Synthesis of Nanoparticles
and Surface Modifications




Self-Assembly

o Static assembly
 Dynamic assembly

— RT =8.314 J/mol x 300 = 2.4 kJd/mol

 Driving forces
— Chemisorption
— Surface effect
— Hydrophobic-hydrophilic
— Intermolecular forces
— Capillary force
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Langmuir-Blodgett Films




Surface Pressure (T, mN/m)
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Self-Assemble Monolayer
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Figure 7. Schematic illustration of some of the intrinsic
and extrinsic defects found in SAMs formed on poly-
crystalline substrates. The dark line at the metal—sulfur
interface is a visual guide for the reader and indicates the
changing topography of the substrate itself.
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@ (a) Insertion of a functional adserbate at a defect site in a preformed SAM. (b) Transformation of a SAM with exposed functional

groups (circles) by either chemical reaction or adsorption of another material.
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Figure 21. Schematic illustrations of (a) a mixed SAM
and (b) a patterned SAM. Both types are used for applica-
tions in biology and biochemistry.
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Figure 22, Schematic dingram illustrating the effocts that
large terminal groups have on the packing density and
organization of SAMz. (a) Small terminal groups such as
=(Hj, —=CN, ete., do not distort the secondary organization
of the organic layer and have no effect on the sulfur
arrangement. (b) Slightly larger groups (like the branched
amide shown here) begin to distort the organization of the
organic layer, but the strongly favorable energetics of
metal=sulfur binding drive a highly dense arrangement
of adaorbates, (¢) Large terminal groups ( peptides, protains,
antibodies) sterically are unable to adopt a secondary
organization similar to that for alkanethiols with small
terminal groups. The resulting structures probably are
more disordered and less dense than those formed with the
types of molecules in a and by
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transition evidenced by SAMs of alkanethiolates termi-
nated with triethylene glyeol. The EGy group loses confor-
mational ordering upon solvation in water.




Temperature Programmed Desorption




Self-Assembly

Substrates

Interstitial adhesion layer
Noble metal layer
Organo-sulfur




Organosilanes

Self-assembled monolayers

Surface

silicon oxide:
silanisation

aluminum oxide:
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Immersion of substrate in a solution containing the adequate
molecules for 12 - 24 hours yields an ordered monolayer
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Synthesis of Silver Nanoparticles

1. A solution of ANO, (1.0 x 103 M) in deionized water was
heated until it began to boil.

2. Sodium citrate solution was added dropwise to the silver
nitrate solution as soon as the boiling commenced. The color
of the solution slowly turned into grayish yellow, indicating
the reduction of the Ag+ ions.

3. Heating was continued for an additional 15 min, and then the
solution was cooled to room temperature before employing
for further experimentation.
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Synthesis of Gold Nanoparticles
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Add 20 mL of 1.0 mM HAuUCI, to a 50 mL round bottom flask

on a stirring hot plate.

Add a magnetic stir bar and bring the solution to a boil.
To the boiling solution, add 2 mL of a 1% solution of

trisodium citrate dihydrate

The gold sol gradually forms as the citrate reduces the
gold(lll). Stop heating when a deep red color is obtained.

(1) MO Reducing Agent
M, O,

1 Nln +H 2 O
(medium) Ay

(Reducing Agent = R - COH)

Reducmg Agent M+ L
(medium) A

(2) M(L),

(L=NOj,C,H0)
(Reducing Agent = R - COH)
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Construction of Core Shell Ag/Au@SiO, Nanoparticles

1. Under vigorous stirring, 1 ml of the silver/ gold colloids solution was mixed with
250 mL of isopropanol and 25 mL of deionized water.

2. Immediately after the addition of 4 mL of 30% ammonium hydroxide, different
amounts of tetraethoxysilane (TEOS) were added to the reaction mixture.

3. To obtain different silica layer thicknesses, TEOS solutions with a concentration
between 50% and 100% was added to the suspension. The reaction was stirred
at room temperature for 30 minutes and then was allowed to age without
agitation at 4 T overnight.

4. Each suspension of silica-coated silver/gold nanoparticles was washed and
centrifuged, followed by re-suspension in water. The thickness of the silica

layers was determined from TEM images .




