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Research areas

Carbon based materials
« Amorphous carbon

« Nanodiamond

* Polymers

* Silicon carbide

Glasses
« Chalcogenides
« Photoinduced volume changes and mass transport

Raman spectroscopy

« Material characterization

« Development of optical systems for Raman measurements
« Surface Enhanced Raman spectroscopy

« Biological applications
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Raman scattering

Inelastic light scattering due to the interaction of the incident light
with matter.
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Selection rule: A vibrational transition is Raman active if the polarizability
changes during the normal vibration.

For IR: A vibrational transition is infrared active if the dipole momentum
changes during the normal vibration.
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Applications

Material properties affecting the characteristic vibrations
- Composition

- Structural parameters
- Conformation

- Presence of isotopes
- Chemical reactions

- Temperature

- Internal stress



Increasing the sensitivity

« Use if higher excitation energies
Raman intensity | ~ v*
~103 enhancement

IRS — Iexc(Vexc'Vm)4z|(aij)m|2

lrs —Raman scattering intensity
lxc — INteNsity of the excitation
hv,,.— excitation energy

hv.,— energy of the scattered phot.
oy~ — polarizability

Drawbacks

- Damage of the sample

- Strong photoluminescence could
overlap the Raman bands

- Requires special instrumentation



Increasing the sensitivity

« Use if higher excitation energies
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Raman intensity | ~ v*
~103 enhancement
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« Resonant Raman scattering
When the energy of the incident photons is
equal or close to the energy of an existing
electronic transition of the sample.
~10% — 10° enhancement
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Raman spectrum of nanodiamond

Excitation with different energies
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P.W. May et al. MRS Proceedings 1039 (2007)



Increasing the sensitivity

« Use if higher excitation energies
Raman intensity | ~ 1/A%
~103 enhancement

« Resonant Raman scattering
When the energy of the incident photons is
equal or close to the energy of an existing
electronic transition of the sample.
~10% — 10° enhancement

« Surface Enhanced Raman Scattering
(SERS)

Enhancement of the incident and/or
scattered intensity by interaction with
localized surface plasmons of metallic
nanoparticles or surfaces with nanoscale
roughness.
~107 — 1019 enhancement
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Types of SERS =

SEF

_ 10°¢ ecm?/mol 4—': 1016 cm?/mol
Electromagnetic enhancement i > i
10 em*/mol | A —f 10°'¥ em#/mol
« Interaction of the electromagnetic field of light g
Wlth Surface plasmons chlonofcom‘;a-r:ble SERS
cross sections
« 107-108 enhancement 107 cm/mol
« The enhancement strongly depends on the
distance from the metallic surface: Raman
10-% em?/mol
10
G — r Fig. 1. Spectroscopic signal gain (expressed in terms of
cross-section) observed in absence and presence of metal
I+ d nanoparticles in fluorescence, IR absorption and Raman
scattering.
r — curvature of the SERS surface
1.0
d — distance of the molecule from the surface LG
- 0.6 1
Chemical enhancement FQF(O)
» Charge transfer between the metallic surface -
and the adsorbed molecule 021
0.0
- Enhancement of one monolayer I SR B B
nm

F. Siebert, Vibrational Spectroscopy for Life Sciences, Wiley, 3008
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SERS active materials

« (Gold, silver and copper

“

« Nanoparticles and surfaces with nanoscale
roughness 200 300 400 500 600 Wamen;f:(n ns:n))o 1000 1100 1200 1300

* Most solutions utilize localized plasmons

400 450 500 550 600 650 700 750 800

Gold nanopaticles "Gold coated patterned
surface

Fig. 2.11 Simplified view of a sub-microscopically rough metal surface
(thick solid line) approximating the surface roughness for semi-spheres
of radius ag. Molecules contributing to the SER scattering (hollow
spheres) are separated from the surface via spacers of leneth d.
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Surface functionalization

Functional groups

X X
Thiol ligand \ {
| o T e
Gold is easy to functionalize via thiol HALCI, PET%"_ KWSSWI b5 nm
chemistry. S/ e N
Au(Ill) salt Hjéﬁ\
Surface functionalization makes SERS Xy X
. .- . Au nanoparticle
active surfaces sensitive to specific
mOIeCL”eS' PEG MHS PELG -MHS PEGA:-I\H-IS PEZ-IMHS
Femove excess

Gold chip

This approach can be used for selective |7 mar> #%‘F T s e———
SERS enhancement and detection of -

molecules, proteins, viruses, etc. Afpif Ty
Multiplex SERS detection requires

differentiation between the SERS agents T I O
with different functionalization. Y

Antigen apply
Antihody-imnmebilized chip Step 3

Fig 7.1 Immobilization of gold surface with antibody via PEG as a lnker

www.als-japan.com, www.york.ac.uk



SERS on biological samples

Brain electrode implants

« Brain’s self-healing causes the implanted
brain electrodes to be surrounded with so
called glial cells that make difficult to
access the neurons.

* Glial overgrowth can be avoided by using  Elecrode surface with nanostructu-
nanostructured electrode surfaces. red (NS) and flat (F) regions
Red — neurons
« Brain cells are connected to the electrode Green — glial cells
surface with proteins.

« Aim: determine the type of
iInterconnecting proteins and analyze their
behavior using Raman spectroscopy.

electrode

G. Piret et al., ACS Appl. Mater. Interfaces 2015, 7, 18944-18948



Electrodes and proteins

B Multichannel brain electrode ®

Pt contacts

Bulk Si

Nanostructured Si and Pt surfaces

SERS on nanostructured electrode
surfaces.

