the nondestructive, label-free technique spread rapidly.

Today Raman imaging can be found far beyond
its initial user base, in fields as diverse as archaeology, quantum device research, forensics,
pharmaceutical development, environmental
science and many others. While the method continues to be embraced for its precision and speed,
strides in accessibility and versatility are the keys
of its widening appeal.
High-resolution Raman imaging experiments
involve many components working in concert to
extract the most from each measurement. This
was at times intimidating for users new to the
technique. The introduction of advanced control
software and motorized optical elements has
succeeded in making even complex investigations
easily manageable.
Experimental workflow configuration can now be
accomplished through a graphical user interface
and every setting can be stored along with the
acquired data. Automated components remove
the necessity of manual fine adjustment and calibration while guaranteeing the reproducibility of
results and eliminating potential sources of error.
With these developments (Fig. 2), the full analytical power of Raman imaging can be placed in the
hands of researchers anywhere, from university
groups and multi-user facilities to industrial quality
control teams.

Figure 1: 3D Raman image of honey. The liquid honey phase
(yellow) surrounds a pollen grain (green) and different
crystalline honey phases (red, blue, cyan). 50 x 50 x 50 μm³
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Figure 3: Overlaid Raman and SEM
images of an abalone shell consisting
of aragonite in two different crystal
orientations

Figure 4: Correlative Raman and SHG imaging of a mono-layer molybdenum disulfide
(MoS2) flake. Left: Raman image displaying the frequency of the E2g mode, visualizing
strain in the crystal. Right: SHG intensity image, showing grain boundaries.

The path ahead for Raman microscopy will be
enabled by its further integration with comple
mentary techniques and controlled sample
environments. Advanced modular Raman microscopes have recently been integrated within
scanning electron microscopes (SEMs) (Fig. 3).
The foremost among these instruments, WITec’s
RISE microscopes, feature energy-dispersive X-ray
spectroscopy (EDS) and a common vacuum chamber for all measurements. Now, leading-edge,
non-linear methods including second- and third
harmonic generation (SHG, THG) have joined the
list of correlative Raman imaging options, and are
especially useful for exploring low-dimensional
materials such as transition metal dichalcogenides
(TMDs) (Fig. 4).

effects become visible near absolute zero. Fully
automated Raman instruments can be placed in
glove boxes (Fig. 5) for evaluations of hazardous
samples or those produced with processes such
as chemical vapor deposition.
The journey of Raman spectroscopy – from Nobel
Prize-winning experiment, to expert’s choice for
chemical characterization, through popular visualization method to becoming a standard analytical
technique – has been a series of steps toward
fulfilling its initial promise. Now that everyone can
access its benefits for characterizing materials,
the research community is devising novel ways
to apply it to emerging challenges. Raman
microscopy, in all its myriad forms, looks ready to
become a ubiquitous sight in laboratories around
the world and across the full range of scientific
inquiry.

Advanced image processing algorithms can use
white-light images to generate a map of very
large numbers of microparticles in a sample. This
map can then automatically guide a measurement to acquire a Raman spectrum from each
for chemical identification, a process that can be
expedited by using Raman spectral database
software. Tools that feature these elements, such
as WITec’s ParticleScout, are proving invaluable in
analyzing microplastic pollution in environmental
samples. As Raman-based particle analysis offers
exceptional resolution and the ability to perform
investigations of aqueous solutions, it has a
distinct advantage over conventional methods.
Modular Raman microscopes can also lend their
chemical sensitivity to experiments conducted in
cryogenic chambers and environmental enclosures. Cryogenic Raman microscopy can reveal
intricate details of exotic materials as quantum

Figure 5: WITec alpha300 apyron fully automated Raman
microscope in an environmental enclosure (glove box by
MBRAUN, Garching, Germany).

74

Confocal Raman
Microscopy
2nd Edition

Confocal Raman Microscopy, edited by members of the WITec team and part
of the Springer Series in Surface Sciences, has been thoroughly revised and
expanded for its 2nd edition. The book provides a comprehensive overview
of the fundamentals, practical considerations and real-world applications
of Raman microscopy.
With 23 chapters it also includes sub-sections on theory and technology,
novel materials, geosciences, life and pharmaceutical sciences, materials
science and a historical overview of the Raman effect.
Additionally, it explores the rapidly evolving field of
correlative microscopy by detailing how 3D Raman
imaging can be integrated with other investigative
methods to achieve a far greater understanding of
a sample’s properties.

The 2nd edition of Confocal Raman Microscopy,
edited by WITec scientists Dr. Olaf Hollricher,
Dr. Thomas Dieing and Dr. Jan Toporski, can be
purchased in print or e-book formats directly
from Springer or through online shops.

Order your copy today and have
the current state of the art in
Confocal Raman Microscopy at
your fingertips.

Confocal Raman Microscopy
Editors: Jan Toporski, Thomas Dieing, Olaf Hollricher
ISBN: 978-3-319-75380-5
www.witec.de