Extindtion (Arb. Units)

Core-Shell Nanoparticles
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Figure 1. (@) Schematic ilustration of a
silica-core, gold-shell nanoshell,
indicating inner (ry) and outer (1) radif
of the shell layers. (b) Depiction of a
four-fayer, concentric nanoshell,

(c) Schematic illustration of a metalic
nanorod. (d) FPlot of nanosheill
resonance as a function of core and
sheil dimensions, overiaid with reported
spectral ranges of nanorod resonances
(red, fransverse plasmon, purpie,
longitudinal plasmon), and reported
nanoshell and concentric nanoshell
combined spectral range of plasmon
response.
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Figure 2. Plasmon hybridization and the sphere—cavity mode! for nanoshelis: the interaclion
between a sphere (resonance frequency, W) and a cavity plasmon (resonance frequency,
w,) is tuned by varying the thickness of the shell fayer of the nanoparticle. Two hybrid
plasmon resonances, the w_ “bright,” or "bonding,” plasmon and the w, "dark,” or
“anti-bonding,” plasmon resonances are formed. The lower-energy plasmon couples most
strongly to the optical field.
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Figure 5. (@) Plasmon hyDrndization picture appied [0 SUrace piasmon resonance sensing with nanosheds. the Iow-energy “Donding” piasmaon, w._ . is
sensitized o changes in its diglectnic emironment. The bive background schematicaly denoles the embedding medium for the nanoparticie

(D) Experimental curves showing plasmaon resonance shils for nanoshel-coalted Mims in vanous media. (1) carbon disuffide, (i) lofuene

(1) hexane, (iv) ethanol, (v} H;O, and (vi) air. The index of refraction for each embeading medium is noled on the far right of the spectra. Spectra

are offset for cianty. (c) ‘:-_"J'.']-'J"lg electron micrograph of nanoshelis deposited onlo a poly(viny! pyridine) functionalized Qiass surface, as used

to acquire data in (b). Inset individual nanoshell




Preparation of Fe;O,@Ag/Au

1. To the magnetic nanoparticle suspension obtained from commercial company,
add 50 ml of a solution of Au (lIl) salt or Ag (I) salt at concentration of 0.01-1%

mmol/L , shaking for 30 minutes, allowing Au (111) or Ag () ion to absorb on the
surface of magnetic nanoparticle sufficiently,

2. Then adding 15-40 ml of reducing agent, such as hydroxylamine hydrochloride
at concentration of 40 mmol/L, reacting for 5—-40 minutes.

3. Further adding 1-10 ml of a solution of Au (Ill) salt or Ag (l) salt at concentration
of 0.01-1%, shaking for 10 minutes, coating a reduced layer of gold or silver on
the surface of the magnetic nanoparticle, forming super-paramagnetic
composite particles having core/shell structure, separating magnetically,
washing repeatedly with distilled water.




Synthesis of Quantum Dots
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Figure 2. Two-step synthesis of core/shell nanocrystals.
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Synthesis of CdSe Quantum dots
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Synthesis of CdSe/ZnS Quantum Dots

20mL (31lmg, 0.16 mmol) colloidal solution of CdSe QDs from stock solution (54mg
dissolved in 35mL toluene) was placed in a two-neck flask. TOPO (6g) and HAD (6g) were
added and then toluene was removed through vacuum, flask refilled with nitrogen. The
reaction mixture was heated at 350 °C for two hours. In another flask zinc acetate in 1:3 ratio
with respect of CdSe and was dissolved in 4mL of oleic acid stirred at 120 °C for 2 hours
obtained a light yellow coloured solution and temperature reduced to 60-70 °C. After cooling
to room temperature, TOPSe was mixed with Zn salt solution. And the mixture was injected
slowly through syringe in to reaction solution of CdSe-TOPO at 180-200 °C. The stirring was
done for another an hour. The similar procedure was followed for work up of reaction as avobe

experiment. The final product was re-dispersed in toluene.
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Nanorods

I. Synthesis of seed Gold nanoparticle seeds

2.5x% 10" M HAuCI, + (~ 4nm diameter)
2.5 x 10 M Na-citrate

06mLO.1TM
é ¥ Ice-cold aq NaBH, ::> ﬂ

Il. Stock solution . Reduction
Stock solution Ascorbic acid Au' results
25x10*MHAuWCI, = I:> in disappearance

=] b=

+ ﬂ'l M CTAB of color

Il. Three step protocol for nanorod synthesis

Step C
\ Step A Step B
0  Add1mL
of A % =
1 mL seed + 1TmLA+
9 mL of stock 9 mL of stock
i : 10mL B +
solution solution 80 vl slack

Figure 2. Seed-mediated growth approach to making gold and silver nanorods of controlled aspect ratio. The specific condinons shown here, for
20 mL volume of seed solution, lead to high-aspect matio gold nanorods. (bottom right) Transmission electron micrograph of gold nanorods that are
an average of 500 nm long.

