CWAN
S %z

Oct. 22, 2021 g
%ﬂﬂ@/\§
o"@sa‘q/\‘y

Bio-integrated Materials Science
(Online Lectures)

Bio-integrated Metallic Nanomaterials
Lecture 7

Prof. Jung Heon Lee

iologi i ~ ot
Blo[oglcal & Nanoscale Materials Lab % OE I_:*EH_‘.;.‘_



Metals in Periodic Table

hydrogen helium
2
0079 | 4.0026
carbon nitrogen oxygen fluorine neon
6 7 8 9 10
12.011 14.007 15.999 18.998 20.180
silicon phosphorus sulfur chlorine argon

15 16

P|S|Cl|Ar

30.974 32.065 35453 39.948

Si

28.086

germanium arsenic selenium bromine krypton
32 33 34 35 36
Ge | As | Se | Br | Kr
72.61 74.922 78.96 79.904 83.80
antimony tellurium iodine xenon
51 52 53 54
Sb|(Te| | | Xe
121.76 127.60 126.90 131.29
bismuth polonium astatine radon
83 84 85 86
Bi | Po| At | Rn
208.98 [209] [210] [222]

ununquadium

114

*Lanthanide series

**Actinide series

Chapter 1 -



Gold In nanoscale

Nano size AutsNP-PEG AusONP-PEG AusoNP-PEG AUu7ONP-PEG  Au100NP-PEG

— inDlwater  inDlwater  inDlwater  inDlwater * i D] water

Bulk Gold | ~ ' :
Gold nanoparticles
B

e Atomic number 79
* Electron rich

A
s
 Chemically inert .'.‘

« Stable (noncorrosive) .: ‘Q.

» Great biological compatibility ? - ®

« Low toxicity m. - L
c 33 - -

Langmuir, 2015, 31, 13773

50 nm



Synthesis of gold nanoparticles

0]

Citrate reduction method
Developed by Turkevitch in 1951
Sodium citrate + HAuCl,

High yield and monodisperse
Cheap, easy

Citrate helps to keep the stability
gold nanoparticles
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Extinction

Extinction = absorbance + scattering
L+ Absorb light >Reflect light

Color of identical gold
nanoparticles with
transmitted and
reflected light

Transmitted light Reflected light

C,p. = 4mkadlm [—— i
abs — TR mL + Zsm] v CocalCabs

0.7

C. = T pags |[EZEm]? o0

3 e+ 2¢, 204

« Absorbance is dominant ook
when a I1s small o A
» Scattering is dominant " paniceDameteram)

when a is large



Why is gold nanoparticle red?

Absorbance of gold nanoparticle

Absorbance
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Langmuir, 2015, 31, 13773



Gold nanoparticles are not always red!

White light Reflected light

Scattering spectra of a
nanoparticle

Scattering spectra of gold
nanoparticle
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Chem. Rev. 2005, 105, 1547



Lycurgus cup

Why does it look different?

Photograph: British Museum Images
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- Each NP has different
properties

Nanoscale, 2014, 6, 2502-2530



Growth mechanism of gold nanorods

STEP 1: SYMMETRY BREAKING IN FCC METALS

A) NUCLEATION B) GROWTH C) DEVELOPMENT OF FACETS

STEP 2: PREFERENTIAL SURFACTANT BINDING TO SPECIFIC CRYSTAL FACES

<:> Wne
a1y (100}

B) CONTINUED GROWTH IN 1-D ﬂ

A) BINDING OF CTAB
TO AU(100) FACE

£ =CTAB e

Cetyltrimethylammonium bromide

THE POSITIVELY CHARGED CTAB BILAYER STABILIZES THE NANORODS

UNTIL THE REAGENTS
ARE EXHAUSTED

A L R X X X

J. Phys. Chem. B 2005, 109, 13857



Surface plasmons of nanoparticles
(a)

Electric Field
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Size and shape of the nanoparticle affect their

resonance frequency
Anal. Chim. Acta, 2012, 716, 76



Shape variation of gold nanoparticles

As the aspect ratio of
the particle becomes
larger, the resonance
wavelength of the
particle becomes
longer

Normalized absorbance (a.u)

T T T T T v T ¥ T T 1
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Catherine Murphy et al.



Aggregation of gold nanoparticles

Dispersed gold nanoparticles will have a red color in solution.
If the particles aggregate, the solution will appear blue/purple
and can progress to a clear solution with black precipitates.

