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Observing the Machinery of Life directly with Light

.... to understand how the machinery of life functions

.... to detect the establishment of disease early and rapidly
.. to realise novel single-molecule biosensors, diagnostic tools, and drug screens
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Kim E, Baaske MD, Vollmer F.

In Situ Observation of Single-Molecule
Surface Reactions from Low to High
Affinities

Advanced Materials , 28, 2016
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ultraprecise micro/nano-
lasers sensors

Outline

1. How can we visualise nanoscale processes with precision lasers and nanosensors?
2. How can we enhance the signal so drastically?
3. Which biomolecular processes can we study? Timescales? Nanomachines?

4. Outlook



TUTORIAL REVIEW

Nanoplasmonics for chemistry

Cite this: Chem. Soc. Rev,, 2014,
43, 3898

Guillaume Baffou® and Romain Quidant*t©

AN — Plasmons
— Photonic crystals

Publications in one year

From Nature
Photonics 2012
Editorial 0

1990 19:?5 ZO(IJO 2065
Surface plasmon resurrection

The realization that coupling of photons to charges at metal interfaces allows subdiffraction-limit
localization of light has revived the field of surface plasmons. How long will it last?
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Letter

Single Unlabeled Proteln Detectlon on Individual Plasmonic Nanoparticles

Irsne Amentt, Janak Prasadtf, Andreas Henkslt, Sebastlan Schmachtelt, and Carsten Sénnichsan’t
Tinstitute for Physical Chemistry, University of Mainz, D-55128 hainz, Germany
£ Graduate School Materials Science in Mainz, Staudingsrweg 9, D-55128 Mainz, Germany

Nano Lett, 2012, 12(2), pp 1032-1085
DOl 10.1021/nl204486g

NATURE NANOTECHNOLOGY | LETTER

Optical detection of single non-absorbing molecules using
the surface plasmon resonance of a gold nanorod

Peter Zijlstra , Pedro M. R. Paulo_ & Michel Orrit
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MICROCAVITY: GLASS MICROSPHERE

Acoustic whispering gallery

whispering gallery

St. Paul’s cathedral



Optical Resonance in Glass Microsphere

Geometric optics Wave optics

one precise wavelength / frequency!



WHISPERING GALLERY MODES IN
GLASS MICROSPHERES

2nd radial order m=/-2 1st radial order

Q~ 1057 s function Potential

FSR~1 nm

Finesse > 1000

isi - (d) (e) :
visible to near-IR Radial coordinate —=
f / 2nd radial order
| 1st radial order T
o/l FSR_| /+1
g =& 4=
ol
=i [+ 2
] l * | Jj )
(@) TE modes” T£ modes Frequency —=

M. R. Foreman, J. Swaim and F. Vollmer, Advances in Optics and Photonics (2015).



Amplitude [a.u.]

lﬁ/

Q~4.510°

779.970

Alnm]

779.975



gold particle

microsphere

779.970 Alnml 779.975
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Why so sensitive?



SENSING MECHANISM

Applied Physics Letters
May 4th, 2011

_ ( / )- total internal evanescent
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sensing with optoplasmonic microavities
x1000

sensing with optical microavities



PLASMONIC
ENHANCEMENTS

100 x
enhancement

1000 x
enhancement

not to scale
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receptor affinity conventional biosensors | single molecule biosensors
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OPPORTUNITIES WITH LABEL-FREE
SINGLE MOLECULE BIOSENSORS

enzymes as , receptors”
biochemical analysis of single molecules

ligand fishing, drug discovery?

kinetic fingerprinting in complex environments

Nno sensor regeneration

highest sensitivity in optical domain

potential for very high time (ns) resolution
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OBSERVING THE MOTIONS OF NANOMACHINES

Polymerase immobilized on NR (immo-Pol)