J. Phys. Chem. B 2005, 109, 13857—13870 )




Directional Growth

Cetrimonium bromide ((C,5H33)N(CH3);Br) (CTAB)

N/ Br
/ \

I
,.-\\O

HO

HO OH

Ascorbic acid

Figure 5. Cartoon of the crystallography of gold nanorods. The
direction of elongation is [110]. The cross-sectional view is a pentagon:
each end of the rod is capped with five triangular faces that are
Au{111}. The sides of the rods are not as well-defined: either Au{100}
or Au{110} faces. or both.




STEP 1: SYMMETRY BREAKING IN FCC METALS

A) NUCLEATION B) GROWTH C) DEVELOPMENT OF FACETS

STEP 2: PREFERENTIAL SURFACTANT BINDING TO SPECIFIC CRYSTAL FACES

node & & de

B) CONTINUED GROWTH IN 1-D
A) BINDING OF CTAB UNTIL THE REAGENTS
TO AU(100) FACE ARE EXHAUSTED

£ = CcTAB

THE POSITIVELY CHARGED CTAB BILAYER STABILIZES THE NANORODS

+++ ++
Figure 8. Proposed mechamsm of surfactant-directed metal nanorod growth. The single crystalline seed particles have facets that are differentally
blocked by surfactant (or an initial halide layer that then electrostatically artracts the cationic surfactant). Subsequent addition of metal ions and
weak reducing agent lead to metallic growth at the exposed particle faces. In this example, the pentatetrahedral twin formation leads to Au {111}

reak re - i i z ~
faces that are on the ends of the nanorods. leaving less stable faces of gold as the side faces. which are bound by the surfactant bilayer




Nanorods
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Figure 3. Transmission electron micrographs (top). optical spectra (left). and photographs (right) of aqueous solutions of Au nanorods of
various aspect ratios. The seed sample has an aspect ratio of 1. Samples a, b, ¢, d. and e have aspect ratios of 1.35 & 0.32, 1.95 + 0.34,
3.06 £ 0.28. 3.50 &+ 0.29, and 4.42 £ 0.23, respectively. Scale bars: 500 nm for a and b, 100 nm for c—e. Reprinted with permission from

ref 16. Copynght 2005 Amencan Chenucal Society.




Nanocube and Nanorice

Optical coefficient
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The graphuc above depocts vanous magritudes of namonce, which i a nce-ghaped
nanoparticls with a non-conductng core made of ron ciade and covered by a metalhc
shell made of gold  Scientists plan to attach the nanonce to scannmg probe mecroscopes
to obtam very clear mmage quakty that surpasses today’s technology. For the Asr Force,
this techaology could be used as a tool to develop new lagh-speed optoelectrome
matenals and to morator chemscal reactions. (Graphsc prownded by Prof Naoms Halas)
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Polymer
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Phase Segregation




Surface Functionalization

e Recognition o Surfaces
— Molecular Recognition — Gold and silver
* Protein — Silicon oxide (glass)

