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ABSTRACT OF THE THESIS

Surface Functionalization, Patterning, and

in Situ Growth of Gold Nanoparticles

by

Gail Anne Vinnacombe-Willson
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022
Prof. Steven J. Jonas, Co-Chair

Prof. Paul S. Weiss, Co-Chair

The primary focus of this thesis is the development of straightforward bottom-up methods
for rationally incorporating gold nanoparticles (AuNPs) onto oxide materials, onto polymers, and
within microfluidic devices. Plasmonic AuNPs strongly interact with light due to the localized
surface plasmon resonance (LSPR) phenomenon. The position and quality of the LSPR peaks
depend on the AuNP crystal structure, diameter, geometry, and local dielectric environment, which
are easily modulated via wet-chemical synthesis. Beyond high optical extinction, the LSPR effect
can also lead to efficient light-to-heat conversion, hot carrier generation, and intense localized
electric fields. Moreover, when the individual particles are arranged into ordered arrays, even more
complex optical responses and high-quality lattice plasmon resonances can be selected. Although

wet-chemical synthesis yields individual plasmonic building blocks with superior qualities,
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precisely engineering plasmonic substrates from colloidal AuNPs is often challenging. The
fabrication strategies developed herein have led to advances regarding in sifu control over AuNP
size and shape, pattern scalability, translatability, and versatility. I employ self-assembly and
scalable subtractive soft lithography to produce arbitrary patterns from pre-synthesized AuNPs. I
establish wet-chemical approaches for direct nucleation, growth, and shape-control that avoid
time-consuming ligand exchange, self-assembly, and the need for costly equipment. Lastly, I
explored in situ shape control to integrate thermoplasmonic gold nanostars within microfluidic
platforms to target biomedical applications, including liquid biopsies. Overall, this work has
potential impact for the fabrication of plasmonic biomedical devices, sensors, optoelectronics, and

heterogeneous catalysts.
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Preface

Historical Overview

Nanotechnology involves the fabrication and manipulation of materials at the nanoscale,
with the purpose of creating and studying novel systems with properties that differ from bulk

[1=3]° Although the term “nanotechnology” was first coined by Taniguchi in 1974, the

materials.
nanotechnology boom is often attributed to the famous 1959 lecture “There's Plenty of Room at
the Bottom: An Invitation to Enter a New Field of Physics” by Richard Feynman.) In his talk,
Feynman contemplated building up new materials atom-by-atom to produce precisely tailored
nanoscale systems with exceptional properties. He contemplated how this approach could push the
miniaturization of computers, machines, and medical technologies for the greater benefit of
society. In line with this idea, modern nanoscience has broadly expanded to incorporate many
disciplines, including physics, chemistry, biology, and engineering, and targets the development
of novel medical treatments, electronics, and technologies for a cleaner more sustainable future.*’

The work presented in this thesis focuses on a specific branch of nanoscience concerning
the study of plasmonic metal nanoparticles, which are of great research interest due to their exciting
and tunable size-related characteristics.[! When copper, silver, and gold are miniaturized to the
nanometer scale, they exhibit vibrant colors that starkly differ from the characteristic metallic
appearance of their bulk counterparts. This property is a direct consequence of their small
dimensions, which lead to great enhancement of ultraviolet (UV)-visible-near infrared (NIR) light
absorption and scattering.[®) Moreover, plasmonic nanoparticles are characterized by high local
field enhancements,!”) high surface area-to-volume ratio,® increased chemical reactivity,’®! low

melting point,®! and other unique chemical, physical, and biological characteristics that differ from

bulk metals.[®! Research on this topic focuses on improving control over these size-dependent
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properties and improving the understanding how they can be leveraged to engineer nanoparticles
for select applications in chemistry,!®!%! physics,''"13! and biology.[>!4

Although the study of plasmonic nanoparticles remains an active field of research, the first
colloidal and in situ syntheses of plasmonic nanoparticles dates back to long before mentions of
nanotechnology and plasmons.[®!>] One of the most famous historical objects incorporating
nanoparticles is the 5 century CE Roman artifact, the Lycurgus cup, a chalice depicting the death
of King Lycurgus of Thrace in dichroic glass.!'®! Different colorations can be observed depending
on illumination and viewing angles, which was finally attributed to the impregnation of the glass
with silver, gold, and copper nanoparticles in 1990.['”) Although the idea of nanoparticles was a
foreign concept to glass makers during this time, silver and copper nanoparticles were used in
lustrous ceramic glass as early as 1400-1300 BCE in Mesopotamia.l'®!°! By the 17" century, it
was routine to prepare brightly colored glass by dissolving bulk gold in aqua regia (royal water)
and incorporating the resulting gold salt during the glass-making process with appropriately added
reductants.['% In the 1685 work De Auro, Andreas Cassisus famously described the preparation
of purple glass through the incorporation of gold salts, which came to be known as the “purple of

. *
Cassisus.”?%

Another early implementation of plasmonic particles included the invention of
Daguerreotype photographs in 1839, which relied on in situ photooxidation of silver ions on a
copper sheet to capture images.?! In 1857, an important breakthrough was made when Michael

Faraday performed the first systematic synthetic study of colloidal gold nanoparticles, which led

him to make the first connection between the color of the solution and the size of the metal,

*There are mentions of ceramic glass with faint pink to purple coloration due to the use of gold salts as much as 25
years earlier than the publication of De Auro. However, De Auro is most famously credited for this process.

2
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describing the gold as being “reduced in exceedingly fine particles.” 1?22*! Ultimately, the wine-
red coloration of gold nanoparticle colloids would not be explained fully until more than 50 years
later, in 1908, when Gustav Mie provided solutions to Maxwell’s equations for spherical metal
nanoparticles.l** Additionally, the first capabilities to “see” and to measure nanoparticles with
diameters as low as 10 nm was realized by with the 1898 development of the ultramicroscope by
Richard Zsigmondy, who won a Nobel prize for this discovery in 1925.122¢1 At the time of
Feynman’s famous talk, the limit of resolution for electron microscopies advanced to 10 A. Today,

sub-Angstrom resolution is routine.!?’%’]

Modern-Day Implementation of Nanomaterials

With modern capabilities that enable researchers to characterize and to manipulate
materials at the nano- and atomic scales, the nanotechnology research boom has produced a
plethora of commercial products that take advantage of nanomaterials. For example, carbon

nanotubes have structural and optical properties that facilitate implementation in lightweight and

31] 32]

durable sports equipment,*”l batteries,*!! and ultrablack satellite coatings.**) Inorganic
nanoparticles find commercial use in sunscreens (titanium dioxide and zinc oxide)?*! and
cosmetics (silica and gold).**! For energy applications, nanostructured silicon is found in
commercial solar cells and transistors.[*>*¢! High-quality displays take advantage of the optical
properties of quantum dots (cadmium selenide and indium phosphide).®”! The antibacterial

properties of nanosilver motivate its implementation in bandages and active wear.’®3% In

December 2019, the global pandemic caused by the SARS-CoV-2 virus profoundly impacted

fFaraday’s colloidal “ruby gold” solutions remain stable and retain their optical properties 150 years later. They are
housed at The Royal Institution in London.

3
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society and consequently garnered even more attention for applied nanomaterials. Specifically,
early strategies to mitigate the spread of the virus relied on lipid nanoparticle-mRNA vaccines and
silver nanoparticle rapid diagnostic tests.[***1 Although commercial nanotechnologies do not
(yet) include the nano-cars, nano-surgeons or self-replicating nanobots as imagined by

4]

Feynmann®! and others,** nanoscience remains an exciting frontier for researchers in all fields

and important works in this area continue to unfold.

Overview of the Thesis

The introductory chapter begins with a brief description of plasmons in metals from bulk
systems down to the nanoscale and factors that affect the plasmonic properties of individual
nanoparticle. Then, factors affecting size and shape in the colloidal synthesis of gold nanoparticles
and the engineering of plasmonic substrates and devices are discussed. In Chapter 2, a study of
the synthesis, self-assembly, and patterning of colloidally made gold nanospheres via soft-
lithography is presented. In Chapter 3, I will provide background on the developments of in situ
growth methods, where instead of using pre-made colloidal particles, the nanostructures are grown
directly on the solid material of interest. In Chapter 4 and 5, I describe how I have applied in situ
growth and in situ shape control to fabricate gold nanoparticle arrays and thermoplasmonic
nanostar-functionalized microfluidic devices, respectively. A summary of the conclusions and a
brief outlook on the field will follow. Lastly, once can recall that the closing remarks in Feynman’s
famous lecture were reserved to express his hope that the new and exciting field of nanoscience
would encourage more involvement of students and young people in science. With this same spirit,
the Appendix of this thesis will present an educational laboratory experiment where high-school

or undergraduate students synthesize gold nanoparticles with different sizes and shapes.
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Chapter 1. Introduction
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Compared to bulk gold, plasmonic gold nanoparticles have unique size-related
properties, including high surface area, low melting point, and strong interaction
with light. Their optical properties depend on the local dielectric environment as
well as their geometrical characteristics, which can be controlled by bottom-up or
top-down nanofabrication.



Chapter 1. Introduction

Section 1.1. Plasmonic Properties of Metal Nanostructures

Over the past few decades, significant research emphasis has been placed on plasmonic
nanomaterials, as they possess intriguing physical, electronic, and chemical properties.!!] The
term “plasmon” was first introduced to describe high frequency collective oscillations in metals
by David Pines in the 1950s.1*! Plasmons in metals earned their name due to their similarity to
electron density oscillations in gaseous plasmas, with the difference being that metals have much
higher electron densities, resulting in considerably higher frequencies.”) In this section, we will
briefly discuss the plasmonic properties of bulk metals, metal-dielectric interfaces, and

nanoparticles.

1.1.1. Plasmons

1.1.1.1. Bulk and surface plasmons

In bulk materials, an incident electromagnetic field can induce “volume” plasmons, which
manifest as longitudinal propagating charge-density waves as depicted in Figure 1.1A.1°! In a
metal-dielectric interface as shown in Figure 1.1B, highly localized “surface plasmons” that
propagate parallel to the surface and decay exponentially away from the interface emerge.>*! As
for the bulk case, regions with alternating positive and negative charge densities are generated by
the external electromagnetic field. At the interface, this effect results in the generation of transverse
electromagnetic fields induced by the oscillating conduction electrons of the metal. The resulting
hybrid propagating wave can be described as a surface plasmon polariton.!”! Unlike bulk systems,
surface plasmons can be excited with light as long as the momentum mismatch between the
incoming light and the surface plasmon is compensated via a grating, local surface modification,

and/or coupling through a high refractive index prism. The resonant amplification of the surface
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plasmon by light is called the surface plasmon resonance (SPR).I*) This highly surface-localized
effect is sensitive to changes at the boundary of the metal and the dielectric, and so, SPR shifts are
applied to monitor adsorption of molecules or other materials onto metal surfaces.!®

The Drude-Lorentz model provides a simple approximation for describing the dynamics of
a metal’s conduction electrons inside an external electric field. In this model, the conduction
electrons are treated as a sea of non-interacting electrons moving about periodic, fixed, positively
charged cores. The complex dielectric function of the metal in the Drude-Lorentz model, the

frequency dependent permittivity of metals, is written as:[!*]

c(w)=1— —2 [Eq. 1.1]

w?+iwy
Here, wy, is the bulk plasma frequency and y is a constant representing damping effects. In the first

order approximation, the complex dielectric function is expressed as the sum of the real (€;(w))
and imaginary parts (€, (w)):>1112]

e(w) = 6(w) + iey(w) [Eq. 1.2]

The real part describes the degree to which the material is polarizable in response to the external
field without absorbing energy, where the imaginary part describes energy absorption. Materials
capable of supporting a SPR should have a large real and small imaginary permittivity, meaning
they can generate a large alternating field on their surface and have negligible absorbance. Some
metals exhibiting SPRs include silver, gold, copper, aluminum, sodium, and indium.!'3! However,
among these materials, silver, gold, and copper are more widely used due to practical requirements
for metals with low damping rates that are stable under the appropriate experimental conditions.
The overall interaction of metals with light is described by both free- and bound-electron effects.
Lower energy excitations of electrons occur within the conduction band (intraband transitions).

Electrons in the metal are excited from the valence band to the Fermi level at higher energies, and
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the optical response is dominated by these interband transitions, resulting in low or no plasmon
resonances.[!! Silver, gold, and copper have interband transition thresholds beginning at ca. 3.6
(344 nm), 2.4 (516 nm), and 2.1 eV (590 nm), respectively, making them suitable for applications
requiring SPRs in the visible and near-infrared region.!':'415] Silver is the only metal of the three
that can support stronger SPRs over the entire visible region (1.8-3.1 eV), however, the stability

and biocompatibility of gold make it the preferred choice for many applications.!*!

@_, = = e Dielectric Electric field

\Conduction
electrons
Figure 1.1. Schematic depicting a A: volume plasmon (black arrows indicate the electric

field), B: surface plasmon, and C: localized surface plasmon.

1.1.1.2. Localized surface plasmon resonance

When these metals capable of supporting SPRs are instead confined to the nanoscale, they
take on dimensions smaller than the wavelengths of the applied field. Instead of the propagating
waves seen in the nanoscale metal thin film case, plasmons in nanoparticles form standing waves,
and can be described classically as radiating dipoles (Figure 1.1C): Impinging light causes the
conduction electrons to accumulate at one end of the particle. In response, Coulombic attraction
towards the positively charged nanoparticle cores leads to a restoring force, which defines the

characteristic oscillation frequency. The introduction of a periodic driving force (light) meeting
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the characteristic frequency effectively leads to resonant amplification. This effect is known as the
localized surface plasmon resonance (LSPR).>S! In this description, the nanoparticle is in the
quasistatic limit, where the applied field is spatially constant over the entire structure. Here, the

polarizability (a) of the particle is given as:[*!

3(c:. —
a = a”(€Ein—€out)€out [Eq. 1.3]

€int2€out
where €;, represents the dielectric properties of the metal and €,,; represents the medium
surrounding the particle. These expressions are simplified in terms of the plasmon resonance
frequency w4 and the frequency of the external field w, when damping is ignored and the particles

are considered in vacuum or air, with €,,,; = 1:

-w?a®

Xprude = 7.2 [Eq. 1.4]

w?-wi
where the particle response to the external field becomes resonant as w = w;.
The LSPR effect gives high optical extinction for nanoparticles with dimension a, where
the extinction cross section is the sum of the absorption (o,1,) and scattering cross sections (0¢y),

which can be expressed using the polarizability as:[!

Oaps = 4mka®Im |22 | [Eq. 1.5]

€Eint2€out

L 2
Osea = Sk*a® [F22L]" [Eq. 1.6]

€int2€out
Note that the absorption cross section is proportional to the volume of the particle, and the
scattering cross section, which involves absorption and instantaneous elastic reemission of the
light, and scales as the square of the particle volume. From these expressions the optical cross
sections are maximized when €;,, = —2€ ;.
The near- and far-field optical response also changes for nanoparticles with non-spherical

shape. Once again, the Drude model can be used to describe the geometrically dependent

12



Chapter 1. Introduction

polarizability for the simplest non-spherically symmetric nanoparticle with semi-axes a, b, and c,

in the quasistatic limit:

_ abc(ein_eout)eout [Eq. 1.7]

3(eout+L(€in—€out))

The effect of the geometry is given by the geometrical factor L (still without considering particle

size). This expression can once again be simplified similarly to Equation 1.4:

-w?abc

Aprude = 3.2 [Eq. 1.8]

w?-Lw}
Here, the particle response is resonant when w — w,, VL, and the resonant frequency of the particle

can be directly calculated with w; = w,,\/Z. For a sphere, the L value along all axes is 1/3 (since
a = b = c. For an ellipsoid where a = b # c, a trend where increasing c¢ (L — 0 in the elongation
direction) gives lower w;. Overall, the shift to lower frequencies can be qualitatively understood
to be caused by a reduced restoring force between the charges that accumulate on opposite sides
of the long axis of the ellipsoid.

