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NanoBioPhotonics @ KCL-Physics I\ coriege

Nanophotonics for Nanomaterials
bioapplications assembly and control

Nanophotonics
for clean energy
and sustainability

* Plasmonic-based biosensing + Self-assembly

+ Optical control of analyte motion . Biomimetic light harvesting « Specific localization

 Nanomedicine & theranostics « Plasmo-catalysis « Control of nanoparticle motion

» Sustainable fabrication methods



Why colloidal nanomaterials®?

Fabrication of nanomaterials
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Material immobilization toolbox
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Outline

Self-assembled systems
Nano-bio hybrids
Plasmonic superclusters

Deterministic localization of NPs
QDs coupling to plasmonic structures
Large area localization of metallic NPs

Active control of NPs
Exploiting Brownian motion for long range transport

Conclusions
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Self-assembly
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Self-assembly of nano-bio hybrids

Biomaterials:

Typically have many amino
acids

In solutions, some of end
groups can be charged

In many cases, electrostatic
self-assembly with colloidal
NPs is possible

Assembly of QDs
with bacterial
reaction centres

Active branch (A)

2-6nm

5nm

Assembly of QDs on Purple
Membranes containing bR protein
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QDs as artificial antenna for bacteriornodopsin protein

Photons

Purple Membrane

Membrane protein with:

» Photoelectric properties
» Photochromic properties
» Charge transport properties

Sensory
Rhodopsins

Performance optimised by evolution:

Extracellular side

» High photo- chemical and thermal stability
« High fatigue resistance

Branched F
reactions '

Not able to deal with UV-photons:

« Can destroy light-absorbing molecule
» Ultilizes only 0.1-0.5% of solar light

Use QDs as artificial down- e | TR
- Proton flux Wavealangth (nm)
converting LH antenna
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Electrostatic self-assembly of QDs on Purple and White Membranes
Introduction

bR membrane 6 nm hydrodynamic radius QDs Typical, high density
Self-assembly
Nano-bio

hybrids
Superclusters

Localization
2-step EBL

Template
dissolution

Active control

Brownian
ratchets

Conclusions
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QDs as artificial antenna for bacteriornodopsin protein

bR proton pumping
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Based on hydrophobic effect

. | S — Introduction
Experiment E Theory jem— -
30 TR — Self-assembly
NPs in _ _ Nano-bio
solution|[%. &° centrifugation - hybrids
o2t Superclusters
20 . | ki Take-off water | | ocalization
s PENU/ \
] S Q__, 2-step EBL
c O
.‘é 3 Template
5 & dissolution
= L. . .
x S sonication
o 2 — /\ Active control
g .
= Brownian
DCE 3 ratchets
Conclusions
. single ; .
500 1000 1500 Sconm 500 1000 1500 -
Wavelength (nm) - Wavelength (nm) SUP?rCIl_JSter — Concentr?ted
emulsion in DCE NP solution
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Properties of metallic superclusters

Optical Density
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Experimental verification of collective modes

TEM: cluster size X-Y slice from top to bottom of supercluster
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Sensing with metallic superclusters
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Selective localization for as-designed fabrication

Tendency towards interdisciplinary science
» Exploit properties of different materials

Drive for device minimisation & integration
» Avoid cross-talk of different components
» Nanoscale control of materials

Independent design of components
« Time-efficiency
» Collaborative efforts

Reproducibility of performance
« Chemo- & photo- stability of components
* Reproducible characteristics

A — film deposition B — partial coverage

C — selective localization
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Selective localization methods

Technique
Directed self-
assembly

SAM patterning

MACE-ID
Multi-step EBL

AFM-based
techniques

Localised
polymerization

Hot-carrier

driven chemistry

Optical printing

Advantages

Fast

Large area coverage

Works on almost any substrate

Good precision

Good control over amount

deposited

OK precision
OK precision
Very flexible
High precision

High precision
No mask

Very high precision
“In-built” localisation
No mask

High precision
“In-built” localisation
No mask

Moderate precision
No mask

Very strong attachment

Disadvantages

Weak adhesion
Use of non-removable masks

SAM covers entire substrate

Slow due to large area exposure
Precursor in EBL chamber

Use of additional material as
scaffolding (no functional purpose)

Use of masks (can leave residues)