« DNA — Quantum dots
« Saccharide — Polymer

* Reporting/Detection
— Dye
— Quantum dots
— SPR
— SERS/LSPR

e Separation
— Gel/Chromatography
— Magnetic
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Amine Presenting Surface
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Sulthydryl Labeling
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Silica Modification
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Fig. 1. (A} Emission maxima and sizes of quantum dots of different r.orrpﬂsmm Quantum dots can be
synthesized from various l;fpes of semiconductor materials (II-VE CdS, CdSe, CdTe...: lI-V: InP, InAs...; IV-Vi:
PbSe...) characterized by different bulk band gap energies. The curves represent experirnentd data from the
literature on the dependence of peak emission wavelength on qdot diameter. The range of emission wavelength
is 400 to 1350 nm, with size varying from 2 to 9.5 nm (organic passivation/solubilization layer not included).
All spectra are typically around 30 to 50 nm (full width at half maximum). Inset: Representative emission
spectra for some materials. Data are from (712, 18, 27, 76-82). Data for CdHgTe/ZnS have been extrapolated to
the maximum emission wavelength obtained in our group. (B) Absorption (upper curves) and emission (lower curves)
spectra of four CdSe/ZnS gdot samples. The blue vertical line indicates the 488-nm line of an argon-ion laser, which
can be used to efficiently excite all four types of qdots simultaneously. [Adapted from (28)] [C) Size comparison of
qdots and comparable objects. FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; qdot, green (4 nm, top)
and red (6.5 nm, bottom) CdSe/ZnS qdot; grod, rod-shaped qdot (size from Quantum Dot Corp.'s Web site). Three
proteins—streptavidin (SAV), maltose binding protein (MBP), and immunoglobulin G (lgG)}—have been used for
further functionalization of qdots (see text) and add to the final size of the qdot, in conjunction with the solubilization
chemistry (Fig. 2).
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o Quantum Dots

e Ligand with a free thiol {1 Wi

COOH
COOH

FIGURE 3 Maleimide functionalized QDs for conjugating thiol-containing ligands. TOPO stabi-
lized QDs are coated with a primary amine functionalized tri-block amphiphilic copolymer for pro-
ducing water-soluble QDs, which facilitate further conjugation to ligands with free thiols through
bi-functional cross-linkers.
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Scheme 1. Modular Design of Hydrophilic Ligands with Terminal
Functional Groups Used in This Study

Hydrophilic Functional group

Anchor segment - OH
- COOH
— Biotin
[
a %
SH SH -
Bidentate thiol group
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J. AM. CHEM. SOC. 2007, 129, 13987—13996 = 13987 !




Molecular Recognition
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Antibody and Antigen
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Microarray
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Bare Gold

+ PEG . .

_?_... P . MUAM (amine terminated)
. . . Fmoc (hydrophobic)
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Figure 1. Fabncaton scheme for the construchon of multi-element DNA amavs. A clean gold surface 15 reacted with the amme-termmated alkanetiiol
MUAM, and subsequently reacted with Fmoc-NHS to create a hydrophobic surface. This surface 1s then exposed to UV radiation through a quartz
mask and nnsed with solvenr to remove the MUAM+Fmoc from specific areas of the surface, leaving bare gold pads. These bare gold areas on
the sample surface are filled i with MUAM, resulting m an array of MUAM pads surrounded by a hydrophobic Fmoc background. Solutions of
DNA are then delivered by pipet onto the specific array locations and are covalently bound to the surface via the bifunctonal linker SSMCC. In
the final rwo steps, the Fmoc-terminal groups on the array background are removed and replaced by PEG groups which prohibit the nonspecific
binding of analyte proteins to the background.
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Figure 2. Surface reaction scheme showing the steps involved m the
reversible modification of the array background. (Step 2) The starting
amune-ternunated alkanethiol surface (MUAM) 1s reacted with the
Fmoc-NHS protecting group to form a carbamate linkage thus creating
a hydrophobic Fmoc-termunated surface. (Step 6) After DNA im-
mobilization (see Figure 3), the hydrophobic Fmoc group 1s removed
from the surface with a basic secondary anune, resultung in the reurn
of the onigmal MUAM surface. (Step 7) In the final array fabrication
step. the deprotected MUAM 1s reacted with PEG-NHS to form an
amude bond that covalently attaches PEG to the array surface.
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Figure 3. Surface reaction scheme showing the immobilization of thiol-
terminated DNA to the array surface. In Step 5 of the DNA armray
fabrication, the heterobifunctional linker SSMCC 1s used to attach 5'-
thiol modified oligonucleotide sequences to reactive pads of MUAM.
This linker contamns an NHSS ester functionality (reactive toward
amines) and a maleimide functionality (reactive toward thiols). The
surface 1s first exposed to a solution of the linker, whereby the NHSS

ester end of the molecule reacts with the MUAM surface. Excess linker
15 nnsed away and the amray surface 1s then spotted with 5'-thiol-

modified DNA that reacts with the malemude groups formung a covalent
bond to the surface monolayer.
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Scheme 2.2 Reagents for derivatization of glass

surfaces. T APTES = aminoprapyitriethoxysilane;

2 MPTS = 3-mercaptopropyltrimethoxysilane;
3 GPTS = glycidoxypropyltrimethoxysilane;
4 TETU = triethoxysilane undecanoic acig;