To emphasize the effect of shape on the plasmonic response, we consider gold nanorods as
an example. Like the case of the simpler ellipsoid, nanorods support new w at higher wavelengths
due to their longitudinal plasmon mode as shown in Figure 1.2A,B. Extinction peaks for the
transverse plasmon mode at ~ 520 nm (corresponding to oscillation in the x-y plane as defined in
Figure 1.2A) and the longitudinal mode, tuned from ~650-875 nm, are shown in Figure 1.2B.
Increasing the aspect ratio (AR, the ratio of rod length to width) leads to a red-shift in the
longitudinal mode peak. The shape-dependent far-field response is further highlighted in the
calculated spectra shown in Figure 1.2C. Incident light polarized parallel to the long axis of the

rod drives the longitudinal plasmon oscillation and shifts to higher wavelengths occur as rod length
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L is increased. Figure 1.2D shows a similar geometrical effect in the near-field, where rods with

increasing L exhibit higher local near-field amplification when irradiated at longer wavelengths.!¢]
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Figure 1.2: A: Schematic showing plasmon oscillations in a metal sphere and in nanorods with
different aspect ratios. For nanorods, the oscillation in the x-y plane is called the transverse

Increasing the aspect ratio (AR) red shifts the longitudinal mode. B: Ultraviolet-visible spectra
for a gold nanosphere and for different AR gold nanorods. C: Far-field intensity as a function
of wavelength for an electromagnetic plane wave incident on a gold nanorod with length L and
radius (R) of 40 nm. The polarization is parallel to the rod. D: Normalized near-field amplitude
for the same system as C. The near field is evaluated 1 nm from the nanorod. Results for small
L and spheres are shown in the insets [adapted with permission from ref. 16].
Thus far, we have provided expressions for nanoparticles in the quasistatic limit, which
only includes particles with sizes below 10% of the wavelength of light, roughly 20 nm and lower.

For larger particles, higher order modes (quadrupole, octupole etc.) become non-negligible.

Indeed, the latter case applies to many nanoparticle systems of interest. Mie’s solutions for local
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and far-field scattering by metal nanoparticles describe the trend of red-shifting LSPR wavelength
with increasing size, shown for ~10-100 nm diameter nanospheres in Figure 1.3. For more
complex systems and geometries, Mie scattering can be evaluated numerically, which is discussed

in detail elsewhere.l!

0l @ &
-

o
(o0}
1

Norm. Ext.
o
@

(

o
N
1

0.0

400 500 600 700 800

Wavelength (nm)

Figure 1.3. Ultraviolet-visible  spectroscopic
characterization of aqueous solutions of gold
nanoparticles with ~10, 25, 50, and 100 nm diameters.

In addition to high optical extinction and local near-field enhancement, plasmonic
excitation presents other interesting consequences. For example, individual electrons can take on
the energy lost to the collective oscillation of the conduction electrons during dephasing. So-called
“hot electrons” with energies higher than the thermal energy of the system can then be transferred
to molecules to promote chemical reactions or be applied in photochemistry and photovoltaics.[!”!
In addition, light absorption by the particle can lead to intense heating close to the particle’s surface
through plasmon-phonon coupling.!'8! Plasmonic heating is more common in branched particles,
nanorods, and nanoshells, and prior work has explored the application of thermoplasmonic

particles in cancer therapeutics, where localized heating is used to kill nearby cancer cells.!!*2!]
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In summary, the spectral position of plasmon resonances in individual nanoparticles
depends on the local dielectric environment, metal identity, particle geometry and size. Of these,
the manipulation of the particle shape is especially powerful. Altering the shape to include small

(22231 and overall introduction of shape

sharp features produces strong local field enhancements,
anisotropy produces new LSPR modes, with the plasmons in certain particle geometries favoring

different decay pathways. Thus, the control of nanoparticle morphology through bottom-up

colloidal synthesis poses great research interest and will be discussed in Section 1.2.

1.1.2. Plasmonic nanoparticle dimers, lines, and arrays

More than just tuning the plasmonic responses of individual nanoparticles, controlling their
positions relative to one another can also be used to engineer more complex plasmonic responses.
When two or more nanoparticles are placed in close proximity, the interaction of their plasmon
modes can be described using a model similar to molecular orbital hybridization. The
nanoparticle’s individual plasmon modes hybridize with one another to produce low-energy
bonding plasmon modes and higher-energy antibonding modes.[**"1 The spatial distribution of
the “bonding” plasmon modes similarly resembles bonding molecular orbitals, exhibiting higher
localization in between the nanoparticles, creating regions with intense local field enhancements,

[28-32

so-called “hotspots,” relevant for sensing applications. I Confinement of the electric fields to

the interparticle gaps can produce significant field enhancements as shown in Figure 1.4.[33-3]
Moreover, arrangement of particles into chains or periodic arrays with set spacings can
lead to hybridization between the individual plasmon modes with the diffraction modes of the

array, compensating the optical losses and producing lattice plasmon resonances (LPRs) with

narrow profiles (few nm) (Figure 1.5A,B).27%% Because LPRs occur at wavelengths where the
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plasmonic oscillations of the particles in the array are in phase with one another, their spectral
position depends on the geometrical parameters of the array as shown in Figure 1.5C,D.[*!) The
spectral position of the LPR is also influenced by the illumination angle, which we will discuss
further in Chapter 4. Beyond LPRs, even more interesting magnetic, electronic, and optical
responses can be engineered via fabrication of different patterns,[**%! such as gratings,'*’! lines

for waveguides!***-3% and chiral superstructures.>'=°!

[E/E,I*
0O 3 6 9 12 150 3 6 9 12 150 150 300 450 600 750
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Figure 1.4. A-C: Near field distributions under different incident light
polarizations (indicated by the white arrows) for (A) a single metal
nanoparticle and (B,C) a nanoparticle dimer [reproduced from ref. 34]. D,E:
Experimental electron energy loss spectroscopy data showing the longitudinal
(L*) and transverse (T) plasmon modes in coupled gold nanoparticle chains
(left) and simulated plasmon modes (right) [reproduced from ref. 36].
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ref. 37]. LSPR: localized surface plasmon resonance; SLR: surface lattice resonance
(referred to as a lattice plasmon resonance). C,D: Extinction spectra of 400 50 nm silver
nanoparticles arranged in (C) a one-dimensional chain and (D) a two-dimensional
hexagonal array [reproduced from ref. 41 with permission from AIP publishing].
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Section 1.2. Colloidal Synthesis of Gold Nanoparticles

The most common strategy for tuning the plasmonic properties of nanoparticles is to do so
in colloidal suspensions via bottom-up synthesis. The work presented in this thesis focuses on gold
plasmonic nanoparticles in particular, and so this section will primarily focus on the colloidal
synthetic developments in this area. There are three basic elements in the wet-chemical synthesis
of gold nanoparticles: (i) the gold salt, the source of gold ions, usually HAuCls, NaHAuCls, or

KAuCly, (ii) a capping ligand, usually a surfactant, to stabilize the particles in colloidal suspension
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via coulombic and/or steric repulsion, and (i) a reducing agent, to reduce the Au*" ions. Although

56,57

electrochemical reduction!®®>7! or light can be used in place of a chemical reductant, we will not

focus on these strategies here and direct the reader to recent comprehensive reviews.[>3¢!]

1.2.1. Early developments in colloidal synthesis

Early synthetic protocols for spherical gold nanoparticles served as a jumping off points
for understanding how to tune the size, shape, and surface chemistry of nanoparticles using growth
reagents and conditions. Many of these techniques continue to be used today. In 1951 and 1973,
Turkevich and Frens developed a robust synthetic method where the introduction of sodium citrate
into a boiling aqueous solution of gold salt promoted the formation and growth of

62.631 The sphere diameters could be tuned between 5-150 nm simply by changing the

nanospheres.!
concentrations of the reagents present in solution. In 1989, “polyol synthesis” involving the
reduction of metal salts by multivalent alcohols, or polyols, under microwave irradiation or reflux
conditions was described.[®* Although initial extensions of this technique were described for the
synthesis of cobalt, nickel, copper, and platinum nanoparticles, it has since been translated to silver

65-681 T this technique, the high boiling points of the polyols enable broad tunability of

and gold.!
the reaction temperature to optimize particle uniformity and crystallinity.[® In 1994, the synthesis
of small (1.5-6 nm), hydrophobic, alkanethiol-stabilized gold particles at room temperature was
realized by Brust and co-workers using a biphasic system.!”"! Each of these foundational methods

and other one-pot synthetic methods follows a homogeneous nucleation and growth process that

proceeds according to the LaMer model (Figure 1.6).
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Figure 1.6. A,B: The LaMer model showing the homogeneous process of nuclei formation and
growth. Cmax = critical limiting supersaturation concentration of gold atoms, Cmin = minimum
supersaturation concentration of the gold atoms, Cs = solubility concentration of the
nanocrystals. When the solution first reaches Cmin, nucleation begins, and nucleation events
continue until the concentration dips below Cumin once again. Here, we compare growth for a
system with a A: shorter and B: longer nucleation periods to depict how extended nucleation
times can increase size dispersity.

In the LaMer model, as the concentration of gold atoms increases above the minimum
supersaturation concentration (Cmin), nanoparticle nucleation begins and small clusters form.[”!]
The clusters continue to form until the gold concentration returns below Cmin. At this point, no
more nuclei form, and the existing nuclei increase in size. The particle growth levels off once the
maximum solubility concentration for the nanocrystals (Cs) is reached. In this growth scheme,
nucleation and growth occur in the same solution and the uniformity of the products is improved
by reducing the window of time in which nuclei are allowed to form. Moreover, the size of the
products can be tuned by changing the number of formed nuclei relative to the total concentration
of gold. For example, modulating the relative amount of Au®>" compared to citrate solution in the
Turkevich-Frens synthesis changes the number of formed nuclei relative to the total available

gold.[®) This small change is what enables modulation of particle diameter, although particles
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larger than 30 nm synthesized with the Turkevich-Frens method exhibit fairly broad size
distributions and irregular shape.’”! Next, we will discuss a different growth mechanism,
heterogeneous nucleation through seed-mediated growth, which is capable of improved product

uniformity compared to homogeneous nucleation.

1.2.2. Seed-mediated growth

Although nanoobjects of various dimensions and geometries can be synthesized with one-
pot methods,”>77! seed-mediated growth is probably one of the most prevalent and well-developed
approaches for tuning the size and shape of gold nanoparticles with high yield. The idea for seed-
mediated growth dates back as early as 1925 and proceeds by heterogeneous nucleation using
small “seed” nanoparticles as templates for later overgrowth.[”®! This approach leads to
improvement in the size distributions of the products due to the control of the chemical
environment separately and precisely during the nucleation and growth stages. In this scheme, the
chemical environment of the seed solution is optimized so that nuclei are rapidly formed (quasi-
simultaneously) via homogeneous nucleation. The uniform seeds are then introduced into a second
“growth solution” containing a different composition of gold salt, capping ligand, and reducing
agents. Natan and co-workers performed initial explorations into seed-mediated growth for gold
nanospheres.”?l Here, seeds were prepared by rapid reduction of Au*" to Au’ by sodium
borohydride and boiling aqueous citrate. On the other hand, the growth solution exhibited a mild
reducing environment, promoting final reduction from Au'* to Au’ to occur directly on the
preformed seeds. The implementation of only weak reductants (rather than strong reductants
capable of completely reducing Au*" to zero valent gold) in the growth solution is key for

effectively disfavoring additional homogeneous nucleation during the growth step significantly
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improving size-yield.> Interestingly, oblate spheroid products were produced for certain
compositions of the growth solution.’l The possibility to select for such anisotropic objects
through seed-mediated growth was subsequently explored in great detail. The size and shape of

[29,87

the seed,®% reductant,®34 pH 58] temperature,'***’! and the presence of “shape-directing

reagents”1%4 serve to direct the anisotropic growth of gold nanoparticles.[53-89-91.93-98]

1.2.2.1. The role of the seed

The quality, size, crystal habit, and surface chemistry of the seeds greatly affect the size
distribution and shape of the final products. Although in reality many particle geometries,
(including anisotropic ones) can be used as seeds, the most common are citrate-capped seeds made
with the Turkevich-Frens method!”*®®! and cetrimonium bromide/chloride (CTAB/C)-capped
seeds made by sodium borohydride reduction.®:34331 Sodium borohydride reduction can be used
to make seeds capped with other surfactants as well.[3%°1 Regardless of which seeds are selected,
in each case, the size and crystal habit of the seeds, e.g., single-crystal, mono- and penta-twinned,
influence the growth kinetics and crystal structure of the final products.[80-33:87:8999-1011 The faster
growth rates of small clusters compared to larger ones leads to size distribution narrowing over
time during seed growth in a phenomenon called size focusing.[’>!%?! More actively, the uniformity
of the seeds in both size and crystal structure can be controlled through thermal®”! and oxidative
chemical etching treatments. %191 The crystal defects present in the seeds are especially important,
because while additional twin defects can be introduced during growth, they generally cannot be

removed.[®1%] Twin defects in the seed are thought to arise depending on numerous factors, i.e.,

3 Homogeneous nucleation during the growth step is also often referred to as secondary nucleation to distinguish this
phenomenon from the initial homogeneous nucleation of the seeds.[”!
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preferential surfactant binding to certain facets, presence of halides, properties of the solvent, and
temperature. Note that common methods produce a mixture of seed products and the presence of
seeds with different crystal habits is a source for lower shape yield. For example, in the synthesis
of gold nanostars in the presence of zwitterionic surfactant laurylsulfobetaine (LSB), the optimized
yield of penta-branched stars is dependent on the initial yield of penta-twinned LSB seeds.!®3! The

remaining seed population (30%) are monocrystalline, producing low aspect ratio tetrapods.

T, single-crystal SEEDS pentatwinned
........ . twi d e . R
...................... Sge "o Gde -

...................... IS T e
Platelets I ............ ‘ She"s, cages &
Spheres y v Y Chiral hybrid partlcles

Branched | polyhedra | Rods & | shapes

ey structures wi res |;
- \ | @

'\

Figure 1.7: Schematic showing some examples of gold nanoparticle seeds and some
geometries accessible with bottom-up seed-mediated growth.
Thus far, synthesis of rods!'® and stars!®*1%] from single crystalline seeds, platelets and
triangles from mono-twinned seeds,3!!%! and nanorods,**! bipyramids, dodecahedra,’®”-!%7] penta-
branched stars!®>!%! from penta-twinned seeds under the appropriate growth environments.

[198] "and more complex facets (e.g., chiral

Particles presenting polycrystalline features
shapes)!!%-11% have also been demonstrated with the seeded growth method. In Figure 1.7, we

provide a summary of some of the possible geometries that can be accessed. In the growth solution,
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as with seed synthesis, the selected reductant, pH, surfactant, halides, solvent, and silver salts all
act to promote growth along specific crystal facets.”®! Undoubtedly there are many “handles” for
controlling shape-directed growth and a comprehensive review of each of these aspects is not
feasible here. Therefore, important aspects to consider regarding the reductant, shape directing

surfactants, and ions will be briefly outlined.

1.2.2.2. The reductant

In seed-mediated growth, it is important to implement reductants capable of reducing the
gold precursor only from Au** to Au'*, favoring the final reduction to Au® to occur mainly on the
seed itself.”® Prior work applies polyvinylpyrrolidone (PVP), hydroxylamine, " 2-
mercaptosuccinic acid,'! ' and ascorbic acid (AA) as growth solution reductants,®® with AA being
the most popular outside of polyol synthetic protocols. In a standard synthesis, the reductant is first
added to a growth solution containing the other shape-directing reagents, then seeds are
subsequently introduced. The addition of the reductant is performed in this fashion to avoid
dissolution of the seeds via oxidation by the Au*" in the growth solution following the
comproportion reaction of gold shown in Eq. 1.9.