Why? Plasmonic coupling!

Colloidal stability
= Salt buffer

= Au @& -+ Bx:NaClor Mgcl,
= - &y (Nat , Mg
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Optical Density (cm™')

—

Optical Density (cm™')
hs
tn

Metallic nanoparticles
Surface plasmon resonance

- Free electrons oscillate collectively at the interface of metal and

surrounding medium in resonance with external EM fields

- Dyes, SERS, fluorescence amplification, colorimetric sensing

- Can be applied in various biomedical imaging

" Spherical AUNPs
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Chem. Phys. Lett. 2010, 487, 153



Self assembled monolayers (SAM)

SAM (self-assembled monolayers): adsorption of molecules from solution onto solid
substrates to form ordered molecular monolayers (e.g. alkylthiols on gold)

Self-Assemnbly
nd
(+ Solvent) ||I| enaroup
Physis fo
; Cromtsorption sh_erhorome

. Lateral Organisation

1 Functional head group
i (e.g., (I‘F3, QH’ HC;:O)

N
=
A "4 4
CH ‘CH ) ‘CH;
H}C . "H\—:C\ ‘H>C Assembling structure

/ = / = / leg n-alkyl groups,
CQZ § CQZ g CQZ (CHa),, n=9 to 24]
H.C H.C H,C
&G & &
N C\ 2 P
HoC HC H,C
4 £ 7 Anchor group
(-SH, silane, -
COOH, PO,)

Thiol modified DNA Au or Pt Surface

Substrate (e.g. gold, silica, Al,03)




Chemical conjugation of AUNPS
Use SAM (Self assembled monolayer) on the surface of AUNP surface

Semmnnttt ’\-'H/ L’“O?“’D HO, D

i

FITC-TEG TEG
—_—

xCS-AUNP FITC-TEG-AuNP




Chemical conjugation between AuNP and ssDNA

ssDNA
Chemlcal conjugation

AuNP-ssDNA

AuUNP with DNA1

Complementary
X DNA

AuNP with DNA2 Aggregated AuNPs
Red Purple

Single stranded (ss) DNA can be chemically attached on AuNP based on SAM

J. Am. Chem. Soc., 2008, 130, 14217
Adv. Mater. 2008, 20, 3263



DNA conjugation on AuNPs

« The behavior of AUNPs can be controlled by the functionalized DNA

— nanoparticle-modified DNA

E — unmodified DNA
@ b sa°c| o
I ] j
% E 58.5°C o
| 3 ;
— — =]
a
without with < = : ' T _ 60 °C
DNA target DNA target 30 40 50 60 70

Temperature ("C)
Nature. 1996, 382, 607



AUNP-DNA system for metal ion sensing

A : :
~ Am(5) . s ' Arm (3 .
AngGGATAGTGTTCg Cleaviges'te éTATTAG\;\GGATTéAn M I I f
GCCTATCACAAGGGTGCAGGTAGAGAAGGrATATCACTCACATAATCTCCTAAG eta Ion SpeCI IC
3 CACGTCCATCTCT  ATAGTGAGT 5 .
O aptamers integrated to
T A
c A crtC
e TN AUNP system for
A
G A " - -
luoz(u) colorimetric detection of
5 =
¥  PATATCAGTCACATAATCTCCTAAG | metal ions
A:}CGGATAGTGTTCC 5
GCCTATCACAAGGGTGCAGGTAGAGAAGG
CACGTCCATCTCT ATAGTGAGT
5 e c 3
GA ¢
Cererre Sensitivity
G C
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J. Am. Chem. Soc., 2008, 130, 14217
Adv. Mater. 2008, 20, 3263



Physical interaction between AUNP and ssDNA

|
|
|
+ | — >
|
|
|
|

1|, ssDNA
Physical interaction AuNP with enhanced stability
AUNP with ssDNA AUNP with dsDNA I| I| I| I| I|

. ' +NaCl ‘.

Red Red Blue

ssDNA can bind to AuNPs, but double stranded DNA cannot

ssDNA can improve the stability of AUNPs
J. Am. Chem. Soc., 2008, 130, 14217

Adv. Mater. 2008, 20, 3263



Bases ?

Base

: : -
. - - Imidazol binds to Au surface . 0 .
1 A/N N = 5 H H
N 3 .
T 4 =
2 \N/-L\N‘) 2 \N 6
3 H 1
purine : Two rings with four “N” pyrimidine : One ring with two “N”
NH, (’) NH, O O
CH;
O S XY MY A
SN N H,N~ N N o’ °N o’ N o” "N
H H H
adenine guanine cytosine uracil thymine

© 2011 Pearson Education, Inc.