2015_'_29

SCIENCE ADVANCES | RESEARCH ARTICLE

e S 2 3xr + 2
BIOPHYSICS AM D(—-Ue (J-vm(f:ilb(r)l d‘f __[1-m(_r,)|b(r)| dV‘

Label-free optical detection of single enzyme-reactant
reactions and associated conformational changes = O (](t,) —I(ty )) = Al

fo+Tm

le\’p.k = I = (Tm)_lj‘,o I(t)dt

Eugene Kim,*" Martin D. Baaske,*" Isabel Schuldes,™ Peter S. Wilsch,' Frank Vollmer*®
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Polymerase immobilized on NR (immo-Pol)

- Plu—
Polymerase
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+ TIME RESOLUTION:
RING-UP SPECTROSCOPY

S CRUS signal
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collaboration with Weizmann Institute, Vollmer et.al., Nature Communications 2015
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Single molecule time resolution

ion channels, aquaporin ATPase, motor proteins

pho age
milliseconds hours/days
e

enzyme dynamics

Sy Ars 4 DNA, RNA
o | dynamics
light harvesting

protein folding



THE RESEARCH FIELD “STRUCTURE DETERMINATION”

static structure:
crystallography

dynamic structure:
NMR, ESR, DLS, SAS, fluorescence
ensemble measurements
need for synchronization, labels

OUR APPROACH: PROBE THE DYNAMICS OF STRUCTURE

nucleotides »

DNA J

F% polymerase

4 )]
A4
| gold particle

#not to scale one of the ,,holy grails” of structure determination



A wavenlength [fm]

A linewidth [fm]

P(E) = DE ) Perturbation of microcavity

resonances

RE[ ]
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TAKING DETECTION TO THE
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Image source:google



Fabry-Perot Whispering gallery Photonic crystal
N 5-6
o Q/V~1x10
=
]
s
g Q: 13,000
Ve 5 ()3 Vi 1.2 (Afn)2
':T
L=
k=g
L=
[19]
= b
=
5
Q/V~2x10
F: 4.8x10° Q: 8x10° Q: 108
V: 1,690 um? V: 3,000 pm?3

© 2003 Nature Publishing Group

Vahala et.al.

NATURE | VOL 424 | 14 AUGUST 2003 :ww.nature.cumfnature




Ideal Disordered

a-30000| [
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Tunable laser input . /Fi’ber taper
(A=1475-1580 nm) ANV

Lightin
Topolancik, llic, Vollmer PRL 99 (2007)



Position scan

Objective

Qutput

Position along waveguide [um]

0 20 40 60 80
Steps distance [pm]

Random cavity
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Mahdavi A, Roth P, Xavier J, Paraiso TK, Banzer P, Vollmer F. (2017)Free space excitation of coupled -? 100 | J
Anderson-localized modes in photonic crystal waveguides with polarization tailored beam, Applied E
Physics Letters, volume 110, pages 241101-241101, article no. 24, DOI:10.1063/1.4986187h ]
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Miniaturise single-molecule

Explore other hybrid
plasmonic resonators/cavities?

Light to manipulate
molecular vibrations/motions?
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P. Roelli, C. Galland, N. Piro, T. J. Kippenberg..
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spectroscopy?
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Advances in Optoplasmonic Sensors —
Combining Optical Nano/Microcavities and Photonic Crystals with
Plasmonic Nanostructures and Nanoparticles”

Jolly Xavier®b:*, Serge Vincent??*, Fabian Mederb<*, and
Frank Vollmerab.*.

Nanophotonics (2017), volume 1, DOI:10.1515/nanoph-
2017-0064.