Au* (aq) + 2AU° (s) — 3Au'* (aq) [Eq.1.9]
Increasing the concentration of AA generally speeds up gold precursor reduction, promoting the
growth of kinetically favored high-aspect ratio branched structures.[®**°! However, shape control
is a complex task, since side-reactions can occur between the many components in the growth
solution.’® Furthermore, in synthetic recipes using AA as a weak reductant, it has been shown
that the ascorbate ion is responsible for efficient reduction of the gold precursor. Thus, higher pH

creates stronger reducing environments whereas lower pH solutions are more mildly reducing.[!!?]
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For example, Murphy showed that the aspect ratio of rods synthesized in the presence of silver and
CTAB with AA as a reductant can be tuned between 4 and 18 simply by changing the pH from 2.8
to 5.6 (first pKa of AA = 4.1).3) Mirkin also used NaOH to promote the anisotropic growth of
nanoprisms with AA reduction.['! The upper pH limit for tuning AA strength is ~8-9 pH,
because, at this point, the AA becomes strong enough that it can complete the reduction from Au**

to Au’, which is undesirable.[®*]

1.2.2.3. The surfactant and shape-directing reagents

More than just stabilizing the colloid, many works have shown that the concentration,
charge, counterion, and chain length of the ligand are important for shape control during seeding
and growth.!®! Quaternary ammonium salts, CTAX, are common surfactants used in seed-
mediated gold nanoparticle synthesis. In these systems, the CTA" ion’s affinity for high energy
{100} and {110} facets reduce the rate of growth along those directions, and can be used to
fabricate rods through elongation by addition of atoms on the {111} face.l'!*!'¥] Stabilization of
certain crystal facets with different ligands is a powerful tool affecting the final shape of the
products overall. In fact, simply replacing CTAB with ligands that have specific affinity for gold
{111}, such as PVP,!'% Triton-X,?! or LSB,® under kinetically favored reduction conditions
alternatively produces nanostars. Recently, amino acids and peptides have been demonstrated to
promote the formation of twisted structures stemming from certain crystalline facets of nanocubes
enantioselectively.['%1 The resulting helicoid nanocubes synthesized with glutathione and cysteine
exhibit tunable chiral optical activity, presenting an exciting synthetic direction for creating

nanostructures with interesting and complex properties.[!!”]
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Recent work focused on the roles of the ligand includes studies on the addition of co-
surfactants (aromatic species, fatty acids, long chain alkanols) to promote or to diminish adsorption
and interrogate factors affecting facet accessibility and shape direction.[!!¢-11°] Another central idea
that has been proposed regarding the roles of the ligand is the capability of the surfactant micelles
to act as soft templates for directing shape. This idea was initially proposed for rods, although the
consensus is that CTAB micelles do not play as major a role as the previously discussed effects.[®¥
Nonetheless, the idea of a micellar template has since been applied to achieve the synthesis of

110

chiral nanorods.['!%! In this work, Gonzélez-Rubio et al. apply helical micellar templates created

using CTAX and 1,1’-bi(2-naphthol) (which naturally forms elongated coiled micelles) as a co-
surfactant to induce the formation of twisted chiral wrinkles on pre-made rods.!'!%14

The counterions of the ligand, usually halides, are also important to consider and have been
suggested to affect particle shape via altering the ligand layer organization, acting as oxidative
etchants and/or changing the availability of gold and silver salts depending on concentration. For
instance, although CTAC and CTAB both produce CTA", high yields of rods are generally
achieved with CTAB, with Br apparently playing a necessary role in anisotropic growth.[''*] One
explanation for this effect is that the CI" and Br™ counterions affect the ordering of the ligand layer,
and the absence of Br” produces a less compact surface coating. Accordingly, CTAC is better put
to use for the synthesis of different size nanospheres.**!?"! In addition, high concentrations of
CTAB lead to oxidative etching along the edge of the {111} crystal plane.**!21113] Thys far, we
have discussed major roles of surfactants and counterions in directing anisotropic growth and have

provided some examples. There are additional factors, such as concentration, charge, chain length,

that we will not discuss in detail here, however, these elements are also important to consider and

4 This work is also an example where an anisotropic nanoobject is later overgrown into other complex shapes.
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can all serve as handles for tuning shape control during seeding, growth, and/or overgrowth

steps.[6®]

1.2.2.4. Other factors and methods to adjust size and shape uniformity

In addition to the capping ligands, reducing agents, and seeds, other shape-directing
reagents can be added to the seeding and/or growth. Silver nitrate, for example, is a common shape-
directing reagent for nanostars and nanorods.!®***1 There have been a few proposed mechanisms
for the roles of silver in the growth of different anisotropic shapes (i) underpotential deposition of
Ag'" on certain crystal facets, (ii) silver bromide binding to certain facets, and (iii) disruption of
the surfactant “soft template” by the silver ions.l'?>241 Beyond the silver ions themselves, the
interactions of nitrate counterions with oxygen may contribute to the reproducibility and to

124

directing anisotropic growth.!"?! However, nitrate has been shown to have minimal or no effect on

s.[191 Aside from silver salts, iodide is another

the synthesis of some pentabranched nanostructure
common shape-directing reagent. In the growth of nanorods, Mirkin®!! proposed that iodide
adsorbs selectively to the {111} facets of the nanorod tips to prevent binding of CTAB, promoting
growth in that direction. In the synthesis of gold nanotriangles, Scarabelli ef al. showed that the
addition of iodide in the seed solution was key for the formation of triangular shapes, where simply
decreasing the concentration of iodide in solution produced triangles with longer edge

lengths.B1:12°]

1.2.3. Precision synthesis with microfluidics

In standard colloidal syntheses, certain protocols require rapid and/or simultaneous

addition of reagents to the growth solution and vigorous stirring to ensure their uniform
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distribution.[®>7121 Ag an alternative, gold nanoparticle synthesis can be carried out in systems
with controlled reagent and thermal mixing and fluid flows, called microfluidic devices.[*>-127-128]
Microfluidic flow systems contain one or more channels with dimensions lower than 1 mm.
Typically, the channels are fabricated with glass, silicon, or polymers, most commonly
polydimethylsiloxane (PDMS or silicone), and can incorporate junctions linked with tubing made
of polyetheretherketone, polytetrafluoroethylene, polyethylene, or other polymers.['?>13% The
precise control of the flow of small volumes of liquids by microfluidics leads to their application
in flow cytometry, immunoassays, particle or cell separation, cell patterning, and the fabrication

of organic and inorganic nanoparticles.!'>1331 Next, we focus on the microfluidic synthesis of gold

nanoparticles, which is achieved by combining two or more solutions containing growth reagents.

@ 2 Laminar Flow Diffusive mixing @ Intersetig micromixer

Droplet microfluidics
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Figure 1.8. A-F: Schematics showing some examples mixing in microfluidic channels, with all
flows proceeding from left to right. A: Co-flow of two solutions in a featureless channel with a
laminar flow profile, where diffusion dominates mixing. B: Droplet microfluidics where
diffusion more effectively leads to mixing in the small volume. C-F: Various examples of
channels with features inducing exchange of the two introduced solutions by changing the flow
profile. G: A herringbone micromixer and the resulting flow profile cross sections (below) as
the solutions progress through the channel [adapted from ref. 136 with permission from AAAS].
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In microfluidic devices, fluid flow in the channels is characterized by the Reynold’s number (Re),
which expresses the ratio of force associated with momentum to the force associated with viscous

shear and is defined as:
uDpp
R, = 0 [Eq. 1.10]

where v is the characteristic fluid velocity, p is fluid density, Dy, is the hydraulic diameter, and p

129

is the viscosity of the fluid.l'?®! Flows with R, below 2000 and above 3500 are considered laminar

and turbulent flow, respectively, and transitional flows constitute intermediate values. In laminar
flows, mass exchange between two or more streams flowing in constant contact with one another
will occur by diffusion, rather than advection.

In microfluidic devices, R, stays well below 100 (often going below 1) due to small
features and low flow velocities, placing them in the laminar flow regime. For uniform metal
nanoparticle synthesis, it is important to ensure that the timescale of mass transfer by diffusion
occurs faster than the nucleation or growth. Reducing the size of the channels so that R, < 1
facilitates molecular diffusion and enhances the effect of Taylor-Aris dispersion, where shear flow
disperses the molecular species along the flow direction.!'3*!3# Another strategy is to modify the
microfluidic device to induce different flow profiles that promote reagent exchange via activel!*”

or passive mixing. Common passive mixers for systems with moderate and low R, include

137 132

herringbone,['*®! zig-zag 3" intersecting,['*?! and serpentine channels,!'*”! and channels with

embedded barriers (Figure 1.8).[138!

140]

So far, uniform gold nanospheres,'*) gold-coated particles! and shaped

137,141

goldparticles! ! have been synthesized in microfluidic reactors. In the work of Khéler,

intersecting geometries were used to mix the growth solution uniformly via repeated splitting and

1.1139

recombination of the solution in the channel.l'*) As previously discussed, the uniform local
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distribution of heat and reactants can be improved by reducing the dimensions of the microfluidic
device (Figure 1.8A). This effect is more pronounced when the reactant volume is further reduced
into individual “microdroplets” via controlled co-flow with immiscible solvents or gasses (Figure
1.8B).[137:142.143] Malmstadt demonstrated this strategy by synthesizing narrower size distributions
of gold nanospheres by flowing ionic liquid droplets through serpentine channels.!'*?! Later, Abell
applied a similar method using zig-zag micromixers (similar to Figure 1.8C,F) conjointly with
droplet microfluidics to confine the growth reagents to picoliter volumes and synthesize uniform

gold nanostars capped with citrate and PVP.137!

Section 1.3. Engineering Plasmonic Substrates

While some of the complex plasmonic responses discussed in Section 1.1 can be
engineered with colloidal systems,*%1*-15% many devices, sensors, heterogeneous catalysts, and
biomedical platforms benefit from incorporating plasmonic nanostructures on or within solid

133,154-158

supports, such as polymers,[>17133] glass| I hydrogels, !> semiconductors, 61165 two-

166-168] and metals.!'%°! There are two general approaches to the fabrication

dimensional materials,!
of nanostructures: top-down and bottom-up. In top-down plasmonic gold nanofabrication, the
nanomaterials are fabricated by breaking down a starting bulk material, which contrasts bottom-
up methods, where the nanomaterials are formed from gold atoms. Next, we will provide

background summarizing the implementations of these approaches for plasmonic substrate

fabrication.
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1.3.1. Top-down engineering of plasmonic substrates

Top-down nanofabrication relies on either maskless or through-mask approaches for
creating nanoscale features.>*!70172] Direct write methods include electron beam lithography,
focused ion beam, scanning probe lithography, and direct laser writing. In some cases, the
nanoscale features can be directly etched into a gold thin film.['”*) However, many approaches first
create the nanopatterns in a sacrificial material, such as a photo-linkable polymer, called a

[175.176] phase-shift

photoresist.!’>!7# In through-mask techniques, such as photolithography
lithography,[!”7-178] the photoresist is exposed to light through masks made by direct-write methods.
The exposed areas of the photoresist either become more or less soluble in a developer solvent
(which is used to remove the more permeable material) depending on whether a negative or
positive resist is used, respectively. A following lift-off or dry-etching step is then used to create
the final nanoscale plasmonic features. There are also through-mask methods that do not rely on
photolithography, using masks made from self-assembled monolayers of polystyrene or silica

179.1801 51 chemical-etch resistant layers (e.g., molecular monolayers).['81-184 To date,

nanoparticles!
maskless and through-mask patterning approaches have undergone further development regarding
improved pattern resolution, reduced processing time, and engineering unique plasmonic
structures.P2>433172174 Degpite these developments, the limitations of top-down methods include
the cost, requirement for specialized equipment, and the polycrystallinity of the
nanostructures.!’1185] The latter factor is especially important for fabricating high-quality
plasmonic substrates since it leads to damping of the plasmonic response due to nonradiative loss

pathways.[!7!]
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1.3.2. Plasmonic substrates from colloidal nanoparticles

Colloidal particles

Chemical template Self-assembled layer
Physical template

%5
8%8
%5

L)
s
57
)
't

= amine, thiol,
carboxyl, etc.

+ soft-lithographic
patterning

Figure 1.9. Schematic showing examples of plasmonic substrates
fabrication strategies using colloidally synthesized particles (top), and
potential arrangements (bottom).

In contrast to top-down methods, bottom-up wet chemical synthesis makes it possible to

fabricate higher quality single-crystal nanoparticles and rationally tune morphology, as can be

concluded from the discussion in Section 1.2.2. Therefore, if precise control over the crystal

structure, size, shape, and surface chemistry for each individual plasmonic unit is desired, bottom-

up synthesis should be applied (Figure 1.9). Integrating colloidal particles with substrates usually
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begins with nanoparticle pre-synthesis, followed by ligand exchange/modification of the particle
surface chemistry and self-assembly. Uniform films of pre-synthesized gold nanoparticles can be
prepared following ligand exchange and self-assembly via centrifugation,!'®®! controlled solvent
evaporation,'¥"1% or assembly at a liquid-liquid,'"*'°? or a liquid-air interface.[8!:187-193-195] Thjg

[161,196,197]

self-assembly process can be combined with chemically! or physically

(29.3840.42.5L198] sybstrates, or soft-lithography with nanoparticle inksl!%%162:1992001 tq

patterned
produce patterns. The application of physically patterned stamps and substrates to assist in

directing the site-specific attachment of particles is especially popular and includes

201,202 203,204

templated, 2384042511 capillary-assisted,! 1 optically printed,’ 1 and electrophoretic self-

assembly processes.20>206]

Section 1.4. Summary

The LSPR effect gives rise to unique physical and chemical properties in metal
nanoparticles. Of the metals capable of supporting plasmon resonances, gold, in particular, is
especially useful for applications in biology and medicine and for those requiring irradiation in the
visible-NIR range. The LSPR peak can be tuned from ~500 nm to 1800 nm through modification
of the nanoparticle geometry, size, and local environment.”’?2%7] Fyrthermore, more complex
optical responses can be engineered when particles are rationally arranged.36-3842-4449-511 [y the
colloidal synthesis of anisotropic nanoparticles, pH, temperature, chosen seed, surfactants,
reductants, and other shape-directing reagents are used as handles for tuning the products.”®’~%%-2071
The realization of intrinsically chiral gold nanoparticles achieved solely by controlling the

chemical environment constitutes a major interesting direction for future developments in colloidal

synthesis that has important implications especially in biology and sensing.!!!%!15]
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Another interesting body of research regarding gold nanoparticle synthesis is the
application of microfluidic devices for the precision synthesis of colloids. Although there have
been notable developments in this area, there remain limitations to these techniques, such as
scalability, time-consuming design and fabrication, and the physical and chemical limitations of
the microchannel material.['?*!3% As an example, PDMS is common in microfluidic cannels
containing lithographically produced features. In PDMS devices, the channels must be mounted
to a glass or oxide substrate following UV-ozone, air, hydrogen, or oxygen plasma treatments and
the binding strength between the two materials is sometimes insufficient for high pressure flows.
Moreover, PDMS is incompatible with corrosive solvents, high temperatures, and can significantly

(2081 These aspects aside, microfluidics offers high size

swell in the presence of organic solvents.
and shape yield and opens up the possibility for fully automated and programmable reactors. Even
more, these systems provide unique environments to study factors affecting particle
morphology.[7:140:2092101 Owing to the unmatched versatility of bottom-up synthesis, the
implementation of colloidal particles for the fabrication of plasmonic substrates is widely

29,38,40,42 46,

popular.! SLI6 Iy the next chapter, we will provide a focused discussion on a method

utilizing subtractive soft-lithography and colloidal self-assembly to fabricate plasmonic substrates.
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Chapter 2. Large-Scale Soft-Lithographic
Patterning of Plasmonic Nanoparticles

A chemically driven subtractive soft lithographic patterning technique was
used to fabricate plasmonic substrates from colloidal plasmonic gold
nanoparticles. The developed method is highly versatile, offering tunability with
the diameter of the individual plasmonic units, pattern geometry, and receiving
substrate. Overall, this nanoparticle chemical lift-off lithographic method
constitutes a facile, scalable approach, applicable for the fabrication of
plasmonic sensors and optoelectronics.
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Section 2.1. Introduction

As discussed in Chapter 1, plasmon resonances confine light in sub-diffraction volumes,

which can lead to enhancement of light-matter interactions and drive a variety of nanoscale

[1,2] 3.4]

phenomena, including amplification of linear and non-linear! optical processes,
photothermal conversion,>®! hot-carrier generation,”! and strong-coupling interactions.!®” These
capabilities place plasmonics at the intersection of nanophotonics and nanoelectronics, offering
solutions for ultra-small light sources, quantum-computing, and opto-electronic devices.!'”) From
Section 1.2, it is apparent that colloidal noble metal nanoparticles are one of the most versatile
platforms for engineering plasmonic resonances given the remarkable control over their
crystallographic structure and optical properties offered by wet-chemistry synthesis.!'’"'*) When
plasmonic nanostructures made by bottom-up synthesis are organized in periodic patterns (i.e., in
one, two, or three dimensions), new interesting plasmonic responses can be engineered (Section
1.3).13151 As summarized in Section 1.3.2, various approaches have been pursued for the
fabrication of plasmonic substrates from nanoparticles prepared with batch synthesis. In particular,
the combination of colloidal self-assembly with soft-lithography has led to the fabrication of large-
area micro- and nanoscale hierarchical structures and periodic arrays from colloidal
nanoparticles.'*1”1 However, a generalized approach that could adapt to different plasmonic
building-block sizes, shapes and compositions, and different substrate materials has not yet been
realized.””®! Moreover, accessing nanoscale features with high fidelity over large areas remains a
challenge.?'2*] In this chapter, we present a gold nanoparticle patterning method based on
chemical lift-off lithography (CLL), a subtractive patterning technique originally introduced for

generating metal patterns via self-assembly monolayer patterning and etching.**’! Unlike

additive microcontact printing, CLL uses chemical interactions between the ink and the stamp to
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push the resolution limit down to tens of nanometers or lower.”®! The versatile nanoparticle
patterning approach based on this method, nanoparticle chemical lift-off lithography (NP-CLL),
combines colloidal nanochemistry and lithographic patterning. This technique takes advantage of
condensation chemistry for organizing pre-synthetized plasmonic nanoparticles into arbitrary

micro- and nanoscale patterns, including islands, lines, and square spirals.