« Adenine (A), guanine (G), cytosine (C), and thymine (T) are
found in DNA.

« Adenine, guanine, cytosine, and uracil (U) are found in RNA

« Bases have ring structure - hydrophobic



Colorimetric sensors for detection of metal ions

A Substrate (39S) 3 5
strand Cleavage site rATATCACTCA

3 5 3 5
GTGCAGGTAGAGAAGGrATATCACTCA GTGCAGGTAGAGAAGG
CACGTCCATCTCT ATAGTGAGT CACGTCCATCTCT ATAGTGAGT
5 G C 3 5 CG C 3’
°c A8 uo, (Il °c M
GCGA CrtC GGCGA CrrC
G ¢ g®. ¢
G 16 ¢ SenS|t|V|t DL 1 nM

AT® C Enzyme strand (39E) & A N y ( )

A s s ; = 3

.OnM 1nM 10nM 20nM 50nM 100nM 200nM 500nM 750nM 1uM 2uM uci‘

Selectivity
A
W /O T AT S T

uol TH* Tb® Pb* Co” Hg" zn" E M Cc NP cd s ca’ Mg
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° -
¢ ®

J. Am. Chem. Soc., 2008, 130, 14217
Adv. Mater. 2008, 20, 3263



Achromatic (black) nanosensors based on CRYK model

Achromatic nanoparticles (Achromatic NPs)

Yellow Achromatic NPs

% /)%\, ?{; (Black)
%N & :\;{i :}ﬁm DNA3

CRYK Color Model

e AGNP-DNA
1.2 e AUNP-DNA
I ~—— AuNR-DNA
1.0 - Achromatic (black) nanoparticles
-~ ]
- /
© 0.8- Emax= 397 nm
AuNP-DNA AgNP-DNA AuNR-DNA : |
(Red) (Yellow) (Cyan) & il
"6 Emax = 520 nm
c
- 0.44
i
— 0.2 Emax = 627 nm
——
0.0 T T . T v 1 24 ’ ot
300 400 500 600 700
Achromatic (black) wavelength (nm)

nanoparticles



Achromatic (black) nanosensor for
multiplexed detection

Black

(Achromatic)

T
11

Multiplex |
DNA
Detection

Light-green Light-purple Light-orange
(Chromatic) (Chromatic) (Chromatic)



Enhancement of color transition with naked eyes

Achromatic nanoparticles (Achromatic NPs)

AuNRs-DNA3azs

(Concentration of target DNA3 : 0 - 3 nM)

o
o
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Limit of detection (LOD)
=0.4 nM

Achromatic NPs

o
(X
A i i

1 ) 2 ) 3
Concentration of target DNA3 (nM)

Limit of detection (LOD)
=0.4 nM

AuNRs-DNA3ass

1 ) 2 ) 3
Concetration of target DNA3 (nM)



Achromatic sensors for biomarker detection

1.2+ 0.94
- Achromatic NPs ¢ %%
? ’ | 'g‘ 0.7 4
i 0.8- E 0.6 -
c L 0.5
2 054 E— 0.44 Limit of detection (LOD)
8 | —rereme = =19
% 0.4 —— 20nM PDGF-AA &
X ——— 30 nM PDGF-AA W 0.2+
W 1 — 50nMPDGF-AA =
0.2] —— 75nM PDGF-AA 0.1+
i :‘c?i:,'i.'(’.?fi&“g, 0.0 Achromatic NPs
A 500 600 700 0 20 4'°G 6'0( )8'0 100
Wavelength (nm PDGF-AA (nM
Black gth (nm)
(Achromatic) Selectivity

Multiplex Protein
Detecti

In Human blood plasma (100%)

Color analysis

Achromatic NPs

Light-green Orange
(Chromatic) (Chromatic)

J. H. Heo et al.,Nanoscale, 2016, 8, 1834



Photothermal phenomenon

e.’Lelaxatlon lattice cools via
) e-o scattering phonon-p;honon
B coupling
CINE o e - phonon %
% f . ¥ ) f N coupling §
e 9
| L W
photoexcitation rapid rapid increase in cooling back to %
of e gas non-equi.librium surface equilibrium heat dissipation into
heating temperature surrounding media