5 HE-APTS = bis{hydroxyethy)aminopropyltrieth-
oxysilane); 6 4.trimethoxysilylbenzaldehyde;

7 GETS/HEG = glycidoxypropyltrimethoxysilare-
hexaethylene glyeol: 8 poly{lysine).

Scheme 2.1 2D schematic description of a

polysiloxane monolayer on a glass surface
iX = terminal functional
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Figure 2.3 Schematic respresentation of a steptavidin sensor surface assembled on a
reacrinn-controlled biotinylated SAM [23].
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Chromatography

| \ COLUMN CHROMATOGRAPHY
| | Proteins are often fractionated by column chromatography. A mbaurée of proteins in
) sotution is applied 1o the top of a cylindrical column filled with 3 permeable solid matrix
— 1\ \ [ immarsed in solvent. A large amount of solvent is then pumped through the column.
| \\ Because differant protelns are retarded 1o differant axtents by thelr intaraction with the
| \ / matrix, they can be collected separately as they flow out from the bottom. According to
M the choice of matrix, proteins can be separsted according to their charge, hydrophabicity,
\ sizo, or ability to bind to particular chemical groups (see balow),
sobvent continuously
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field enhancement

E. = gFy, where Ey is the magnitude of the incident field
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Fig. 1. Sngle Ag nanc-
partiches imagad with eva-
nescant-wine  ascitaton
Total internal reflection of
the laser beam at the
olass-kquid interface was
used 1o reduce the lassr
scaftering background
The instrument setup for
SVaneECenl-wWane micros-
copy was adapted from
Funatsuedal (11). Thaim-
ages wers directly record-
e on color photographic
filn (ASA-1600F with a
30-5 exposure by a Mikon
35-mm camera attached
to the microscops. (A Lin-
fitered photograph showe
ing scattered laser koht
fram all particlkes immobs-
leed on a pobdysine-coat-
ad sudace. (B) Filtesd
photographs taken froma
blank Ag colold sample
(rcubated with 1 m
MNaCl and no REG analyte
moleculas). (C) and (D) R-
tarad pholographs taken
from a Ag colioid sample
incubated with 2 = 10~
M PG These mages
were selected to show al
least one Raman scatter-
ing particle. Different ar-
aas of the cover siip ware

Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

Shuming Nie* and Steven R. Emory

e

Fig. 2 Tappng-rmode AFM images of screangd Agnanoparticlos, (A) Large area faney imaga showing
four single nanoparicles. Particlos 1 and 2w highly sficient for Raman enhancemant, bat particles
Jand & ismalkr in se) were ncd, [B) Close-up image o ahot aggregate containng four linsary amangsd
partickes. |C) Close-up image of a rod-shaped hol particls. (D) Clese-up imnge of a csted hot particla

« 21 FEBRUARY 1997

rapidly scresnad, and maosat fiekds of view did not contain visible particlas. (E) Fiterad phaotograph taken from
Ag collod incubated with 2 = 10" M RéG. (F) Fiterad photograph taken from Ag colloid incubated with 2
< 109 M REG. A high-performance bandpass fiter was used 1o remove the scaltersd laser ight and to pass
Stokes-shifted Raman signals from 540 10580 nm (220 to 2200 cm~ 7). Continuous-wiave excitation at 514.5
nm was provided by an Ar lon lasen The bolal aeer power at the sample was 10 mW. Note the color
differsnces between the scatterad laser light in (4) and the red-shifted lght in (C) through (F)




Fig. 3. Surface-en-
hanced Raman spectra
of R6G obtained with a
linearly polarzed confo-
cal laser beam from two
Ag nanoparticles. The
R6G concentration was
2 x 10" M, corre-
sponding to an average
of 0.1 analyte molecule
per particle. The direc-
tion of laser polarization
and the expected parti-
cle orientation are shown
schematically for each
spectrum. Laser wave-
length, 514.5 nm; laser
power, 250 nW, laser fo-
cal radius, ~250 nm; in-
tegration time, 30 s. All
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Fig. 4. Emission-polarized surface-enhanced Ra-
man signals of ReG observed from a single Ag
nanoparticle with a polarization-scrambled confo-
cal laser beam. A dichroic sheet polarizer was
rotated 90° to select Raman scattering signals
polarized parallel (upper spectrum) or perpendic-
ular (lower spectrum) to the long molecular axis of
RE6G. (Inserts) Structure of R6G, the electronic
transition dipole (along the long axis when excited
at 514.5 nm), and the dichroic polarizer orienta-
tions. Other conditions as in Fig. 3.

troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 10™ to 10'%, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluorescence.
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FIG. 5. EM-enhancement factor for a rotationally symmetric
silver droplet as a function of the angle defining the opening edge

FIG. 3. (Color) EM-enhancement factor M5 a1 o crows secton

ol 4iw dilterion, sitver pacticle comfigneiont: The iwwlsigh ¢ . The field 1s polarized parallel to the axis of the droplet and the
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Nanosphere Arrays with Controlled Sub-10-nm Gaps as Surface-Enhanced
Raman Spectroscopy Substrates
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Figure 1. (A) Schemanc illusranon of the fabneation of sub-10-nm gap
Au NP arrays. (B) SEM image of the arrays. (C) SEM muage of monolayer
of 1solated Au NPs on ITO glass. (D) Vis—NIR extinction spectrum of the
monclayer of isolated Au NPs and arrays.
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Figure 2. (A) SERS spectra of 5 uL of pMA with different concentranons
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Anal. Chem. 2003, 75, 8171-8178

Spectroscopic Tags Using Dye-Embedded

Nanoparticles and Surface-Enhanced Raman
Scattering

(a) (b)

Raman Reporter

(bx¢)

u-r;.,u—és— OCHy

1. Sodium Sibcate
(42 hrs.)

2. Preciptation of
Silcate by Ethanol




1=

3

€58

(a) DTDC

Lot

(B} MGITC

|CNLu,h @ gl‘tﬂn"’

o

CH

(c) TRITC
CHLN My

¥l

Normalized Scattering Intensi

) L) L] 1 L}
1780 15580 1250 15 950

Raman Shift (cm™)

Figure 4. Chemical structures of four Raman reporters and their
surface-enhanced resonance Raman spectra: (a) 3.2 -Diethylthiadi-
carbocyanine iodide (DTDC); (b) malachite green isothiocyanate
(MGITC); (c) tetramethylrhodamine-S-isothiocyanate (TRITC); and (e)
rhodamine-5-(and-6)-isothiocyanate (XRITC).
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Nanoparticle Probes with Surface Enhanced
Raman Spectroscopic Tags for Cellular Cancer
Targeting

W *M
L'\p.lil.'\l

k4

"j";_ __i}'!-.
%
$=g=ro-
e *

¥ T T ¥ 1
o, W e W AT W D
Rasmar Bl cm”




Anal Chem. 2007, 7P 818=822

Biological Imaging of HEK293 Cells Expressing
PLCy1 Using Surface-Enhanced Raman Microscopy
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Figure 6. Fluorescence and SERS images of normal HEK293 cells and PLCy 1-expressing HEK293 cells. (a) QD-labeled Nuorescence images
of normal celis: (lefl) brightfield image, (right) fluorescence image. (b) SERS images of single normal cell: (left) brightfield image, (right) Raman
mapping image of single normal cell based on the 1650-cm~" REG peak. The cell area was scanned with an interval of 1 um. Intensities are
scaled to the highest value in each area. (c) Overlay image of brightfield and Raman mapping for single normal cell. Colorful spots indicate the
laser spots across the middie of the cell along the y axis. (d) QD-labeled fluorescence images of cancer cells: (lefl) brightfleld image, (right)
fivorescence image. () SERS images of single cancer cell: (left) brightfield image, (nght) Raman mapping image of single cancer ceil based
on the 1650-cm~ ' REG peak. The cell area was scanned with an interval of 1 yum. Intensities are scaled to the highest value in each area. {f)
Overlay image of brightfield and Raman mapping for single cancer cell. Colorful spols Indicale the laser spols across the middie of the cell
along the y axis
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Mammalian Cell Surface Imaging with Nitrile-Functionalized Nanoprobes:
Biophysical Characterization of Aggregation and Polarization Anisotropy in
SERS Imaging

(a)

-
f 4

Figure 2. (a) SEM image of a cell. Upper nght inset magmfication of a
group of aggregated NPs. The scale bar is 200 nm. Lower left inset: the
correspondmg Raman mtensity image of the same cell obtammed with a power
density of 10° W/em?. Laser-induced damage to the cell is shown in (b)
the monomer (blue circle in a), (c) the aggregates, and (d) a pair of dumers.