Section 2.2. Results and Discussion

The advance at the core of NP-CLL lies in the application of pre-synthetized
mercaptoalkanol-capped gold nanoparticles (AuNPs), which are organized into monolayers and
later undergo a condensation reaction with a patterned elastomeric stamp. The AuNPs are first
self-assembled into monolayers at a liquid-liquid interface, exploiting fine control over three
effects:?%2% i) spontaneous migration of nanoparticles towards the interface to reduce the surface
tension between two immiscible liquids; i) colloidal instability triggered by high ionic strength
resulting from the addition of tetrabutylammonium tetraphenylborate (TBA-TPB); and iii)
nanoparticle resistance towards aggregation conferred by the thiol ligand. Gold nanoparticle
monolayers are then transferred to desired substrates using a custom-built automated dip coater
(Figure 2.1A, Figure 2.2). This self-assembly approach has the benefit of being extremely
versatile and straightforward to adapt for particles with different sizes, shapes, and
compositions.[*”) Moreover, it is easily scalable to tens of centimeters, enabling the use of the
described patterning technique for the preparation of wafer-scale devices. As for the thiol ligand,
we used (11-mercaptoundecyl)hexa(ethylene glycol) (MUHEG), which is capable of stabilizing

colloids up to 100 nm in aqueous media (Figure 2.3).
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Figure 2.1. A,B: Schematic of (A) gold nanoparticle (AuNP) self-assembly at the liquid-liquid
interface, and (B) the chemical lift-off lithography (CLL) process on the assembled AuNP
monolayer. C: Schematic of the interactions that occur during CLL. D-F: Optical images and
G-I: scanning electron microscopy images of a polydimethylsiloxane (PDMS) patterned stamp
after lift-off (/eff) and the corresponding complementary negative image imprinted in the AuNP
monolayer donor substrate (right).
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The NP-CLL patterning process consists of conformally contacting an activated, patterned
polydimethylsiloxane (PDMS) stamp directly onto the AuNP monolayer donor substrate (Figure
2.1B) at 60 °C for 3 h in an oven. During this time, the hydroxyl termini on both the activated
PDMS and the mercaptoalkanol-coated AuNPs undergo condensation reactions yielding strong

covalent bonds in the contact regions. Figure 2.1C illustrates the three main interactions in the
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system: i) the covalent ether bonds formed between the mercaptoalkanol ligand and the PDMS; i5)
the sulfur-gold bonds between the thiols and the AuNP surface; and iii) the AuNP-AuNP and
AuNP-substrate van der Waals (VdW) interactions. The interplay of these forces was exploited to
generate patterned monolayers of AuNPs, i.e., when the PDMS stamp is removed, the weak VdW
interactions are more readily broken. Therefore, the AuNPs in contact with the patterned regions
of the stamp are “lifted-off” with the PDMS, leaving a complementary negative image of the
pattern on the donor substrate (Figure 2.1B). Figure 2.1 shows optical and scanning electron
microscopy (SEM) images of patterned substrates obtained by lifting-off 50 + 3 nm MUHEG-

capped AuNPs (Figure 2.3) using stamps with 10-100 pum features (Figure 2.4).

&
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Figure 2.4. A-I: Scanning electron microscopy images of the polydimethylsiloxane patterns
used for nanoparticle chemical lift-off lithography. (A-C) Large geometric shapes, (D,E)
pyramids, (F,G) gratings, and (H,I) spirals (counterclockwise and clockwise).
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Continuous smooth curved lines and straight edges were both reproduced with high fidelity using

NP-CLL (Figure 2.5). However, particle vacancies and clusters can be observed in the lifted-off
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regions. We believe that these imperfections largely originate in the original gold nanoparticle
monolayer. The application of positive pressure before lift-off would improve the uniformity of
contact with the PDMS stamp but would induce deformation of the stamp itself.[**3!] Another
possible approach would be to accelerate the condensation reaction by performing the CLL process

at higher temperature, although the range would be limited by gold colloid and PDMS stability.

Figure 2.5. A,C.E,G,I,M,O: Scaning electron microscopy images of the
polydimethylsiloxane patterns after lift-off. B,D,F,H,J,L,N,P: Complementary
negative image imprinted into the original monolayer at different magnifications.

53



Chapter 2. Large-Scale Soft-Lithographic Patterning of Plasmonic Nanoparticles

The NP-CLL mechanism was tested further in a control experiment where the same procedure was
repeated without activation of the patterned PDMS. In this case, no particles were observed to be
transferred from the donor substrate to the stamp (Figure 2.6), consistent with the condensation
reaction being the driving mechanism for lift-off. During the preparation of the initial nanoparticle
monolayers, an increment in the concentration of AuNPs in the aqueous phase during assembly of
the liquid-liquid interface can result in nanoparticle multilayers. However, this result does not
affect lift-off and still yields patterned monolayers on the PDMS stamp, because the AuNP-AuNP
and AuNP-substrate interactions are governed by similar VAW interactions. Based on this
observation, we noted the possibility for engineering interparticle and substrate-particle
interactions to fabricate patterned stacks of plasmonic nanostructures via NP-CLL.*?! This strategy
will be the subject of future implementations of the technique.

One of the advantages of NP-CLL (and all CLL processes) is the simultaneous production
of two patterned plasmonic substrates: the PDMS stamp with the lifted-off nanoparticles and the

23331 To this end, we

complementary negative image remaining on the AuNP monolayer.!
demonstrated both consecutive NP-CLL as well as nanoparticle microcontact transfer printing
using the prepared PDMS substrates (Figure 2.7). In the former case, the complementary negative
image is reused for secondary NP-CLL using an activated flat PDMS stamp and repeating the same
procedure (Figure 2.8). In the latter case, the patterned AuNP monolayer is released from the
PDMS stamp and transferred onto a receiving surface (Figure 2.9). High magnification electron
microscopy images after transfer of the negative image from the pre-patterned monolayer onto a

flat PDMS substrate following secondary NP-CLL show good pattern reproducibility, similar to

the initial NP-CLL step (Figure 2.10).
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Figure 2.6. A-E: Scanning electron microscopy characterization at
different magnifications of the polydimethylsiloxane (PDMS) pattern after
lift-off when no UV-ozone activation was performed on the PDMS. The

observation that no gold nanoparticles were bound to the stamp is consistent
with the chemistry-based mechanism proposed in the text.
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Figure 2.7. Overview of the three lithographic procedures: nanoparticle chemical lift-off
lithography (NP-CLL, red), microcontact printing (green), and consecutive NP-CLL (blue).
AuNPs: Au nanoparticles.
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Figure 2.9. Microcontact printing. A:

Schematic illustration and B-G: scanning
electron microscopy at different
magnifications of the patterns of gold

nanoparticles (AuNPs) transferred from a
patterned stamp to a clean glass substrate via
contact printing mediated by hydroxypropyl
cellulose.
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Figure 2.10. A-F: High-magnification scanning electron microscopy images of the
featureless flat polydimethylsiloxane stamp used for a consecutive secondary chemical
lift-off lithography (CLL) of the complementary negative pattern, highlighting how
smaller features such as corners and edges match the stamp resolution (which is limited
by the microwriter resolution).

In the microcontact printing procedure, we exploited the thermoplastic behavior of dry
hydroxypropyl cellulose (HPC) films.** Additionally, HPC is water soluble and thus can be used
as a sacrificial layer, potentially expanding the versatility of this approach for integrating
plasmonic building blocks with a variety of different substrate materials such as graphene,

transition metal dichalcogenides, and semiconducting materials.**

The procedure is
straightforward. In brief, a thin layer (~50 nm) of HPC is spin coated onto a clean glass slide and
placed in contact with the patterned stamp. Transfer of the nanoparticle layer is achieved by raising
the temperature to 80 °C for 3 min. From electron microscopy inspection of the receiving substrate,

we confirmed that patterned features are maintained. Moreover, we did not observe signs of
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coalescence of neighboring nanoparticles. Note that the transferred pattern presents more
vacancies, indicating that the transfer is only semi-quantitative (Figure 2.11-12). The yield of the
transfer could be improved by exposing the patterned AuNP stamp to UV-ozone treatment prior
to the microcontact printing step. This treatment breaks the thiol-Au bonds that anchor the particles
to the PDMS stamp, > facilitating the transfer upon contact with the receiving substrate. However,
this procedure can damage AuNPs if non-spherical structures are used, due to removal of the
capping ligands and consequent reshaping that minimizes the surface energy of the

nanocrystals.[*®)

Figure 2.11. A-F: Scanning electron microscopy of the gold nanoparticles transferred via
hydroxypropylcellulose-mediated microcontact printing, showing (A-C) long-range transfer
and (D-F) small features.
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HE

Figure 2.12. A-F: Scanning lectro micrs different magniﬁcain of the
nanoparticle monolayers obtained using (A-C) 50 + 3 nm, and (D-F) 100 £+ 9 nm particles after
transfer to glass substrates.

We have achieved high-fidelity micron-sized patterns with feature dimensions 300 times
larger than single particles. However, NP-CLL offers the opportunity to push the resolution further
by including features similar in size even to single particles. To demonstrate this capability, we
used PDMS stamps comprised of pyramidal features with contact areas of ~200 nm x ~200 nm
(Figure 2.13 and Figure 2.4) and compared lift-off from monolayers of two different particle sizes
(Figure 2.13): 50 = 3 nm, and 100 = 9 nm (Figure 2.3). Successful NP-CLL was confirmed by
optical and electron microscopy (Figure 2.13). As expected, the combination of pyramidal stamps
with particles >50 nm led to lower numbers of lifted-off objects per contact area. In particular,

SEM analysis confirms that small clusters of AuNPs can be lifted-off onto the tips of each pyramid

feature over 5 mm % 5 mm areas (Figure 2.13D-F), giving lift-off yields of 79%, calculated as
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“occupied” over ~300 pyramids. Interestingly, the use of larger particles results in higher fidelity
reproduction of the pattern compared to smaller ones. We hypothesize that the presence of defects
in the original monolayer has little effect on the fidelity when fewer particles are lifted-off.
Moreover, pressure applied onto the PDMS stamp could be used as another way to modulate the
contact area, and thus the quantity of AuNPs per pyramid, through stamp deformation, as in our

prior work.[?®!

Figure 2.13. A,B: Bright-field microscopy images of (A) the
complementary negative image with the imprinted pyramid pattern into the
nanoparticle monolayer and (B) the patterned polydimethylsiloxane (PDMS)
after lift-off. C: Scanning electron microscopy (SEM) analysis of the
complementary negative image. Inset: higher magnification image of one
circled area. D-F: Scanning electron microscopy image of the patterned
PDMS after lift-off using different nanoparticle dimensions: (D) 50 + 3 nm
and (E) 100 + 9 nm.
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Overall, these results suggest the possibility for NP-CLL to reach single-particle manipulation. In
fact, when attention was taken to apply only minimum pressure over the stamp, we occasionally
observed the lift-off of either a few and/or single building blocks in small regions of the patterned
PDMS (Figure 2.14). We note that applying weight evenly over large-scale stamps is challenging
without specialized equipment.[?3*7] However, this limitation could be addressed using polymers

with higher elastic moduli.*®!

Figure 2.14. A-B: Scanning electron microscopy characterization
of pyramidal polydimethylsiloxane patterns after lift-off. A,B: low
magnification images showing the possibility of fabricating large-
scale patterns. C,D: high-magnification images of pyramidal
patterns where lower pressure was applied during lift-off,
demonstrating few and single particle lift-off. AuNP dimensions:
A,C: 50 = 3 nm; B,D: 100 £ 9 nm.
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Moreover, NP-CLL can be extended to patterns presenting corners and turns. This
capability was demonstrated using square spiral patterns in both clockwise and counterclockwise
orientations (Figure 2.15A-C). We also prepared substrates with patterns capable of long-range
plasmon energy transfer (Figure 2.15D-F) consisting of continuous lines with ~500 nm
linewidths, corresponding to an average of 10 nanoparticles placed side-to-side. As reported by
Fery and coworkers, these substrates are expected to sustain long-range plasmon propagation.l*]
Both the patterned PDMS and the complementary negative image imprinted on the nanoparticle

monolayer were reproduced with high-fidelity and yield (Figure 2.15).

o gt
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Figure 2.15. A,B: Bright-field microscopy images. C: Scanning electron microscopy (SEM) of
patterned spiral features comprised of gold nanoparticles produced as the complementary
negative image on (A) the substrate and (B,C) lifted-off onto the patterned PDMS. D,E: Bright-
field and (F) SEM images of gratings produced as complementary negative images on the (D)
substrate and (E,F) lifted-off onto the PDMS stamp.
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The optical extinction of spiral structures was characterized in the entire visible-near-
infrared (vis-NIR) range with randomized polarization. We measured a single broad plasmon band
centered at ca. 800 nm (Figure 2.16A) that resembles the optical properties of the close-packed
AuNP monolayer. The observed extinction spectrum suggests that the particle assembly is
continuous along the dimensions of the spirals and thus enables long-range plasmon
propagation.[*”) Despite the intense scattering contribution from the micron-scale design of the
pattern to the overall optical response, we attempt to characterize the chiral activity of the prepared
patterns using a custom-built far-field circular dichroism setup in order to test the near-field
plasmon propagation along the spirals. First, patterned nanoparticles were transferred on a glass
slide using the HPC-mediated transfer strategy described in Figure 2.9.

Scanning electron microscopy confirmed that the transfer maintained the structures intact
and the AuNPs closely packed over the entire spiral structure (Figure 2.16B). Then, circular
dichroism (CD) was measured in the vis-NIR region. The high fidelity of the spiral pattern enabled
us to interrogate different regions of interest for each sample, as shown by optical images recorded
from the CD setup (field of view ~ 0.07 mm?, Figure 2.16C). Extinction spectra of an L spiral
sample, recorded with linearly, and left and right circularly polarized light are shown in Figure
2.16D. Differences between left and right circular polarization can be appreciated in the NIR
region of the extinction spectra without need for further data processing. The CD was measured as
the difference between the two extinction spectra, showing mirrored activity for the clockwise (L
sample, in red) and the counterclockwise (R sample, in blue) square spirals (Figure 2.16E; see
Instrumentation Section 2.4.2 for more details regarding data acquisition and processing). We
interpret the relatively weak CD signal and small signal-to-noise ratio by the micrometer-scale

dimensions of the prepared chiral patterns. Specifically, the broad excitation band formed by the
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sub-radiant propagating plasmon modes*!! are dominated by the far-field scattering.[*Y) We
hypothesize that by reducing the dimensions of the spirals to submicron scales, and/or with the
implementation of near-field techniques,*?! the scattering could be decreased. As a result, the
detectable optical activity could be significantly enhanced to target a broader range of applications.
Overall, the reported data support the possibility of engineering chiral plasmonic assemblies using

NP-CLL with colloidal nanoparticles, and we are currently pursuing studies in this direction.
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Figure 2.16. A: Extinction spectra measured in the visible-near infrared (vis-NIR) range
showing a single broad plasmonic band. B: Scanning electron microscopy and C: optical
bright field images of both clockwise (/eft) and counterclockwise (right) spirals, confirm that
the close-packed particles form continuous structures. D: Extinction spectra obtained
illuminating a clockwise (L) sample with left circularly polarized light (red line), linearly
polarized (black line), and right circularly polarized light (blue line). E: Circular dichroism
of a clockwise (L sample, red) and counterclockwise (R sample, blue) spiral structure.
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Savitky-Golay filtered signals (solid traces) are superimposed over the raw data (scattered
dots). The inset drawings show the pattern orientation for the plotted spectra.