Nanoscale, 2014, 6, 2502-2530



Percent of Release (%

Photothermal driven release

Nanorods

nanocapsules melted
FAM-DNA released

3700 .
1208 gttt
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=
—r— =
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% 3000
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P
s s )), s Laser off
\ . h > .' -
L 2 min irradiation with NIR pulsed laser
- S @ c
nanobones melted 04 —_ 20
TMR-DNA released ] =
= 161
5§ 121
5250 =
8200 0.3 4 £ 8
704 £ 150 —A—DNA-FAM £
S 100 —#%—DNA-TMR & o 47
60{3 4 S
= oL goamape £ O ' ' ' '
501 203040506070 S 02 0 10 20 30 40 50
20l1% Temp. (C) , 2 Power density (mW cm~2)
30 */ 1 40 mW cm~2
e
20 0.1 25 mW cm~2
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0- 4/"‘\4—-———-—4/‘
00 04 08 12 16 0 : | , : : : :
Laser Fluence (mJ/cm?) 300 400 500 600 700
Wavelength (nm)

ACS Nano, 2009, 3 ,80-86
Nature Mater. 2009, 8, 935 - 939



Gold nanostars

1.5-

: =
: S
©
=

054 Biologically

transparent

NIR window

600 800 1000 1200

Wavelength (nm)

HAuCl,;"+ HEPES —— AuNS

dBiocompatibility (HEPES is a buffer)
dSurface plasmon resonance at ~750-800 nm
dSmall size (~30-40 nm)

ACS Nano, 2012, 6, 3318



HEPES gold nanostars

» 2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid (HEPES)
is used as both reducing and shape-
directing agents.

N\
S
" ONTTNoH HEPES

HO/\/N\)

« Branched gold nanocrystals were formed
by selective tip growth in the <111>
directions, suggesting relatively weak or
no adsorption of HEPES on the {111}
planes compared with the {100} planes

Percentage (%)
S

« Among three functional groups in the

HEPES molecule (hydroxyl, sulfonate, H H H ]
and piperazine), piperazine is responsible % T % 3 1 % ¢ 7 3
for generating branched structure Number of Hps

DIC Wang et al., Chem. Mater. 2007, 19, 2823-2830



Biologically transparent window

Therapeutic
window

~650-900 nm

S
-

0.01

Absorption coefficient (cm™)

[ ] T 1
400 500 600 700 800 900 1,000

Wavelength (nm)

Wavelengths of light from 650 nm to 900 nm are minimally absorbed and
preferentially scattered upon interaction with tissue allowing for deeper light

penetration than possible at other optical wavelengths Dovepress, 2015, 7, 193-200



argeted drug delivery

MNanoparticle

Drug

Drug loaded nanoparticle| | Nanoparticle Targeted Delivery

Targeted Delivery

Targeting Molecule

Drug

Nonspecific

Type and property of various targeting molecules for NPs. Modified from ref, [242].

Type MW (kDa) Diameter {nm) Features
Monoclonal antibodies
Whole antibodies 150 15-20 High affinity, divalent, many clinically approved examples,

contains biologically active constant (Fc) region, long circulation

Engineered fragments ( monovalent)

Scfv 25 3-5 Lowered affinity, rapid clearance from circulation, renal retention,
reduced stability, reduced immunogenicity

Fab' 50 5-10 Can be produced genetically or enzymatically by deavage of
monoclonal antibodies

Nanobody 15 2-3 Smallest antigen-binding fragment, single domain, can bind cryptic epitopes

Engineered fragments ( divalent)

F(ab'), 100 10-15 Improved affinity, can be engineered to a variety of sizes and arrangements
of protein domains

Diabodies 50-80 5-10 Mono-specific or bi-specific dimer of ScFv

Minibodies 80 10 Can be produced genetically

Aptamers

RNA/DNA 10-30 2-3 Rapid clearance, automated chemical synthesis, susceptible to nucleases
without chemical modification

Receptor-ligands

Whole proteins 30-150 Variable Produced using recombinant DNA technologies, can be biclogically active,
susceptible to proteases

Peptides 0.5-10 Variable Fadle synthesis and modification, diverse libraries and screening technologies,
susceptible to peptidases, renal retention

Small molecules 0.1-1.0 0.5-20 Chemical synthesis, simple modification and coupling che mistries, can be

biologically active, highly variable affinities

Targeted to the specific part to
treat in the body

Antibody Antigen-antibody complex

Figure 5-22

nger
©2008 W.H. Freeman and Company



Gold nanostar based DDS-release of drug

NIR window

b

N
o
T

N = —»

Extinction (a.u.)