Figure 1. (a) The chemical stocture of Faman reporter 1; (b) Raman
spectra of the CN vibration mode extracted from positions I, II, and Il of
the cell shown o the optical image (c). Inset of (b) 15 a cellular Raman
spectrum taken from spot IV of the same cell. (d) Raman ntensity map of
the C=N band of the same cell. and (¢} the corresponding SEM image
Inset in (¢) showed the NPs in the lower nght circle. (f) The group of NPs
a3 shown in the large oval of (e}
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Figure 6. Localized surface plasmon resonance (LSPR), surface-enhanced Raman
spectroscopy (SERS), and wavelength-scanned surface-enhanced Raman excitation
spectroscopy (WS-SERES) results for benzenethiol adsorbed on Ag fim-over-nanosphere
(Ag FON) surfaces and nanoparticie arrays fabricated by nanosphere lithography

(NSL). (a) SERS specirum measured from Ag FON surface with excitation wavelength

Aw = 532 nm, power = 3.0 mW, and 100 5 data acquisition time. (b) Contact-mode alomic
force microscopy (AFM) image of Ag FON surface (nanosphere diameter D = 410 nm,
depasited mass thickness d, = 200 nm) used for SERS in (a). {c) Contact-mode

AFM image of Ag FON surface (D = 500 nm, d, = 250 nm) used for WS-SERES

in (&), (d) LSPR spectrum (solid ine, Aes. = 562 nm FWHM = 144 nm) and WS-SERES
spectra (data poinis) for the 1081 cm~! band of benzenethiol measured from the Ag FON
surface in (b). (e) LSPR specirum (Solid ine, Apg, = 638 nm, FWHM = 131 nm) and
WS-SERES specira (data points) for the 1081 cm~' band of benzenethiol measured

from Ag FON surface in (c). (f) SERS specirum measured from Ag nanoparticie amray
surface (A, = 532 nm, power = 3.0 mW, 100 5 data acquisition time). (g) LSPR

spectrum (soiid ing, Ay, = 688 nm, FWHM = 95 nm) and W5-SERES specira

{data points) for the 1081 cm~" band of benzenethiol measured from a

Ag nanoparticie array surface. (inset) Tapping-mode AFM image of a representative

array surface.
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Tip Enhanced Raman
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Figure 24. TERS mapping on a rough Au swrface. An STM unage
of the sample 1s shown in a. TERS data was collected at the
positions indicated by the arrows. The cross section of the
topography image 1s shown n b, and the TERS collection sites are
labeled with crosses. (c) Comresponding TERS sequence. The
numbers denote the sites where the spectra were collected. Reprinted
with permission from ref 463. Copyright 2007 American Chemical
Society.




Near-Field Raman Microscopy

-

Droplet of AG nano particles labelled with Rodamine 6G on cover glass -

Experiment Parameters: .

Excitation Laser: 532 nm

Scan Range: 4 um X 4 pm
Resolution: 100 x 100 pixel
Integration Time: 110 ms per spectrum
Feedback: SNOM AC Mode

Topogra an || | Averaged Spectra of Marked Area
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Figure 17. Correlahion of ransmussion spectral feamures with hole
sk plasmonic excitations, (a) Nonnpal meidence transmussion
ipectriom of a iaas-3D plasnome crystal (blue), and ngorous
slectrodvnanues modeling of the spectmum for an sdeal crysial
green) and one that mcludes sulle pmolved nanoscale grams of
Au near the edges of the Au disks (red). (b) Computed electro-
nagnetic field dismbonon msocialed with the resonance a1 383
ui {labeled B i a), The mtensity 15 concentrated ol the adges of
bhe napoboles m the upper level of the crvstal. (¢) Field distribution
esociated with the resonace at 1138 mn (labeled C m a), showmg
strong coupling between the upper and lower levels of the crvstal
Reprinted with permussion from ref 77, Copyniglt 2006 The
National Acadenry of Sciences of the LSA




- ek

Wavelength (nm)

Int Resp. (A%Tnm) ©

ch.: inT w.h

10 06 0.2 u 06

21 |s|a]a|l1]2]|1

2

—

0

05 1 18 2 28
Time (10*s)

Int. Resp. (A%Tnm)

500 1000 1500 2000
Distance (m)