Section 2.3. Conclusions and Prospects

In this chapter we provide a specific example combining colloidal nanochemistry with a
soft-lithographic patterning technique (NP-CLL) for the organization of plasmonic nanoparticles
into micro- and nanoscale patterns as an alternative approach for the fabrication of functional
photonic materials. The capability of NP-CLL to work with arbitrary patterns, including pyramids,
lines, and square spirals was demonstrated, achieving, in the last case, chiral activity in the visible
and near-infrared range. The potential to access nanoscale patterns using NP-CLL paves the way
for targeting plasmonic arrays with lattice parameters compatible with sharp lattice plasmonic
resonances in the vis-NIR region. Moreover, our results suggest the possibility of achieving single
plasmonic object manipulation in two dimensions. Reaching this goal would enable preparation of
plasmonic arrays similar to those prepared by standard lithographic methodologies but
characterized by improved quality factors.['> Future pattern designs can be optimized to match the
symmetry of the underlying AuNP assembly better in order to favor single particle lift-off. We
anticipate that interparticle interactions can also be tuned via surface chemistry, adding another
level of control over the lift-off process.!*}! Another possible advance with NP-CLL would be the
implementation of anisotropic colloids. Although their self-assembly at the liquid-liquid interface
has already been demonstrated,?®! the use of anisotropic shapes would require a degree of control
over their orientations in the original monolayer. Overall, NP-CLL could lead to the rational
application of both in- and out-of-plane plasmonic modes, the exploitation of polarized resonances,

and the introduction of chiral properties for the fabrication of meta-materials. Moreover, in
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combination with control over the surface chemistry of the plasmonic building blocks, our method
opens opportunities for the construction of more complex, dynamic/reversible three-dimensional
nanoscale architectures.**! Ultimately, despite the benefits of the NP-CLL approach, the batch pre-
synthesis, ligand exchange, and self-assembly processes are quite time consuming. This limitation
is also observed in other methods that similarly rely on soft lithography (i.e., microcontact
printing).[>!*] Moreover, although some works applying colloidal self-assembly achieve patterned
premade anisotropic particles like nanorods™ ¢ and triangles,[*! it is still challenging to orient
and to arrange anisotropic particles specifically on a substrate starting from colloidal particles.
These limitations inspire alternative approaches, where instead of using pre-made colloids, the
nanoparticles are reduced directly on the surface and bottom-up chemistry is used to control their

shape in situ. These in situ growth methods will be discussed in Chapter 3.

Section 2.4. Materials and Methods

2.4.1. Materials

Hexadecyltrimethylammonium chloride (CTAC, 25 wt% in water), hydrogen
tetrachloroaurate trihydrate (HAuCls-H20O, >99.9%), L-ascorbic acid (AA, >99%), sodium
bromide (NaBr, >99.0%), sodium borohydride (NaBHa, 99%), (11-
mercaptoundecyl)hexa(ethylene glycol) (MUHEG, 90%), sodium citrate tribasic dihydrate
(>98%), sodium hydroxide (NaOH, >98%), tetraphenylboron tetrabutylammonium (TBA-TPB,
99%), 1,2-dichloroethane (DCE, 99%), hydrogen peroxide (H>O2, 30% wt%), ammonium
hydroxide solution (NH4OH, 28% NH3 in H>0, >99.99%), and ethanol (>99.9%, absolute grade)

were purchased from Millipore-Sigma (Massachusetts, USA). Hydroxypropyl cellulose (HPC),
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with average MW ~100,000, powder, 20 mesh particle size (99% through) and degree of
substitution = 3, was purchased from Millipore-Sigma. Polydimethylsiloxane (PDMS, Sylgard
184) was purchased from Dow Corning (Michigan, USA). All chemicals were used as received.
Milli-Q water (resistivity 18.2 MQ-cm at 25 °C) was used in all experiments. All glassware was
washed with aqua regia, rinsed with Milli-Q water, sonicated three times for 3 min, and dried
before use. (Warning: aqua regia is an extremely corrosive liquid and strong oxidizer and require

proper personal protective equipment to be handled safely).

2.4.2. Instrumentation

Transmission electron microscopy (TEM) images were collected with a FEI Titan
80-300 kV S/TEM instrument (Oregon, USA) operating at 300 kV using carbon-coated 400 square
mesh copper grids. All samples were centrifuged twice before drop casting onto the TEM grid.
Scanning electron microscopy (SEM) images were collected with a Zeiss SUPRA 40VP Field
Emission Gun (Oberkochen, Germany), a FEI QUANTA 200 Field Emission Gun, and a FEI
QUANTA 650 Field Emission Gun, operating between 5 and 30 kV. Optical images were taken
S-4 using a WiTEC Alpha300 (Ulm. Germany) equipped with Zeiss objectives. Extinction spectra
of the gold colloids were recorded using an Agilent 8453 ultraviolet (UV)-visible diode-array
spectrophotometer (California, USA) using quartz cuvettes. A Fourier transform infrared (FTIR)
spectrometer (Vertex 70 Bruker, Massachusetts, USA) attached to an optical microscope
(Hyperion, Bruker) was used for far-field reflection and transmission measurements in the 400 to
3000 nm range. The background reflection spectrum was set with a silver mirror with 96%

reflectivity in the tested range of wavelengths and the transmission background was taken in air.
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The spectra were collected with a 4x objective (NA: 0.10). Spiral masters were prepared using a
Micro-Writer ML3 (resolution: 600 nm) from Durham Magneto Optics Ltd. (Durham, UK).
Circular dichroism (CD) spectra were measured using a custom-built set-up. A Tungsten
Halogen Lamp (Ocean Optics, HL-2000-HP, Florida, USA) was used as the light source; the
unpolarized light passes through a Glan-Thompson linear polarizer, followed by a superachromatic
quarter-wave plate (Thorlabs, SAQWPO05M-700, 325-1100 nm, New Jersey, USA) oriented +45°
with respect to the fast axis in order to obtain circular polarized light (CPL). The CPL was focused
on the sample using a 10x Olympus objective (NA: 0.25). The transmitted light was then collected
using a fiber coupled spectrophotometer (Ocean Optics, QEPro-FL). Transmission spectra were
collected over different spots (three per sample), averaged, and converted into extinction. The
extinction difference between right and left circular polarized light: AExt=ExtR-ExtL, is used to

extrapolate the samples’ CD, which is finally converted into mdeg.

2.4.3. Synthesis of 50 and 100 nm gold nanoparticles@(11-
mercaptoundecyl)hexa(ethylene glycol)

A CTAC/AA-based synthesis originally developed by G. Gonzalez-Rubio et al. was used to
prepare AuNPs.P% This seeded-growth method combines selective bromine-induced oxidative

etching and subsequent overgrowth to decrease size dispersity and improve roundness.

2.4.4. Seeds@hexadecyltrimethylammonium chloride

Seeds were prepared by standard NaBH4 reduction. Specifically, 50 pL of a 50 mM

HAuCl4 solution was added to 5 mL of 0.1 M CTAC solution; 200 puL of a freshly prepared 20 mM
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NaBHy4 solution was then injected under vigorous stirring. After 3 min, the mixture was diluted

ten times in 100 mM CTAC.

2.4.5. 10 nm gold nanoparticles@hexadecyltrimethylammonium chloride
These intermediate seeds can be prepared in large batches and remain stable for over 6 months. A
900 pL aliquot of the small seeds@CTAC is added to 10 mL of 25 mM CTAC solution, followed
by 40 uL of a 0.1 M AA solution. Then, 50 puL of a 50 mM HAuCl4 solution was added under
vigorous stirring. The mixture was left undisturbed at room temperature for at least 10 min. The

resulting AuNPs presented a localized surface plasmon resonance (LSPR) at 520 nm.

2.4.6. 50 nm gold nanoparticles@hexadecyltrimethylammonium chloride
The final growth is a three-step process. The amounts given here are for 100 mL of product

but the synthesis can be scaled up to produce batches of 1 L or more.

Step 1: First, 750 pL of 10 nm AuNPs and 250 puL of a 0.1 M AA solution was added to 100 mL

of 25 mM CTAC solution, followed by the addition of 250 uL of a 0.05 M HAuCl4 under vigorous

stirring. The mixture was left undisturbed at room temperature until growth was complete

(45— 60 min). The status of the growth was monitored using the absorbance at 400 nm via UV-

visible spectroscopy.!!

Step 2: The growth solution is heated to 40 °C and another aliquot of 250 puL of the 50 mM HAuCl4

is added. A comproportionation reaction will partially oxidize the nanoparticles. Progress can be

monitored using UV-visible spectroscopy (i.e., monitoring the absorbance at 400 nm). In a typical

synthesis, the oxidation will be completed in 20—30 min. At this point, the solution is heated to
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75 °C and kept at that temperature for 30 min. The higher temperature forces the equilibrium back
towards the reduction of the precursor, achieving more uniform particles.

Step 3: Finally, the solution is cooled down to 40 °C, and a final oxidative etch is performed to
improve the spherical shape of the particles. This etch is achieved by adding 100 mg of NaBr and
250 uL 50 mM HAuCls solution to the growth mixture. This step takes 45—60 min and can be

monitored by UV-visible spectroscopy, as in the previous steps.!!

2.4.7. 100 nm gold nanoparticles@hexadecyltrimethyl-ammonium
chloride

The procedure is identical to the one used for 50 nm particles. The only difference is a ten-fold
reduction in the amount of 10 nm seeds used for the first growth step, 75 pL for 100 mL of final

product.

2.4.8. Workup and storage

In order to keep the colloids stable for storage, the batches are centrifuged, and the particles
are resuspended in 1 mM CTAC using the following protocols depending on the nanoparticle size:
50 nm: A total of three centrifugation steps are performed: (1) 6500 rpm for 15 min and resuspend
in ~1/10th of the initial volume. (2-3) 5500 rpm for 5 min; after the second centrifugation step
resuspend the particles in Milli-Q water. Following the final centrifugation, the AuNPs are
resuspended in a 1 mM CTAC solution, reducing the volume fivefold.

100 nm: A total of three centrifugation steps are performed: (1) 2500 rpm for 15 min and resuspend
in ~1/10th of the initial volume. (2-3) 2000 rpm for 5 min. After the second centrifugation step,

resuspend in Milli-Q water and then in a 1 mM CTAC solution following the last centrifugation,
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reducing again the volume five times. After the three centrifugation steps, the final solution should
be 1/20th of the original volume at 1 mM CTAC with an approximate concentration of Au’ of

2 mM, corresponding to an absorbance intensity at 400 nm of 5.5

2.4.9. (11-mercaptoundecyl)hexa(ethylene glycol) coating

The ligand exchange reaction is performed on small aliquots of the AuNP batch, which are
used directly for monolayer formation (N.B.,— the product must be used within 1 week from the
ligand exchange reaction). The aliquot (typically 5 mL) is centrifuged twice and resuspended in
water. This process brings the concentration of CTAC below the critical micellar concentration,
enabling the nanoparticles to cross the isoelectric point immediately after thiol functionalization
begins. The ligand exchange reaction is initiated by adding MUHEG, under vigorous stirring, to
the colloidal suspension to achieve a final concentration of 0.5 mg/mL. The reaction was left
undisturbed for at least 24 h to ensure complete thiol surface passivation. N.B.,— Even though
MUHEG is quite water soluble, nanoparticles larger than 50 nm will tend to pack together in
aqueous media. Therefore, the colloidal suspension will appear purple/bluish and present a broad
band in UV-vis spectra. This color and this absorption peak are normal and will not affect the
monolayer formation. Finally, the nanoparticles were washed by centrifugation to remove any
unbound ligands. In particular, the product was centrifuged three times at either 5000 rpm for

10 min for 50 nm colloids or 2000 rpm for 5 min for 100 nm colloids.
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2.4.10. Self-assembly of the gold nanoparticles into monolayers at the
liquid-liquid interface

The nanoparticles were assembled inside a 15 mL polytetrafluoroethylene (PTFE) jar (34
mm height, 34 mm in diameter, purchased from Fisher Scientific). The jar was filled with 12.5 mL
of DCE, 150 pL of a TBA-TPB 1 mM solution in DCE, 500 pL of AuNPs, and 1 mL of Milli-Q
water.

N.B.,— The amount of TBA-TPB needed for monolayer formation can vary over time due
to the formation of hydrochloric acid in DCE (i.e., higher hydrochloric acid concentrations will
require lower amounts of TBA-TPB). The jar was then capped and vortexed for 30 s. The
formation of an emulsion accelerates the assembly process. After 1 min, the PTFE jar is opened,
revealing the gold monolayer formed at the liquid-liquid interface.

N.B.,— The “coverage” of the liquid-liquid interface by the AuNP monolayer can be
modified either by injecting or extracting water from the aqueous phase using a micropipette

effectively changing the surface area available for the monolayer to form.

2.4.11. Monolayer transfer to desired substrates using a custom-built dip
coater

A custom-built dip coater was assembled consisting of a function generator connected to a
piezoelectric translator stage moving an optical post linearly with an inclination of 15° over the
z-direction (vertical). Glass or silicon substrates were cleaned with piranha solution for 30 min,
rinsed thoroughly with water, sonicated for 15 min in a 5:1:1 v/v mixture of H>O:H202:NH4OH,
rinsed again with water, and stored in water for up to one month. Warning: piranha solutions are

extremely corrosive liquid and strong oxidizer and requires proper personal protective equipment
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to be handled safely. Before use, the substrates were rinsed with water and isopropyl alcohol,
blown dry under a stream of nitrogen and fixed to the optical post using a setscrew and double-
sided tape. The substrate was brought in contact with the monolayer, moving the post downward
at roughly 50 um/s. Once contact was established, the substrate was retracted at 1 um/s, facilitating
transfer of the monolayer. Once separation is completed, the substrate is retrieved from the post,

covered, and left to dry for 1 h.

2.4.12. Preparation of patterned gold nanoparticle monolayers via
chemical lift-off lithography

The patterned PDMS stamps were prepared using the standard 10:1 precursor to cross-
linker ratio.l®?! Stamps were then activated by exposure to UV-ozone for 15 min (Jelight, Model
42, California, USA). Immediately after activation, the stamps were placed in contact with the
AuNP monolayers, making sure to avoid trapping of air bubbles, and applying a gentle pressure to
the stamp. At this point, the substrates were placed overnight in an oven at 60 °C. Demolding is
performed after the substrates are allowed to cool to room temperature, whereby the PDMS is

separated from the substrate slowly and in one single motion.