Slow and labour intensive

SAM cover entire substrate

Difficult to do on samples with pre-
existing structures

Deposition of additional material
(polymer matrix)

Only works with resonator structures
Low yield

No mask: non-specific attachment can
be an issue

Only works with plasmonic structures
Chemistry difficult to control
Localisation not only in hotspot

Only works with plasmonic structures
Labour intensive

Dufficult to do with pre-existing
structures

Functionalisation of entire substrate

Dip-pen lithography

Writing direction

—

Molecular transport

Water meniscus

IR

Au substrate

Light-activated molecular
immobilization (LAMI)-
based approach

streptavidin-coated
gold colloid
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Deterministic localization methods

Photopolymerization

(a)

Gold Nanoparticle
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2-step EBL method K Goriee

For localization of QDs in regions of interest near pre-existing structures

Introduction
QD attachment step

Functional
“—_— groups of
material

JENNEE S Self-assembly

fx‘// of reaction Nano-bio
- hybrids

Step 1: fabrication of nanoantenna

: ' . Reactive
Spin polymer maskl Metal evaporatlonl groups of

SAM N AR A /
/////// Superclusters
Covalent
COCOOO0C bonds
Localization
EBL write & 1 B I SAM formation: 2-step EBL
development Mask Iftolt - Alkane-thiols and derivatives (e.g. 1- Template
amino undecanethiol) for metals, dissolution
Step 2: selective localisation of NPs some semiconductors Active control
_ » Ethoxysilanes and derivatives (e.g. &
Spin polymer maSkl QD conjugation 1 APTES) for oxygen- or silicon - Brownian
terminated surfaces ratchets
Conclusions
. . QD conjugation to SAMs
EBL write & Mok ifofi « Covalent conjugation, e.g. via EDC-
development = coupling reaction

* Antigen-antibody linkage
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For characterization of SOI gap plasmon waveguides Cut-back method:

: i Introduction
» Requires many sacrificial structures

W, sio2 1 > Measures propagation length Self-assembly
T 50 nm Au » Does not reveal mode location Nano-bio
40 nm Sioz2 ] ] : hybrids
Use selectively deposited SQDs!
Superclusters
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For characterization of SOl gap plasmon waveguides

Introduction
QDs’ TPE mapping Characterization of a single sacrificial
. - structure: Self-assembly
5E3l(i) W=24 nm (i) W=38 nm | « Direct measurement of Nano-bio
1 . propagation length from TPE data hybrids
2 4E3- 2E4- ) « Direct confirmation of “nano- Superclusters
3 3E3- . squeezing” of light
O 2Ea. 1E44 ™ ; Localization
1E3- _ — -_
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For deterministic control of radiative properties of QDs via exciton-plasmon coupling

Introduction
Plasmonic nanoantennas’ performance depends on: Colloidal QDs: Self.assembly
" Antenna shape & size » Distribution of sizes (=1,,,) in a sample Nanodi
Material from which it is made - Blinking behaviour on a few/single QD level imt))-'dlo
Dimension of gaps (if present) * Blue-shifts and shortening of lifetime at high e
excitation intensities Superclusters

g PE b4 P4 PY P4

- | Localization

1 2-step EBL

Template
dissolution

P4 »4 P4 Pe P4 P9

| Active control

0 100 200 300 200 500 Brown ian
excitation intensity / KW cm™ ——» ratChetS

YETRETESEYR Y

a) T Eég 1“ Conclusions
’ < pd P9 | b€ <€ b ‘ vaysergn 5%

T T T T
20 40 60 80
time /s »
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Application of the 2-step EBL method

For deterministic control of radiative properties of QDs via exciton-plasmon coupling

AFM height (nm)

Selectively deposited colloidal QDs

inside plasmonic ring cavities

-100

100 200

101

0
X (nm)
QD ring
200 400 600 800
X (nm)

Primary amine-
functionalised
substrate

L

iy

Cross-linked
fluorophore
and substrate

o-Acylisourea
Active Ester
intermediate

Carboxylic acid-
functionalised
fluorophore

C

46 nm 3E4 cnts

PL infensity (a.u.)
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Wavelength (nm)
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For deterministic control of radiative properties of QDs via exciton-plasmon coupling

Introduction
QD-PRC coupling o : Self-assembly
. ) . ) ) 15 0.8 - - - theoretical along X
 Varied QD-PRC separation by increasing 3 e > ] ---theor?ticaitallongY } Nano-bio
. . = experimenta gl :
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. . g . ik B &Y 4 Localization
« Strong change in radiative rates £ e eriee 02 s o Teeet o 02 °9
| | E AR T T o1 f = 2-step EBL
»  Good agreement with FDTD calculations & o1{ = iictmamemsrirros: = ol
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“‘;: 4.0 ) - _ Distance from QDs to Au
2 301 7 Conclusions
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Going big!