No enhancement was observed
after coating the nanostructured
surface with Au.

Alternative: SERS with gold
nanoparticles on different surfaces
(Si, SIO,, Black Si)

Tested proteins: HSA, FCS, PLL
Mixing of proteins with Au colloid,
drying droplets on the surface.
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SERS of proteins on different surfaces
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SERS fingerprint of proteins
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SERS of viruses

« SERS was used to study porcine parvo virus

* The uncleaned virus in the residues of the cell
growth culture and the uninfected growth culture
were mixed with 20 nm colloidal gold and dried on
Si surface

» Clear differences were observed in the spectra

5
S,
2
D
c
Q Parvo vir.
kS
= Next step — attach porcine parvo
= antibodies to the gold surface
e Ref.
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Analysis of the exhaled breath

It was shown that the exhaled breath contains
volatile organic compounds that can be used as
disease markers.

Diseases

Lung cancer, asthma, COPD, tuberculosis, diabetes,
helicobacter pyroli, cystic fibrosis, etc.

Typical VOCs
Methanol, ethanol, acetone, n-pentane, isoprene,
benzene, etc.

Methods

Mass spectrometry, gas chromatography, ion mobility
spectroscopy, electronic nose, dogs, etc.

Aim

Use Raman spectroscopy to detect VOCs in exhaled

breath.

Aspergillus fumigatus
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Flow cell for SERS measurements

To Raman spectrometer

X 00k

IGas in

-

u

SERS substr. Heating/cooling

Gas flow cell with top optical window for
SERS measurements

The substrate was cooled with a Peltier
element in order to facilitate the
condensation of the molecules from the
exhaled breath.

Nitrogen was used as carrier gas

Raman intensity [a.u.]

T T
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Raman shift (cm'1)

SERS spectra of exhaled breath
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SERS platform

- Functionalization of the different areas
of the SERS substrate with different
functional groups

- Use scanning Raman measurements

- The spectrum of a given area changes
when the appropriate molecule is
attached to the functional group

To Raman spectrometer

- Possibility to fabricate arrays to detect U
several analytes Sample Sample

- Not only for exhaled breath S " 8

SERS substrate Heating/cooling
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Functionalized SERS array

SERS of exhaled breath, fluids, etc.

Changes in the SERS

—) Functional groups
; e / X d spectrum of the

N4

functionalized region

SERS study of single cells, etc.
Matching the diameter of the flow through SERS spectrum of

channels < cell size individual immobilized

, objects

Immobilized objects

Negative pressure Flow through channels



Functionalized SERS array

Analysis of blood cells
Matching the period of the flow through channels

with pixels of a CCD camera

Optical spectroscopy,
scattering of blood cells
- Blood cell count

- Irreqularities of cells

Excitation

_

Immobilized objects

Flow through channels

Negative pressure

N/

CCD pixels

One channel for each cell



Development of SERS substrates

Periodical structures prepared in silicon by isotropic and anisotropic etching.

1 and 2 micron periods.
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Development of SERS substrates

Enhancement on different substrates.
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Optically transparent substrate

Carbon nitride
+ Si etching

00 nm EHT = 200 KU ST 3z 0 m ga-::ﬂn “saa =Stz wiing = 01t
0= 6.2 mm g Picel S

o R
Fabrication of optically transparent S
substrate for backside excitation by % N
coating the Si substrate with carbon § ”
nitride and subsequent etching of ,‘_5
silicon. 0:

200 300 400 500 600 700 800 900
Wavelength (nm)



Coherent Raman techniques

Non-linear effects

o Coherent anti-Stokes Raman scattering (CARS) "™ “manrs  * ramanicar)

o Stimulated Raman scattering (SRS)

electronic
excited state

virtual states

Strong detection signal, much sensitive than
normal Raman

Processes occur only at the focus, allowing 3D ,;—> - F—
imaging

These techniques can be used with strong PL S A

background A m SRG

Input spectra Output spectra

Distinct Raman fingerprints of different i
molecules allow label-free imaging of biological 0
samples

Require moderate laser powers tolerable by ®
living biological samples

Deep penetration in biological tissues when
using near-infrared photon energies

CARS

s Wp (°As

http://bernstein.harvard.edu/



In vivo visualization of neuronal nuclear functions

NEURAM - Visual Genetics
H2020 Fet-Open project
Starts in October, 2016

oDevelop a label-free SRS imaging system
for in vivo monitoring of neuron activity

o Preparation of alkyne (C=CH) tags for
labelling of single genes

o Develop tools for loading alkyne-tagged
nucleosides and nucleotide analogues into
neurons

o Visualize and track endogenous
transcription at single gene level using
SRS
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532 nm excited Raman spectra of
subicular and pyramidal brain cells
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(a) =—TMS, Pd(PPhs), (10 mol%), Cul (20 mol%),
TEA (2.0 equiv), DMF, rt; (b) TBAF, THF, rt. Or K,CO3,
Water, MeOH; (c) DMTF-CI, NEts, Py, rt, Ar; (d) NalO,,
(NH4)zB407, CH3OH, rt; then NaCNBH3, CH3OH, rt; (e)
NC\/\O,P(N’Prz)z, DCI, CH,Cly, tt, Ar.

Synthesis of morpholino-T alkyne tag
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Alkyne tagging of biological objects
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H. Yamakoshi, J. Am. Chem. Soc., 2012, 134 (51), pp 20681-20689
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