2.4.13. Patterned gold nanoparticle monolayer microcontact printing on
arbitrary substrates

Nanoparticle transfer is achieved using a simple dry-transfer procedure mediated by HPC.
Here a 22 mg/mL HPC solution in water is poured on a glass slide and spin coated at 3000 rpm
for 30 s, obtaining films ~50 nm thick. The patterned PDMS decorated with the AuNP monolayer

was placed into contact with the HPC thin film and heated to 80 °C on a hotplate for 3 min while
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manually applying a gentle pressure. Upon removal, the nanoparticles are transferred from the

PDMS to the substrate within areas defined by the stamp’s features.
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Chapter 3. Bottom-up in Situ Growth: A
Paradigm Shift for Synthetic Studies of
Gold Nanoparticles

Colloidal Bottom-up in situ
growth on substrates
Growth solution

s+ Au®® / with metal salts

In situ bottom-up synthesis on substrates offers a cost effective and straightforward
alternative to colloidal synthesis and self-assembly and top-down nanofabrication. /n
situ growth leverages the versatility of bottom-up chemistry to modify the morphology
of the nanostructures and has broad potential impacts for the fabrication of plasmonic
substrates for catalysis, sensing, medicine, and optoelectronics.
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Section 3.1. Introduction

3.1.1. Defining wet-chemical in sifu growth

The discussion at the end of Chapter 1 and the example provided in Chapter 2 highlight
developments applying colloidal nanoparticles for the fabrication of plasmonic substrates with
methods based on self-assembly. Despite the significant progress made in this area, there are
various challenges associated with techniques that use colloids as building blocks. For instance, it
remains a considerable challenge to position anisotropic particles on substrates precisely.!'™!
Moreover, while the soft-lithography methods applied in conjunction with these procedures (i.e.
microcontact printing, chemical lift-off lithography, nanoimprint lithography, efc.) are potentially
scalable, the pre-synthesis, ligand exchange, and self-assembly of the colloids are less s0.>"1% The
latter processing steps are usually limited by mixing/uneven distribution of reagents in large
volumes and the requirement of multiple centrifugation steps.”>>!"1?] This chapter reviews solutions
that address these limitations, where instead of using pre-made colloids, the metal precursors are
reduced directly on surfaces and bottom-up chemistry is used to control their shape in situ.

We define wet-chemical in situ growth as the bottom-up formation of nanoparticles directly
on a solid substrate via chemical reduction of gold salts (Figure 3.1). This process is sometimes
referred to as electroless nanomaterial fabrication or electroless deposition.'*! Additional relevant
publications can be found using these terms if the reader would like to discover more literature
regarding in situ nanoparticles fabrication. However, here, we find it important to use the
terminology “in situ surface growth” because our specific interest is to create nanoparticles with

controlled morphologies on substrates, akin to colloidal size and shape control, but in a new

environment. In contrast, electroless deposition is more general in scope and primarily refers to
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metal thin film fabrication.!'* Thus, we find it appropriate to differentiate the two approaches

based on their ultimate goals.

A. In situ substrate growth

Substrate with native

strong reductants 1 Au® Reduction on

the substrate

R
B

Growth solution

with metal salts
S = strong reductant

B. In situ seed overgrowth into anisotropic shapes

Additional growth solution
with shape-directing reagents

¢ Ce

Figure 3.1. Routes for direct in situ chemical surface growth of gold nanoparticle nuclei A:
without and B: with patterning. C: Controlled overgrowth of the nuclei, or seeds, on the
substrate (in situ shape control).

Nonetheless, the formation of nanoparticles directly on a material by chemical approaches is not
a new idea or practice. In fact, in sifu formation of gold and other plasmonic metal nanoparticles
in colored ceramic glass was routinely performed as early as the 17™ century, before there was
any idea of the existence of nanoscale particles.['! During the glass-making process, gold salts
and reductant additives such as tin (in the form of stannous chloride) or antimony would be added,
leading to the formation of gold nanoparticles within the glass substrate.l!'>"!”) The particle sizes
could be tuned in situ by modifying the amount of salt, treatment temperature, and time until the

desired intensity and hue were obtained.!'”! Nowadays, in situ growth is being tested and
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developed for materials beyond glass (Figure 3.1A). The potential to use colloidal synthetic
principles to modify the particle geometry has also been validated by demonstrations of shape-
controlled overgrowth, where subsequent incubation of substrate-formed nuclei in a separate
growth solution containing shape-directing reagents is used to create anisotropic shpaes (Figure

3.1B).[1522

3.1.2. Rationale and motivation for in situ growth

There are numerous potential benefits to in situ synthesis, including: (i) the capability to
modify size and shape directly on the substrate,!'® 2 (ii) chemical control over the particle
position and its orientation relative to the substrate,?>° (jii) tunability of the particle-substrate
interaction,?’?®) and (iv) the avoidance of time-consuming and complex pre-synthesis, ligand
exchange, and self-assembly. Notwithstanding, there are many aspects of in situ growth that
require further study. Namely, although fundamental synthetic principles from colloidal systems
can serve as a starting point for approaching in situ growth, in situ size and shape control is not
nearly as well-developed or understood. While some works have taken inspiration from colloidal
synthesis to modify particle morphology, there are significant differences between in situ and
colloidal environments that affect anisotropic growth, which we will discuss in detail below. In
addition, the development of robust, versatile, and scalable schemes for directing nucleation and
growth to occur at specific regions (i.e., patterns) on the target material with nanometer resolution

remains a challenge for in situ systems.
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3.1.3. Promoting substrate growth with chemical reductants

As for colloidal synthesis, pure in situ growth begins with the initial single-step
homogeneous nucleation of gold nanoparticles from gold salts in a controlled chemical
environment. In both approaches, the type, strength, and quantity of chemical reductants greatly
influences the uniformity and morphology of the final products.['** Moreover, the timing and
conditions under which reductants are introduced (slowly or rapidly, at room temperature or low
temperature, under vigorous stirring, efc.) is also important.2°34 With in situ growth, the goal is

to create nucleation sites selectively on the substrate.

A. Strong reductant in solution B. Strong reductant on substrate C. Weak reductant in solution
2 strong reductant on substrate
Complete Au®* Au
reduction ('(-/ (] Au® .
in solution Aut Q Au®* Au Au3+") Au3+") Incomplete
3 AuNP 3+ 3+ Ault Aul reduction
Au deposition AuNP Au —) Au 7 ) in solution
(/ Au’* formation
F) j on the (./ b (,, (/ (.4 (,,
substrate strong strong
(%) (%) (*) reductant reductant
[— Substrate [— Substrate [— Substrate

Figure 3.2. A-C: Schematics depicting in situ growth with (A) an externally added strong

reductant, (B) on a substrate with functionalities capable of completely reducing Au** to Au’,

and (C) on a substrate with strong reductants and weak reductants added to the growth solution.
Selective nucleation can be accomplished by externally adding strong reductants into the growth
solution or by taking advantage of native reducing groups on the substrate as depicted in Figure

3.2. We reserve the following section on reductants to summarize studies where both nucleation

and growth were performed chemically (Figure 3.2).

3.1.3.1. In situ growth via addition of external strong reductants

In some studies, strong reductants capable of reducing Au** to Au® (such as NaBH4) are

added to the growth solution to create gold nanoparticles on a variety of substrates, including
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biocompatible or conductive polymers®> and hydrogels.*®! One of the early examples of this
approach was demonstrated in 2004 by Langer and colleagues.[** In this work, gold nanoparticle-
hydrogel composites were made by swelling thermoresponsive poly(N-isopropylacrylamide)

(PNIPAm) hydrogels with gold salts, followed by swelling in an aqueous solution of NaBH4

(Figure 3.3).
A 14 "
3.5% MBAm B
Al Ly  ?
!
g 3 -
£ LS
2 ~2
<
\.'
200 nm

300 400 500 600 700
Wavelength (nm)

Figure 3.3. A: Extinction spectra of gold nanoparticles grown in poly(N-isopropylacrylamide)
with NaBH4 with 3.5% N,N-methylene-bis-acrylamide (MBAm) and different quantities of
N,N-cystamine-bis-acrylamide (CBAm) — the source of disulfide bridges that serve as Au
binding sites. B-D: Gold nanoparticle products synthesized with 0.002/2.1/3.5 % CBAm. Insets:
Digital photographs of the gels [reproduced with permission from ref. 36].
It was found that the thiol-containing groups in the gel were capable of acting as sites promoting
gold nanoparticle nucleation. Scanning transmission electron microscopy (SEM) characterization
showed that as more thiol moieties were introduced, the particles became more uniform and their
average size decreased. In addition, the formation of the gold nanoparticles internally within the
gel altered the material properties. Large increases in the swelling ratio were observed, which was
attributed to the surface charge of the gold nanoparticles. These results show that the density of
nucleation sites significantly affects the morphology and uniformity of the gold nanoparticles.

Moreover, these data highlight the importance of considering how changing material compositions

to increase nucleation site density or particle density affect the properties of the substrate.
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3.1.3.2. In situ growth on substrates with native strong reductants

Strong reductants are not always needed in the growth solution to achieve nanoparticle
formation on the substrate. In fact, in many cases, Au®>" can be completely be reduced to Au’
owing to the presence of strongly reducing groups on the substrate (Figure 3.2B). The
implementation of a substrate with strong reductants presents an advantage compared to adding
external strong reductants, because this way it is less likely that particles will form in solution
away from the target substrate (Figure 3.2A,B). Solution nucleation of particles leads to
consumption of the gold precursor and can produce polycrystalline structures that can later deposit

[24.37-391 There are many materials

onto the surface, increasing polydispersity of the final products.
on which direct growth of gold and silver nanoparticles can be directly performed. A few examples
include  graphene/graphene  oxide,***!1  MoS,,#>%1  cellulose,**1  silicon,*®!

52

polydimethylsiloxane (PDMS),[*’!l polyelectrolyte multilayers,®?! and conductive polymers

including polypyrrole®* and polyaniline.[*¥

In particular, many studies providing important synthetic insights take advantage of Si-H
groups in organosilica, hydridosilica, and other silicone-based polymers.>>7! Among these
materials, PDMS is common for testing in situ synthesis of nanomaterials due to its low cost,

[58-601 The synthesis

tunability of its physical properties, and suitability for biological applications.
of gold nanoparticles on PDMS has, thus far, provided important insights into how growth time,
temperature, reagent concentrations, and nucleation site density effect nanoparticle
morphology.l*’!1 A standard commercial kit for PDMS contains two components, the base and
curing agent. After thoroughly mixing the reagents together, thermal treatments are applied to

obtain the final polymer. During the heating process, oligosilanes in the base react with

polymethylhydrosiloxane, a cross-linker found in the curing agent solution, in the presence of a
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platinum catalyst. The strongly reducing Si-H groups responsible for reducing metal salts in native
PDMS result from incomplete consumption of polymethylhydrosiloxane.[4%-33-57-38]

Therefore, changing the curing-agent-to-base ratio (1) modifies the density of Si-H and the
nucleation site density. This process can be envisioned as the colloidal synthesis analogue to
changing the seed to gold salt ratio. Zhang and co-workers showed that altering the amount of
unreacted Si-H determined whether particle growth was directed to occur within the polymer
matrix or localized on the surface.[*¥! Moreover, the quantity of Si-H groups was used to modify
the shape and geometry of the prepared nanostructures (Figure 3.4A-E). A similar result was
observed in the work of Bonyar et al. who tested the effects of growth time and temperature by
performing the growth at 22-80 °C with incubation times of 2 h to 7 days.!!! Higher growth
temperature and longer incubation time yielded products with higher extinction, indicative of more
growth. One limitation of relying on the native Si-H groups is that their concentration varies with
the curing time, temperature, humidity, and age of the sample.[*®] Moreover, there is a limit to how
far the n value can be pushed, as having little curing agent (n < ~0.5:10) and/or too much curing
agent (n > 5:10) produce PDMS films that are no longer structurally robust.®! Furthermore, as
with PNIPAm, there is an upper limit to the quantity of nanoparticles that can be incorporated into
silicone-based systems before their presence starts to damage or change the physical properties of
the substrate. In one example, Tsuge et al. observed that high concentrations of in situ silver

nanoparticles led to a significant increase in the water sliding angle of PDMS-based slippery-liquid

coatings incorporating polymethylhydrosiloxane as a lubricant.[>”
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curing-agent-to-base mass ratios (1) following gold nanoparticle growth. B-E: Scanning
electron microscopy images of the products [reproduced with permission from ref. 48]. F:
Schematic of the growth process for in situ synthesis of citrate-capped nanostars and G: an
electron microscopy image of the products [reproduced with permission from ref. 62]. H:
Schematic of growth process for Ag@Au shell particles and I-J: images of the synthesized
particles [reproduced with permission from ref. 47].

In colloidal seed-mediated growth, weak and strong reductants are applied in separate
stages of the synthesis, with the seed solution containing strong reductants and the growth solution
containing weak reductants.[*>*? Similarly, strong and weak reductants can be spatially separated
for in situ growth, with the strong reductants confined to the substrate and weak reductants applied
in the growth solution as depicted in Figure 3.2C. Applying weak reductants along with other
shape-directing reagents to the growth solution in situ should improve the size and shape yield of
the nanoparticle product and facilitate the synthesis of anisotropic shapes. Fortuni ef al. tested the
separation of strong and weak reductants and the addition of other shape-directing reagents in situ,
via substrate growth of gold nanostars and Ag@Au-shells (Figure 3.4F-J).47%] The in situ
synthesis of gold nanostars on 1:10 PDMS with weak reductant hydroxylammonium chloride and
citrate was explored. Within 60 s particles with diameters of 200 nm were formed and
~300-400 nm nanostars were obtained after 2 min (Figure 3.4F-G). Hydroxylammonium chloride
was essential for the rapid growth of AuNSTs. Furthermore, no nanostars were produced within

the 2 min timeframe when neither citrate or hydroxylammonium chloride were added. Compared
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to relying on the native Si-H groups alone without added weak reductant or ligands, much lower
concentrations of gold salt were used here and with shorter synthesis times (2 min vs. 2 h to several
days; 5 mM vs. 14.7 mM HAuCls). Overall, Fortuni ef al. demonstrated that selective formation
of nuclei on the substrate can be promoted by incorporating strong reductants on the surface of the
target material. Similar to colloidal systems, the temperature, reagent concentration, and the
presence of shape-directing agents chemically direct the growth process. Next, we will discuss

strategies incorporating in situ growth that involve patterning.

Section 3.2. Patterning in Situ

There is significant motivation to apply patterning methodologies to engineer the
plasmonic properties of the system as described in Chapter 1. Moreover, patterning provides a
means to control the number and density of nuclei on the substrate, which is beneficial for
performing detailed synthetic investigations. Next, general approaches for incorporating region-

selective in situ growth will be discussed along with some highlighted examples.

3.2.1. Physical templates

Microfluidic devices have been used to physically constrain nanoparticle growth to the
internal walls of channels, e.g., those made of PDMS or SnCl,-sensitized glass.[*8*65] Although
the growth is only selectively performed within micron/millimeter-scale features (defined by the
size of the channel), these systems demonstrate the potential for in situ growth to access complex
three-dimensional (3D) substrate geometries, such as curved surfaces or 3D spiral channels.[%¥!
There is, of course, interest in pursuing site-specific growth with nanometer or single-particle

resolution, which can be achieved using polystyrene nanosphere self-assemblies (from nanosphere
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lithography) as a sacrificial mask directing in situ growth to exposed areas.l*! However,
nanosphere lithography is limited by the kinds of patterns that can be accessed, producing only
hexagonal arrays with variable spacings. Top-down lithographic fabrication can be used to
improve reproducibility and precision, as demonstrated by Odom and co-workers, who performed
selective metal precursor reduction in nanohole arrays fabricated via solvent-assisted nanoscale
embossing.!°®! The nanohole arrays acted as physical templates in which the metal precursor could
be deposited, so that, following in situ reduction, precisely positioned nanoparticle arrays could be

obtained, especially when pyramidal holes were used.[®®!

3.2.2. Chemical templates

3.2.2.1. Substrate-native chemical templates

With chemical templates, the substrate is modified to expose/inhibit strongly reducing
groups only at specific regions using patterned chemical functionality. In some cases, the chemical
specificity for growth in sub-micron areas can be attained using the characteristic properties of the
material. In PDMS, for example, treatment with ultraviolet (UV)-ozone or oxygen/air plasma
treatment produces a brittle silica layer on the surface. This silica layer prevents exposure of the
growth-active Si-H groups to the metal precursor, inhibiting growth (Figure 3.5A,B). Cracks in
the silica layer can be formed by bending the substrate over a curved surface following oxygen-
plasma treatment, or by performing the plasma activation while the substrate is stretched.[>*>!]
Directional deformation of the PDMS has been used to grow ~100 nm particle arrays on 800 nm
wide and 120 nm amplitude cracks.®% Directional wrinkling gives a similar result, producing line

arrays 400 nm wide and 30 nm deep (Figure 3.5A,B).1°!]
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Figure 3.5. A: Schematic showing nanoparticle growth on polydimethylsiloxane “ridgecracks”
and B: the resulting linear arrays [reproduced with permission from ref. 51]. C: Schematic
showing chemical patterning with microcontact printing. D: Scanning electron microscopy
images of the inverted hole arrays following gold nanoparticle growth and E: confocal laser
scanning microscopy images of chemically patterned rings made by the same method
[reproduced with permission from ref. 67. Copyright 2006 American Chemical Society]. F:
Schematic of photolithographically patterned chemical substrates and scanning electron
microscopy images of G: nanowires and H: nanorings following in situ gold reduction
[reproduced with permission from ref. 68. Copyright 2016 American Chemical Society]. I:
Schematic of block copolymer micelle lithography gold nanoparticle patterning and J: the

resulting arrays [reproduced with permission from ref. 38. Copyright 2020 American Chemical
Society].