Large-area printing & deposition techniques

Optical printing of metallic NPs

(a)

Scattered light

Laser 5 \. Dichroic
N

mirror

A

stage
== ==

Dark field
illumination

(b) 30

154
0+

-154

-304.L

Repulsive force [pN]

— Electroslatic
— van der Waals

— Total force

ooooooo

5

10

15

20

Separation distance [nm]

Capillary and convective
assembly on pre-patterned

substrates

b)

Capillary assembly

Convective assembly on patterned substrates

Evaporation
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Large-area immobilization of Au NPs arrays

CAPA (Capillary assisted particle assembly) + Stamping +

PMMA stripping with
polyimide tape

Spin coating of PMMA
to create replica

Si master
template

Immersion in acetone
to remove PMMA and tape

Resulting
nanoparticle array

Template-dissolution

—
Capillary-assisted
particle assembly
‘—.

Contact with receiver
substrate for printing

In collaboration with LMU, ICL, KAIST, SUST
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Printing accuracy and yield

Introduction
Self-assembly

Nano-bio
hybrids

Superclusters

Localization

2-step EBL

Template

7 __dissolution.

0.4 70 :
100 - P - =y 19819, s 400 nm pitch == :
s 800 nm pitch : .

—~ 80- 2 Active control
X 3 Zz =
° H - Brownian
§ 50 E 2 ~ratchets

£ 40- > 5 =
£ 3 Conclusions

20 2 Weighted averages - -
400 nm: 0.0611 pm
Direction of L 800 nm: 0.0600 pm
0 . v . : . . . . . Meniscus Flow = - .
50 €0 70 80 %0 100 % -0.2 0.0 0.2 0.4 80 o1 02 03 04 05 06 = -‘

Assembly yield (%) Ox (um) Printing Accuracy (um) T ——"] [
In collaboration with LMU, ICL, KAIST, SUST ] [

J.B. Lee et al., ACS Nano 2020, 14, 17693 28 o e e
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Large-area immobilization of Au NPs arrays N\ College

Printing on different substrates

Introduction

« Assembly conditions depend on NP and substrate type Hot-electron detection

» Works for any substrate not soluble in acetone via an introduction of a tunnelling junction .

« Can be used with pre-existing structures _— Nano-bio
‘o : : ITO-PDMS-Au | hybrids

Superclusters

Self-assembly

Localization
2-step EBL

Template
dissolution

ITO film

ON OFF ——ITO-TiO2 A . I
—— ITO-TiO2-Al
ctive contro
ITO-TiO2-PDMS-Au

I Brownian
10 nA cm??
ratchets

— Au
104 EXp. ITo

— GaP
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0.6

o
o
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Current Density

o
»
1

Conclusions
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Active control of colloidal nanoparticles

In aqueous environments

Active control can enable

» Particle sorting

» Temporary/permanent concentration of samples
» Delivery of test materials to sensing areas

Allowing
» Lower LODs in sensing schemes

> In-situ measurements ranging from on single-
particle level to ensemble level on same sample

Various forces can be utilized
» Have different action ranges

Short
range
<100 nm

Medium range
few ums

Long range
>mm
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Active control of colloidal nanoparticles

Optical trapping )

(Usually) short range \ -112.