T 218 AS-1411 dimer
=8¢
&7 (Apt)

Apt-AuNS el

600 800 1000 1200
Wavelength (nm)

15 18 24 32 42 56
Hydrodynamic Diameter (nm)

B 100} Auns d ave = 25 nm A
3 4
© ’ —
& d =
z 0 9N
c
92
£ Apt-AuNS
15 18 24 32 42 56 B @ « Nucleolin
Hydrodynamic Diameter (nm) ,
Q Cell membrane
~ Apt-AuNS d ave = 33 nm \ o 4
3 Y
g < ®W 4 —Nucleus (N)
2 50 [©) Nucleolus
2 N\ v o
..g Cytoplasm (C) q
- -~ Vesicle
0
o

ACS Nano, 2012, 6, 3318



Cell Iimage

Ribosomes are protein-
synthesizing machines

Peroxisome oxidizes

Nucleus contains the "
genes (chromatin) B Etty acids Cytoskeleton supports cell, aids
AT =N, in movement of organells
Nuclear envelope (f @' “«h J Lysosome degrades
?Slgﬂlxia:ielr:::;r:))matln &7 o | S— intracellular debris
‘ Transport vesicle shuttles lipids

from cytoplasm
and proteins between ER, Golgi,

Nucleolus is site and plasma membrane

of ribosomal RNA
synthesis

Golgi complex processes,
packages, and targets
proteins to other organelles

Plasma membrane or for export

separates cell from
environment, regulates
movement of materials
into and out of cell

Smooth endoplasmic
reticulum (SER) is site
of lipid synthesis and
drug metabolism

Mitochondrion oxidizes

fuels to produce ATP Rough endoplasmic

reticulum (RER) is site
of much protein
synthesis

Figure 1-7a

Lehninger Principles of Biochemistry, Fifth Edition
© 2008 W.H.Freeman and Company



Gold nanostar based cancer treatment

* )
A Apt-AuNS C X 200
c 2
. =
4:1 5 150
N~
A ~
§ N S 100
2]
©
Q.
)]
©
1 um Untreated Apt-AuNS Apt-AuNS + hv

Apt-AuNS + hv

ACS Nano, 2012, 6, 3318



Cell viability (%)

150

Cell viability assay

(***) p < 0.001
(**) p<0.01
- (*) p<0.05

e Apt-AuNS + hv
B Apt-AuNS

Bl (M)Apt-AuNS + hv
1 cApt-AuNS + hv

48

Time after irradiation (h)

ACS Nano, 2012, 6, 3318



Self assembly of surfactants

Polar “sulfate”
group

Synthetic detergent o®
commonly used in é
biochemistry: Sodium |
dodecyl sulfate (SDS) (i)

Nonpolar CH,
“(CH,),,” chain] CH,




Synthesis of mesoporous materials using

surfactants
Cetyl trimethylammonium bromide Tetraethyl orthosilicate (TEOS)
(CTAB)
\IJ{]/\ >
Br ' ﬁtﬁ O\ _0
% : /\O/S\IO \/

%:}O {:? Water | % % TEOS <
Y O E Hydrolysis ond
e E

Micelles

Surfactant (e.g. CTAB)

Template removal

Mesoporous silica: e.g. MCM-41
J. Control. Release 2017, 262 (28), 329



Synthesis of AUNR/MSIO, core/shell structure

% d - e L 4 ’
(a) N R W ‘ /7
1 - |
\ -—
.
7
/
’
%@ Homogeneous
T "« nucleation
e V\H
e - ,f.-‘i\ \ - eterogeneous
100 kV 52000 x [N nucleation
Fig. 1. TEM 1mages of (a) AuNRs and (b) AuNR@mSi10,

nanoparticles.

« Homogeneous nucleation: nuclei that are spontaneously generated and grow
irreversibly to form a new phase.

« Heterogeneous nucleation: nuclei are formed on alien surfaces or particles, or
pre-existing nuclei in the old phase.

https://www.frontiersin.org/10.3389/conf.FBIOE.2016.01
.01053/event_abstract



Hydrolyzed TEOS conc.

Hydrolyzed TEOS conc.