3.2.2.2. Chemical functionalization on generalized substrates

Aside from utilizing material-specific chemical functionality, patterning nanoparticle
growth on general substrates can be achieved through the application of molecular patterns that
inhibit or promote growth in certain regions (Figure 3.5C-H). Self-assembled monolayers are

often used as chemical inks or masks, which can be patterned straightforwardly via top-down or
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[67.68] For instance, Wang et al.[®") patterned a growth-active ink via microcontact

soft lithography.
printing (Figure 3.3C-E) while Ellsworth and Walker applied top-down lithography to promote
nanoparticle growth at the interface of two chemically different regions (Figure 3.5F-H).[6®!

In general, secondary homogeneous and off-pattern nucleation is an ever present concern.
Therefore, regardless of what kind of mask is used, it is much easier to control nanoparticle
formation using a substrate that does not promote nucleation in combination with a growth-positive
ink. However, if it is not possible to apply a growth-inert material, increasing the chemical contrast
between the ink and the substrate to promote patterned nanoparticle formation (i.e., kinetically
favoring the reduction of the metal precursor on the ink compared to other areas) proves to be
effective. In a specific example, Wang patterned growth-positive chitosan on polyester,
polystyrene, polyethylene, and PDMS. Chitosan accumulated into ring arrangements on
topologically patterned PDMS and was also contact printed onto PDMS substrates presenting
circular wells (Figure 3.5C-E). The nanoparticles nucleated selectively in areas where chitosan
was present only for the PDMS substrates. The authors ascribed this result to the orientation of
amine groups away from the hydrophobic surface. The amine groups could then attract gold ions
and perform the reduction. Although the roles of the Si-H moieties in the PDMS are not addressed,
preferential growth appeared to occur. There are different explanations for this result: (1) PDMS
presents fewer nucleation sites than chitosan-covered regions, and we are observing differences in
particle density (also considering the resolution of SEM. (2) Hydrophilicity of the two growth-
active areas, with PDMS being more hydrophobic, disfavors growth in those regions. (3) Chitosan
more rapidly reduces gold ions, and continued growth of the quickly formed nuclei leads to rapid
consumption of gold precursor preventing gold nanoparticle formation on the less strongly

reducing Si-H groups. It is possible all of these factors play a role, and understanding how they
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contribute will be important for optimizing in situ growth strategies on PDMS-based systems and

other substrates.

3.2.2.3. Block copolymer micelle lithography

One of the most popular and reliable in situ growth patterning methods is block-copolymer
micelle lithography (BCML, Figure 3.51,J).[°7?! In this technique, the block copolymer micelles
containing gold seed precursors are self-assembled into hexagonal arrays on the substrate via spin
coating or dip coating onto the substrate. The array spacings with this technique can be controlled
by changing the assembly time, temperature, and the components of the block copolymer, with
polystyrene-b-poly(2-vinylpyridine) and polystyrene-b-poly(4-vinylpyridine) being
common.'®*7! One limitation of standard BCML self-assembly is that only hexagonal arrays
between ~3 nm and 200 nm can be readily fabricated.[®-" Modifications to the technique applying
co-assembly of different block copolymers can create in situ gold nanoparticles following wave-
like patterns.!”?! Performing sequential BCML steps combining assemblies with different spacings
can also be used to fabricate Moiré patterns.[’?! Otherwise, accessing more complex patterns (even
just line arrays) with BCML requires combinations of top-down metal deposition,’?
photolithography,® and/or soft-lithography.[®! One such example is the scanning probe BCML
method, which uses a cantilever to place the micelles into select regions.!”’] However, this direct

write printing method requires appropriate equipment and lengthy processing times.

3.2.3. Hybrid patterning approaches

There are markedly few studies that apply only in sifu growth and provide detailed

interrogation of anisotropic nanoparticle growth and/or patterning. Therefore, our discussion will
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next include studies that implement hybrid in situ methods, which involve in situ overgrowth of

substrate-anchored colloidal seeds or seeds made by top-down methods.

3.2.3.1. Combination of colloidal synthesis and in situ overgrowth

The colloidal seeds can also be patterned on substrates, i.e., by soft lithography.!*%4-74] The
seeds play the same role as they do in colloidal synthesis, acting as sites for preferred gold
deposition. The affinity for gold to amine, thiol, carboxylic acid groups, etc. can be applied to
attach colloidally prepared seeds to substrates so that subsequent in situ overgrowth into larger
diameters or anisotropic shapes can be performed. On oxides, like glass, silicon oxide, or indium
tin oxide, amine-presenting poly-L-lysine,[”” (3-aminopropyl)triethoxysilane (APTES),?*! (3-
aminopropyl)trimethoxysilane (APTMS), and (3-mercaptopropyl)trimethoxysilane (MPTMS)!7¢]
are common seed anchoring layers. We note reports of more uniform particle substrate attachment

with APTES/APTMS mixed coatings.!””! This method has been applied for in situ overgrowth into

21 [27

multimetallic cubes,??! concave structures,'?!! and rods.?”! Ultimately, one reported benefit of

performing in situ growth in this way is that it can improve the density of the overgrown

nanostructures, which is useful for fabricating sensors.?!!

3.2.3.2. Combination of top-down fabrication and in sifu overgrowth

One of the main challenges associated with BCML and the other in situ patterning is the
limited tunability with regard to the kinds of patterns that can be fabricated. One approach towards
addressing this limitation in the combination of in situ overgrowth with seeds made by top-down

nanofabrication, which enables access to arbitrary patterns and higher resolution. Neretina and co-
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workers demonstrate this possibility using top-down dynamic metal templating in combination

with physical shadow masks (Figure 3.6).7%!

a (i) Apply shadow (ii) Deposit antimony (i) Deposit gold b

mask to substrate Py bbb
@@ a'-' o: 90
E &Y ==/
F
(iv) Remove shadow (v} Antimony {vi) Gold array
mask subllmates assembles
— | o'\ t fé .3 _?F/ 0 -
— Heat - *--'@ 2 b /

Figure 3.6. A: Schematic of the dynamic templating procedure: (i) a shadow mask is applied to
the substrate. Next, (i1) antimony is deposited to the exposed areas, (ii1) followed by gold
deposition. Finally, (iv) the mask is removed and (v) the sample is heated to induce gold
agglomeration and antimony sublimation until (vi) the seed array is formed. B: An electron
microscopy image of the seed array prepared on a (0001)- oriented sapphire substrate. The inset
shows a high magnification image of an individual seed at a 65 tilt side-view (scale bar = 1 mm)
[reproduced with permission from ref. 78].

First, the deposition of Sb, then Au through the shadow mask is performed, the mask is lifted off,
and the Sb-Au disks are heated to sublimate the Sb, creating gold seeds. Rather than a shadow
mask fabricated via top-down lithography, a moldable polymer can be made into a mask using
nanoimprint lithography (NIL), which also provides greater geometrical tunability compared to
BCML.?#78% These methods have been thus far applied to study the overgrowth of stars, ")

[24,81]

platelets, chiral structures,’®?! and even complex cage geometries.[®*!

Section 3.3. Bottom-up Size and Shape Control

Next, we describe some examples of anisotropic growth in situ, and include work applying
patterning (i.e., BCML),[!*2%38] non-patterned in situ growth,[!>34 and those where in situ

overgrowth was performed on seeds prepared from colloidal solution.?!?%?”] Thus far, some
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examples of shapes accessible with in situ shape control include spheres of different sizes,*%%]

20,24,81] 27,28,87]

polyhedra/triangular plates, branched structures,[!*2>3%8486] nanorods,! concave
structures,?!! and standing nanowires.”?**® In the next sections, we discuss selected research
focused on the synthesis of various anisotropic structures in situ, beginning with nanorods, then

continuing to platelets, stars, and nanowires.

3.3.1. Nanorods

Gold nanorods are popular anisotropic particles used for thermoplasmonic applications and
sensing.338%90 Colloidal synthesis recipes are often used as starting points for the synthesis of
nanorods in situ. In the colloidal synthesis method by Murphy, cetrimonium bromide (CTAB) and
AgNO:s are used as shape-directing reagents.”!) However, certain factors differentiate bottom-up
synthesis on a substrate and in colloidal solutions. For example, surface-nuclei or surface-particle
interactions can affect anisotropic growth. Oyama, for one, explored nanorod growth from
colloidal 4 nm citrate-capped seeds attached to ITO substrates with APTES and MPTMS (Figure
3.7A-B).2") The substrates were immersed in an overgrowth solution containing the shape-
directing reagents over 24 h, producing high aspect ratio nanorods, but with fairly low yield. It
was found that fewer rods were produced when the seeds were more strongly bound to the substrate
with MPTMS compared to seeds bound weakly with APTES. The substrate was also found to
affect growth of nanorods on polymethylmethacrylate (PMMA) by Abyaneh and co-workers, with
low molecular weight PMMA yielding more rods, however the mechanism behind to this result is

not clear (Figure 3.7C-D).[?8]
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Figure 3.7. Scanning electron microscopy (SEM) images of gold nanoparticles prepared by
Oyama on indium tin oxide functionalized with A: thiol and B: amine groups [reprinted from
ref. 27. with permission from Elsevier]. Nanorod SEM images by Abyaneh on C: high- and D:
low-molecular weight polymethylmethacrylate (PMMA) substrates [reproduced from ref. 28].
Atomic force microscopy images of nanorods obtained by Taub after E: one and F: three rounds
of growth [reproduced with permission from ref. 92. Copyright 2003 American Chemical
Society]. G: Schematic of the surface amidation and aligned nanorod growth on Si(100) by
Mieszawska. H: SEM image of the aligned rods [reproduced with permission from ref. 23.
Copyright 2006 American Chemical Society]. I: Schematic of the growth procedure for aligned
rods on a Si substrate patterned with PMMA nanochannels prepared via electron beam
lithography. J,K: SEM images of the aligned rods in channels with different dimensions
[reproduced with permission from ref. 87. Copyright 2012 American Chemical Society].

In colloidal nanorod syntheses, it is common to apply multiple growth steps to increase the
aspect ratio of the nanostructures.*>*1:%3 Multiple growth steps are straightforward to apply in situ
since growth can be stopped by simply removing the growth solution from the substrate. Taub and
colleagues explored the multi-step growth of nanorods in situ, where citrate seeds 3.5 nm in
diameter were anchored to mica substrates with APTMS.[®?l Applying synthetic parameters from

Murphy,®¥ the growth time was varied to optimize the yield of structures with aspect ratio >2,
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giving a final yield of 15% after multiple steps, where with only one step the obtained shape yield
was 4% (Figure 3.7E-F). Overall, the limited improvement in yield was in part attributed to the
affinity for CTAB for the mica substrate, preventing gold precursor from reaching the surface-
bound seeds. Despite the nearly 4 times improvement in yield of high aspect ratio rods, a
disadvantage of in situ growth can be highlighted: in colloidal synthesis centrifugation can be used
to isolate certain products and to improve overall yield (common for rods®!** and triangles®*),
in contrast, it is not possible to isolate the desired shapes in this way for substrate-anchored
products. It was also postulated that the seeds may have developed fewer twin defects caused by
binding to the substrate, although, because the seeds were prepared colloidally, this explanation is
unlikely.

Mieszawska et al.’s work further highlighted the importance of substrate-particle
interactions, demonstrating that amide-functionalized Si(100) substrate could be used to grow rods
aligned in the same direction (Figure 3.7G-H).[?*! Although the mechanism for aligned growth is
not clearly understood, aligned rods were not observed on glass or on Si(100) functionalized with
amine or thiol groups, suggesting that both the substrate crystal structure and functionalization
play a role influencing particle orientation. Aligned rods can also be prepared with the assistance
of top-down fabrication of PMMA nanochannels on Si substrates (Figure 3.71-K).®7! Lastly, for
all of the abovementioned syntheses, although some works report synthesis of rods aligned in the

same direction with their longitudinal axes parallel to the substrate, no standing rods were formed.

3.3.2. Triangles and other platelets

Kumar and co-workers reported good yield of nanotriangles in situ (~70%) from

overgrowth of 3-4 nm seeds fabricated in hexagonal arrays with BCML (Section 3.2.2.3) .?°! They
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1961 that mainly produced

found that applying synthetic conditions reported by Sau and Murphy'
“square” particles (cubes or tetrahedra) in colloidal conditions instead mainly yielded triangular
shapes 40-60 nm (Figure 3.8A). The authors proposed that the difference in results could be due
to the structure of the seeds prepared by BCML, presenting different defects than those prepared
in solution. Furthermore, diffusion of reagents to substrate-bound seeds may have an effect. As is
the case with nanorods, the nanostructures presented here were oriented with their high-surface
area faces parallel to the substrate. Another disadvantage of in situ growth is that in many cases,
SEM characterization must be used in place of transmission electron microscopy (TEM), with
TEM providing better resolution. In the case of in sifu growth on non-conductive substrates,
characterization by electron microscopy becomes even more difficult. In the work of Kumar, the
growth procedure was innovatively performed directly on TEM grids coated with a thin Si3N4
membrane so that the shapes of the particles could be easily evaluated.

Neretina’s group used dynamic templating (Section 3.2.3.2) to fabricate seeds and perform
epitaxial overgrowth of nanotriangles (Figure 3.8B) and in situ plasmon-assisted growth of
hexagonal nanoplate arrays (Figure 3.8C-J). The seeds mainly presented the [111] crystal facet
oriented normal to the surface with stacking defects parallel to the substrate.**! In this case, the
seed orientation results from epitaxial formation on the underlying sapphire substrate. In addition,
the yield of platelets in situ was significantly higher than in solution (78% vs. 21%, respectively).
Here, TEM analysis was performed on samples prepared by focused ion beam cross-sectioning,
leading to the observation that seeds containing defects supporting platelet growth oriented
perpendicular to the substrate surface only produced truncated 3D structures. In fact, as with

triangles by Kumar and rods, no standing or non-substrate parallel platelets were observed (Figure

3.8D-G).
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Figure 3.8. A-B: Nanotriangles synthesized by (A) Kumar et al. [reproduced with permission
from ref. 20. Copyright 2007 American Chemical Society] and (B) Preston ef al. [reproduced
from ref. 97 with permission from Elsevier] C: (Top) Scanning electron microscopy image of
particles and (botfom) cross-sectional transmission electron microscopy (TEM) images of
nanoplates. D: Higher magnification cross-section TEM images of D: hexagonal (H), E:
triangular (T) F: truncated triangular (TT) and G: three-dimensional (3D) morphologies. H-J:
Scanning electron micrographs of nanoplates grown at (H) pH = 2.0, (I) 3.0, and (J) 5.5.
[reproduced with permission from ref. 81. Copyright 2019 American Chemical Society].
Furthermore, as for colloidal systems,”®*! pH is an important component affecting the
yield, with low pH conditions giving more triangular platelets and higher pH giving poorly-defined
geometries (Figure 3.8H-J). This observation hints towards the kinetics of the growth being an
important factor in controlling in situ overgrowth into anisotropic shapes, because PVP becomes
a weaker capping agent at higher pH, causing the growth to occur more quickly. As mentioned in
the previous section, centrifugation cannot be used to select for the desired products in a substrate
growth format. However, recently, Neretina and co-workers applied sonication to remove
byproducts from the platelet synthesis, improving the yield from 78% to 95%.1! Thus, the

sonication approach can potentially serve as the analogue to purification via centrifugation for in

situ systems.
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3.3.3. Branched gold nanostructures

841 around

Branched gold nanostructures have been synthesized in situ by the mid-2000s,
the same time that early colloidal nanostars syntheses were being developed.!'*>!!) For instance,
in 2006, Metz et al. reported the synthesis of 50-400 nm long gold spikes on vertically aligned
silver-coated carbon nanotubes (Figure 3.9).141 More recent demonstrations of in situ growth of
branched nanostructures take inspiration from colloidal recipes, by applying growth solutions
based on established protocols like those from Kumar!'® and Xie,'°! that use (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), PVP/dimethylformamide (DMF),
CTAB, or AgNO:s to direct anisotropic growth.