Trapping

»

Ashkin, (1986) Wang et al., ChemPhysChem 13, 2639 (2012)
+V -V
U
e
Dielectrophoresis
= 5 Medium-to-long range
F=0 - > F

Electrophoresis, 32 2307 (2011)

Short
range TRAPPING

<100 nm

Medium range
few ums

Long range — DIFFUSION
>mm CONTROL
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Control of nanoparticle motion in solution using SLMs

Autocorrelation

f=0.6 kHz

[ w—
f=42 kHz

10° 10° 10" 10° 10°
Lag time Is

(@)

(b) L ". w

(c)

400 nm

5Y 2 A% fny 80 -240 0 240 480
x (nm)
ol -

modulating wavelength / polarization
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Active control of colloidal nanoparticles

In aqueous environments

Active control can enable

» Particle sorting

» Temporary/permanent concentration of samples
» Delivery of test materials to sensing areas

Allowing
» Lower LODs in sensing schemes

> In-situ measurements ranging from on single-
particle level to ensemble level on same sample

Various forces can be utilized
» Have different action ranges

Short
range
<100 nm

Medium range
few ums

Long range
>mm
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Brownian motion of particles in solutions b
" 5 C;‘:;UQ ;DS ?ﬁo:ﬂcﬂ Brownian motion Particle motion in an optical trap Introduction
o
o ; dc % O.Oi; of » Stochastic process resulting in random motion Self-assembly
Oq |
00 o O- P » Mean Square displacement for an ensemble: - Nano-bio
8 o % C O g 2\ _ hybrids
o83 W ° ((xt — Xo) ) = 2Dt
o o S O % _ o o 200 Superclusters
oq %bo»_cf = where D is the diffusion coefficient: B
o %0 ° 20 q D keT P g° Localization
B » ¥ = 01 o 2-step EBL
Particle diffusion in presence of a potential » dilzgﬁlt?c:ﬁ
» Additional forces are exerted on particles e .
> Brownian motion “adds” thermal noise T . Active control
wEH s Brownian
ratchets

Can exploit this noise for long range transport!
Conclusions
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Rectification of Brownian motion

Through application of period & asymmetric potential

L—Rp)? R}

=L <o < rp=iE

LASER: OFF 2D 2D
diffusion zone

v - Topr small

\:-/ Trapping

Toff optimum
Ratchetting

% Tofr large
- Diffusion

Can use any type of potential . L
as long as it is switchable

Optimum time to keep the potential off:
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Plasmonic Brownian ratchets
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College

LONDON

Advantages

» Easily designed / fabricated

» Asymmetries easy to implement
» Reduced power requirements

» Simple implementation

18"

Ratchet design
» Strong resonance at target A

» Asymmetric potential profile
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8,0x10™ |-

A =780 nm

Wavelength (m)

1
4,0x107 5,0x107 6,0x107 7,0x107 8,0x107 9,0x107 1,0x10® 1,1x10°

Unit cell Phys. Rev. B 88, 201401

"""""""" 1) Introduction
B :I:I

Bl S
! elf-assembly
B Narodd
! ano-bio
0 — hybrids

— :E L Superclusters

»  Localization
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Brownian
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Experimental implementation of plasmonic Brownian ratchets College

LONDON

» Chopped 980 nm CW excitation

= § Introduction
> Max power used 2.5 kW/cm?2 e
(e
» Chopping: 50/50 duty cycle /%& mt;) Self-assembly
(o)
> Adjustable frequency o o L Nano-bio
» Agueous solutions of various NPs hybrids
N NP solution Superclusters
ratchet on g
- Polystyrene (40 nm) | Polystyrene (200 nm) PTB7 (180 nm) substrate I aleffans Localization
(V) 0.14 um/s 0.12 um/s 0.15 um/s SPEiier 2-step EBL
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dissolution
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. . . . . ING’S
Experimental implementation of plasmonic Brownian ratchets College

LONDON

Polystyrene spheres, 40 nm diameter Other sizes/materials

> Loy Y L : Introduction
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Comparison to other optically-driven Brownian ratchets

Optical ratchets

Near-Field, On-Chip Optical Brownian Ratchets
Shao-Hua Wu, Ningfeng Huang, Eric Jaquay, and Michelle L. Povinelli*

Ming Hsieh Department of Electrical Engineering, Viterbi School of Engineering, University of Southern California, Los Angeles,
California 90089, United States
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0 2 4 6 8 10 00 - . , , . , : :
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DOI: 10.1021/acs.nanolett.6b02426 Modulation frequency (Hz) Displacement in x { pum)

Nano Lett. 2016, 16, 5261-5266

Average speed = 1 um/s
Coupled power = 100 pW/um?2 = 108 W/m?2
Analyte = 2520 nm polystyrene spheres
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Velocity (um/s)
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0,0

Incident power ~2 kW/cm? = 0.2 W/m?
Analytes = 240-200 nm polymer spheres
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