N T Lab on a Chip '

Lab onaChip

M saion for chemer,physic, by, el scance and boargeering

M) Gheck for updates Towards next-generation label-free biosensors:
recent advances in whispering gallery mode
sensors

Cite this: Lab Chip. 2017, 17. 1130

Eugene Kim,? Martin D. Baaske® and Frank Vollmer™

Whispering gallery mode sensors

Matthew R. Foreman Jon D. Swaim and Frank Vollmer"

Max Planck Institute for the Science of Light, Laboratory of Nanophotonics and
Biosensing, Giinther-Scharowsky-Strafie 1, 91058 Erlangen, Germany

*Corresponding author: frank.vollmer@mpl.mpg.de

Received December 1, 2014; revised March 18, 2015; accepted April 13, 2015; pub-
lished 00 MONTH 0000; published 00 MONTH 0000 (Doc. ID 228720)
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Polymerase immobilized on NR (immo-Pol)

OPTOPLASMONIC SENSORS

Plu— .
polymerase

A

Ah (fm)
30-
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- 0 500 time (ms)
» FUNCTION
> "The principles of
P a— | .
LIVING SYSTEMS e - physics, as far as | can

see, do not speak
against the possibility of
maneuvering things
atom by atom."
(Feynman, 1961)

SYNTHETIC BIOLOGY

Image: google search



|. NANOROD LOADING
FROM SOLUTION

A)

P

;éigél
Akﬁm]‘r——
2 ‘?2
o

T
“
I

ok L

TE

N
o o
| L

AFWHM[fm]
S

o

Moyl

AFWHM[fm]
°o 8 38
Mg

0 5 10
time[s]

Page
4 P
2 a
g
e
4



(wrly [.;U7] uenejuaduo]

59 0
WwlgD=[DeN] PP
< e €82 > & e 55
BT
¥ :
| _tTEE “
U7 .{
- £0
a9
g
3
3
=
PSP p
(WW) [1DEN] uoheIu3IusT)
UOIEUSILOD PITYELLLION
00 0l 00 )
L B 00
2 .A...,.m,.@m.. z
) g z
20, i 5
& =)
S o
00 ]
= 7
5 o
m m
ped T W
>0 fn.. Anous
iid £0 g W




FELErrrn

3-ATTCTTTCTTCCCCCCGGTTGTTTGTTTGTACT-5"

- R

Step 2

Hg2*

Step 3

'f WGM Microsphere
—— cDNA of Hg** aptamer: 5'-biotin-ACAAACATGA-3'

——— Hg?*aptamer: 5'-TCATGTTTGTTTGTTGGCCCCCCTTCTTTCTTA-3'

E Sensors

Integrating a DNA Strand Displacement Reaction with a Whispering Gallery Mode Sensor for Label-free Mercury (I1)

lon Detection (2014)

Fengchi Wwb< Yugiang Wu¢, Zhongwei Nit?, and Frank Vollmered*

aTechnical Institute of Physics and Chemistry, Chinese Academyieric®s, Beijing 100190, China

bUniversity of Chinese Academy of Sciences, Beijing 100080, China

“Laboratory of Nanophotonics & Biosensing, Max Planck Institute for the Sci@ridght, Erlangen, D-91058, Germany
dDivision of Biomedical Engineering, Brigham and Women’s Hospitatyveia Medical School, Boston, MA, 02115, USA
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C
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Mass loading (pg mm™)
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FLUORESCENCE VS LABEL-FREE

Local Dynamics of
Single Labels

!r FRET
VTl UYL 1 LR
L N N TN

Shimon Weiss, SCIENCE, VOL 283, page 1686.

Single Molecule Fluorescence, FRET, STED, ....

NMR

Large- /Nanoscale Dynamics of
entire, label-free Biomolecule
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SINGLE MOLECULE TECHNIQUES

Optical Tweezer

( if“"} -'|i:£_li|} {H”H.: 1E'll1| EIlF ;!-II ll!rllm II Joshua W. Shaev;zi:;anaakal Guide to Optical

Kk

ALY "W

Pl ™ W

Shimon Weiss, SCIENCE, VOL 283, page 1686.

M.J. Jacobs, Blank Chem.Sci. (2014) vol. 5:1680-1697