Csol

AUNR/mMSIO, core/shell

structure

b
Nucleation of mSiO, | |
o Homogeneous nucleation Hydrolysis —Si—OCH; + H0 —» —Si—OH + HOCH;
I I
-------------------------- Sattrration-peint of mSiO,
Water | | | '
Condensation —Si—OH + HO—Si— —— —Si—0-Si— + H;0
<O Heterogeneous nucleation | | | I
i | | | |
Gro f mSiO, on AuNR seed é!;::(msaﬁon —si=0cH, + HO=Si— —» —Si=0-si— + HoGH,
Time
d
t ' :
P “ ™ (W]
® o o g
S %
o
[NE]}
|_
©
g
)
o
o
.................................................... >
I
1st 2nd 3rd
Time

Cryst. Growth Des. 2018, 18 (8), 4731
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Cryst. Growth Des. 2018, 18 (8), 4731



Antibacterial property of AgNP

Silver nanoparticles

Silverions
Quinonic form of
u|n nicresidues
Hydroxy form of

quinonicresidues in

cell-associated,melanin ‘. .
* :8‘ Cell-assoclated

Silver nanoclustrer{::

|-~ MRSA
—e—E. coli

AMB Express, 2013, 3-32

05 2 8 32 64
Ag+ Equivalent (uM)

ACS Nano, 2018, 12, 5615-5625

Bio-AgNPs 804
120r (pg/ml) ‘ S,
,\E” . :'25 ........... .
:
: or ® Y 0.14gL’
::: 0.32gL’
0 0 500 1000 1500 2000 2500 3000

0 10 20 30 40 S0 tih
Nanoscale Res. Lett, 2014, 9, 459 Angew. Chem, 2013, 52, 1636-1653

Text. Res. J., 2017, 1377-1386



Gold/silver nanorod for anti-bacterial applications

AuNR Au/AgNR Au/AgNR@mSIO, Au/AgNR@mSiO,-PEG

,_iﬁ?????? 5???55555 ((
- 9N03 TEOS
NaOH

NIR irradiation
Released Ag ions<—__ } Nt /(/L ;

/@

l%tﬁéééggg
2¢/ A
ol

D)

Y/ g

E. coll S. aureus

1 day

Control 120

g
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Dark field imaging of cancer cells
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Dark field imaging of NPs
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Imaging single molecule movement
Multicolor tracking of single biomolecules using plasmonic NPs
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Dimension of genomic DNA molecules

Chromosomes
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Transmission Electron Microscopy (TEM) based
DNA visualization
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Ultramicroscopy, 1981, 7, 189

Sequence specific mapping
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Nucl. Acids Res., 1994, 22, 5218
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Fluorescence imaging for genomic DNA studies

High-throughput sequencing
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Scanning Electron Microscopy (SEM) imaging

Avian flu virus
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Limitation of current DNA metallization strategies

Plating solution
————————————

Plating

DNA molecules DNA complexes with Pd(il) Pd(0) seeds on DNA Metal nanostructures
(A) (B) ©) (D)

J. Mater. Chem., 2011, 21, 12126-12131
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DNA binding peptide (DBP) based DNA imaging

KWKWKKA-EP-AK KWKWK Design of DBP based fluorescence imaging
FP: eGFP, mCherry A DBP-eGEP-DBP B DBP-mCherry-DBP

mCherry

Imaging DNA of live E.coli cells
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DNA metallization strategy

DNA with high density thiol groups

 Interaction with dsDNA and DNA binding peptide with thiol tag (DBP-SH) for the
introduction of functional groups

« Covalent bonding of thiol group onto the gold surface and nanoparticle

€C SUNG KYUN KWAN
v.) UNIVERSITY (SKKU) Small, 2017, 13, 1601926



AUNP assembly on DBP-SH treated A-DNA

DBP-SH 3um
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Au nanowires grown on A-DNA templates
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Imaging 3D entangled DNA structures
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Comparison of fluorescence & SEM images of DNA

4 pixelum
Fluorescence

Metallization & SEM imaging
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DNA nanostructures for NP patterning
Patterning NPs on DNA nanostructures
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DNA nanostructures for NP patterning
Patterning NPs on DNA nanostructures
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NP patterning on DNA origami
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Self assembly of NPs using DNA origami
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Lattice structures formed using DNA origami

Tetravalent caged particle
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Lattice structures formed using DNA origami
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DNA base directed AuNP morphologies changes
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Synthesis of chiral AuNPs using AA/peptides
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