Overgrowth into branched structures driven by ascorbic acid (AA) has been explored
extensively, by combining AA with shape directing agents like AgNO3z and CTAB (Figure 3.9B-
D). In one demonstration of AA-directed synthesis, Osinkina and co-workers used BCML to create
hexagonal seed arrays, which were overgrown into stars (Figure 3.9B).['"] Later, Giner-Casares
and colleagues used a similar method to prepare the arrays, but performed the overgrowth step in
a silver-free solution producing structures with branches 40-60 nm long and 30 nm wide (Figure
3.9C).*% Demille and co-workers fabricated seeds with NIL and dynamic templating, and tested
overgrowth in a surfactant-free solution (Figure 3.9D).*1 Although the final concentrations of
added reagents are similar in the aforementioned examples of AA-driven synthesis, in the latter
case, it was exceedingly difficult to obtain branched structures directly unless the growth solution
was flowed over the substrate, as depicted in Figure 3.9F. Demille and coworkers also tested in

situ growth by following the colloidal protocol established by Xie, which uses HEPES and proved

to be unfavorable for branching. However, modification of the protocol by adding a small amount
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of AgNOs produced more roughened morphologies (Figure 3.9E). The AgNOs likely plays a

similar role as a shape-directing agent as it does in colloidal systems.
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Figure 3.9. Scanning electron microscopy images of branched nanostructures prepared by A:
Metz [reproduced with permission from ref. 84. Copyright 2006 American Chemical Society],
B: Osinkina [reproduced with permission from ref. 19. Copyright 2013 American Chemical
Society], C: Giner-Casares [reproduced with permission from ref. 86], D,E,G: Demille
[reproduced with permission from ref. 39], and I: Kuttner [reproduced with permission from ref.
25. Copyright 2021 American Chemical Society]. F: Schematic of flow growth performed by
the group of Neretina. H: Schematic of nanostars grown using seed size gradients, and K: the
resulting nanostars present near the end of the substrate. AA = Ascorbic acid, HEPES = (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), DMF = Dimethylformamide.

Demille and Kuttner (Figure 3.9D-I) both tested in situ overgrowth of nanostars using a
recipe based on the PVP/DMF colloidal synthesis of Kumar.!'%! Although both applied similar
overgrowth solution recipes, Kuttner used smaller seeds that were stabilized with a PNIPAm
coating, which may contribute to the differences in the results obtained. Furthermore, in the work
of Kuttner, instead of incubating the seed substrate in the growth solution, the substrate was pulled

out of the solution at a rate of | mm/min to fabricate nanostar gradients with spherical nanoparticles

at the top and larger, more highly branched particles at the bottom (Figure 3.9H). As with multi-
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step nanorod overgrowth, Demille and Kuttner also commented on the capability to stop the
growth quickly by physically separating the substrate from solution at the desired time point.

In the work of Demille, although seeds were present only on the substrate, the occurrence
of significant secondary nucleation in the growth solution, as illustrated in Figure 3.10, appeared

to inhibit anisotropic growth in situ.

Secondary
Heterogeneous Homoageneous
. . nucleation Au Nucleation
Initial in situ nucleation Au Ay P Au
3+ A 3+
Au®* Au 7 . 71+ Au © desgyizon
Au:)+ AU) l (,,-)
S§SS§SSS§SS SS%SS‘?SS%SS
- Substrate - Substrate

Figure 3.10. Schematic depicting heterogeneous and

homogeneous nucleation in in situ growth systems that

incorporate strong reductants on the substrate.
The competition between the surface-bound nuclei and colloidal nuclei for growth reagents has
been noted as a barrier for controlled in situ growth by others.**! In a solution favoring more rapid
growth, fast secondary nucleation occurs (this is why colloidal nanostar synthesis involves the
rapid addition of the seeds to the growth solution following the reducing agent).['9%19] [t is
expected, then, that the DMF-driven synthesis was most successful, since it produces less
secondary nucleation in the same amount of time as the more rapid AA- and HEPES-driven
syntheses. Another aspect to consider is that Demille used large seeds, which would have a slower
growth rate compared to the small nuclei spontaneously forming in the solution.

Additional evidence supporting the role of secondary nucleation includes the observation

of improved isolation of branched structures by “flowing” the growth solution over the substrate
in the AA-driven case (Figure 3.9F). The authors attribute this effect to differences caused by the

no-slip condition, similar to the rationalizations regarding reagent diffusion suggested in the rod
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synthesis by Taub!°? and the nanotriangle synthesis by Kumar.[*’l However, between the stationary
solution and the applied flowing solution, mass transfer should still be dominated by diffusion
rather than convection (see Chapter 1.2.3 and Chapter 5). Thus, significant differences in
stationary liquid vs. no flow should not be expected if the differences in the products are due
primarily to diffusion. Alternatively, the growth in flow could be reducing the effects of secondary
nucleation by replenishing freshly mixed reagents and carrying away colloidal nuclei throughout
the synthesis. Even for flow growth, evidence of secondary nucleation can still be observed via
the population of particles outside of the areas containing seeds (Figure 3.9D). Looking back at
the work on platelets by the same group, accelerating the reaction by increasing pH likewise
increases the appearance of particles outside the patterned regions (Figure 3.6J). Overall, these
observations are evidence that, even when nuclei are created and/or formed only on the substrate

either by in situ or hybrid methods, secondary nucleation is vital to consider (Figure 3.10).

3.3.4. Vertical growth: Nanowires

Although shape control in situ is still greatly understudied compared to colloidal synthesis,
there are opportunities for synthesizing shape-controlled plasmonic structures and even fabricating
plasmonic substrates that are not routine to produce with colloidal self-assembly. One striking
benefit of in situ growth is the possibility to synthesize standing nanorods or wires with extremely
high yield, which is prohibitively difficult to fabricate with the self-assembly of colloids.['* The
synthetic studies of these structures provide interesting insights into the mechanistic differences of
in situ growth compared to colloidal systems.

In Section 3.3.1,2, we predominantly saw examples of horizontal growth in situ. However,

there are certain conditions that can instead promote vertical growth from the substrate, showing
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that in situ growth provides opportunities for controlling the orientation of the particle. He and co-
workers were able to synthesize standing nanowires from substrate immobilized seeds in high
yield (Figure 3.11, following the hybrid in situ overgrowth method from Section 3.2.3.1).1%%1 The
authors proposed that the vertical growth was due to the presence of a strongly binding thiol ligands
(mercaptobenzoic acid, MBA) that only permitted addition of the gold atoms at the interface
between the seed and the substrate, where the ligand shell is most disordered (Figure 3.11A,B).
The sides and tip of the nanowires, on the other hand, are quickly passivated by MBA, making it
unfavorable for gold atoms to be added in those regions. The role of the density of the ligand was
supported by the execution of the synthesis with different ligand concentrations during the growth.
The wires exhibited thicker tails and thinner heads when the MBA concentration was reduced
during the synthesis. Conversely, when the ligand concentration was increased, thinner heads and
thicker tails were produced (Figure 3.11C-E). In a later study, gold nanowires were instead grown
by promoting growth selectively at the nanowire tips, as shown in Figure 3.11F,G.[*® The wires
exhibit curves and changes in diameter along the longitudinal direction, which are proposed to
result from changes in the growth direction as addition of gold atoms is occurring at the wire tips
(Figure 3.11H,I). Overall, these results show that the substrate can be used to influence the

direction of the growth, a feature that is unique to in situ methods.
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Figure 3.11. A: Schematic showing colloidal seed attachment to silica with
(3-aminopropyl)triethoxysilane (APTES) and subsequent growth into nanowires with
mercaptobenzoic acid (MBA), ascorbic acid, and gold salt. B: Depiction of the fast passivation
of MBA at the nanowire sides and selective growth via attachment of gold atoms at the substrate
interface. C-E: Scanning electron microscopy image showing the result when MBA
concentration is (C) decreased and (E) increased in the latter growth stage as shown in the
schematic in panel D [reproduced with permission from ref. 26. Copyright 2013 American
Chemical Society]. F: Reactions occurring in the growth solution and G: schematic of Au
nanowire growth by Muench et al.: Pd seeds were made by electroless plating, then a solution
containing 4-dimethylaminopyridine (DMAP) as a capping ligand, gold salt, and formaldehyde
as a mild reducing agent is added to produce nanowires with high yield. As depicted in panel
G, continuous growth occurs at the wire tips H-I: Electron microscopy images of the products
[reproduced with permission from ref. 88. Copyright 2017 American Chemical Society].

Section 3.4. Summary and Prospects

Several examples that employ in situ growth and overgrowth of gold nanoparticles on
substrates such as polymers, oxides, and semiconductors have been discussed. Overall, additional
synthetic studies are needed to elevate this class of approaches to the same relevance as colloidal
techniques for manufacturing plasmonic materials and devices. We can consolidate a few
important factors that should be considered for in situ growth schemes:

1. The chemical environment (constituents of the growth solution, pH and temperature, ezc.)

2. Seed size, crystal structure, orientation on the substrate
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3. Interaction strength between the nanoparticles/seeds and the substrate
4. Surface density of seeds or nucleation sites
5. Competition between spontaneous colloidal nucleation and substrate growth (secondary
homogeneous nucleation)
Of these factors, precisely controlling the location and density of nucleation sites (analogous to
controlling the seed concentration in colloidal synthesis), as is done with BCML and other
patterning techniques, is especially important for performing synthetic investigations. Moreover,
preventing the formation of nuclei in the growth solution away from the substrate or from intended
nucleation/growth sites appears to be vital. Competition between in situ growth and colloidal
nucleation unpredictably consumes reagents and creates nuclei that can deposit in unintended
locations. Some strategies for preventing or reducing homogeneous or secondary nucleation could
include:
1. Implementing only weak reductants in the growth solution and using substrate bound or
native strong reductants.
2. Using overgrowth solutions with slower growth kinetics
3. Applying a clean water source
4. Reducing interaction of the growth solution with other surfaces (e.g., glass)
5. Performing overgrowth from smaller (higher surface energy) seeds
With colloidal synthesis, TEM characterization (including tomography scanning, and high-
resolution TEM) provide key insights into the growth by providing crystallographic and
morphological information.['% Instead, in situ growth characterization relies mainly on SEM and
AFM since the nanoparticles are fixed on the substrate. Consequently, obtaining the detailed

crystallographic and structural information necessary for understanding the growth (especially
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when working with nanoparticles having few nm diameters) is difficult. Some of the crucial
contributions to in situ synthesis that [ have highlighted were able to acquire high-resolution TEM
to provide important insight. For example, Kumar’s sample preparation directly on custom-made
TEM grids coated with a thin film of silicon nitride enabled sufficient characterization of gold

[20

nanoparticles down to ~5 nm.?°! Focused ion beam milling can also be used to prepare samples

for high-resolution TEM.!?*?®! Characterization can also be obtained by physically removing the
nanostructures from the substrate, as was done for the synthesis of standing nanowires.[?¢!
Overall, there is immense opportunity to explore nanoparticle growth and shape control in
situ further. Forming particles directly on the substrate potentially enables modification of the
particle geometry in all directions relative to the surface, where control in the x-y directions are
normally difficult to achieve with traditional self-assembly. Arranged standing nanowires, oriented
anisotropic structures (e.g., triangles, platelets, nanostars, and chiral nanohooks!'%), truncated

particles,!'® and oriented dimers, %!

are some examples of unique arrangements that could be
prepared in situ. As for colloidal synthesis, the components of the growth solution can be modified
to optimize the yield of a desired structure.

The next generation of in situ synthetic protocols should take advantage of the factors that
set in situ growth apart from colloidal synthesis. For instance, a major opportunity of in situ growth
lies in the fact that the particles are fixed or bound to the substrate and colloidal stability and
solvent compatibility do not need to be considered. This opportunity paves the way for exploring
growth in extreme conditions: high temperature, high concentration of salts, testing extremely low
or high pH, surfactant-free synthesis, efc. Even simply pursuing the development of surfactant-

free synthesis offers a major contribution to this class of techniques, enabling facile integration

with other materials (e.g., graphene or other two-dimensional materials) for energy and catalysis
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applications.['%1 Furthermore, nanoparticle-substrate interactions offer another solution for
modifying nanoparticle morphology and can offer more flexibility for accessing new structures in

the future. Thus far, in situ growth has produced a wide breadth of plasmonic materials that can

find applications in sensing,!'?!47:631 cell culture,®® cancer diagnostics,”! and optoelectronics,’?

highlighting the potential broad impact to different fields.
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Gold nanoparticle plasmonic ordered arrays were fabricated by an
unconventional in situ approach where gold precursors are reduced directly at
specific pre-patterned locations on the substrate. Nanoparticle morphology and
array periodicity are easily tuned using this method. The substrates exhibit far-
field plasmonic coupling via the emergence of lattice plasmon resonances,
constituting a major step forward for in situ growth techniques.
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Section 4.1. Introduction

Although the localized surface plasmon resonance (LSPR) effect can confine light in
subwavelength volumes,!!! these resonances are typically short lived due to intrinsic high radiative
optical losses that limit the associated quality factors (< 10).1*) Nonetheless, from Chapter 1, recall
that arranging plasmonic nanoparticles into ordered arrays is a convenient strategy to overcome
this limitation and to boost the quality factors of the system. In this configuration, the optical losses
associated with LSPRs can be compensated under Bragg conditions by hybridization with the
scattered waves in the plane of the array close to the position of the Rayleigh-Wood anomalies.?!
This compensation generates lattice plasmon resonances (LPRs), and offers an additional
possibility for tuning the optical properties, depending on the angle of illumination and the
geometrical parameters of the array.’! Due to their narrow bandwidth (<2 nm) and long
lifetimes,>* lattice plasmon resonances already impact the enhancement and manipulation of
light-matter interactions,>~” sensing,’®'% displays,!'!! information storage!'?! and anti-reflective
materials.[!]

In Chapter 3, recent developments on the in situ growth fabrication of plasmonic
substrates were comprehensively reviewed. Overall, the possibility of guiding the growth of
plasmonic nanoparticles directly into patterns and on the substrate of choice has been proposed
several times in the past decades. Probably the best results so far have been achieved using block-

(417 (Section 3.2.2.3) and dynamic templating (Section

copolymer micelle lithography'
3.2.3.2).['%2% Despite these being concrete solutions, the former suffers from limited pattern
tunability (mainly hexagonal arrays) and spacing (typically 30-300 nm), preventing realization of

LPRs in the visible and near infrared, while the latter still relies on several evaporation and

sublimation steps that require advanced instrumentation and are limited to certain materials.
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In this chapter, we establish and demonstrate an alternative straightforward in situ growth
approach that incorporates spatially selective growth on the substrate. Namely, we target the
tunable plasmonic lattices following rapid bottom-up growth of gold nanoparticles (AuNPs) onto
chemically patterned reactive areas created by soft lithography. To fabricate these structures,
water-soluble hydroxypropyl cellulose (HPC) sacrificial hole masks (or stencils), were applied to
create patterned regions containing AuNP growth-active chemical ink. Subsequent site-selective
growth of AuNPs was performed with the addition of a droplet of growth solution onto the
chemically patterned substrates in one rapid (<10 min), single synthetic step. We demonstrate that
the composition of the growth solution can be modulated to alter the size and shape of the AuNPs
as they grow on the substrate. We also showed that one-step direct surface growth can be used to
generate LPRs, constituting a major development for this class of in situ growth techniques for
engineering plasmonic materials with low optical losses. The benefits of plasmonic nanoparticle
patterning and direct engineering of LPRs by in situ growth can contribute to the development of

[8-10,21]

more efficient quantitative chemical and biological sensors, plasmonic catalytic

25-28

substrates,?24 and biomedical platforms,'?>?¥! offering far-reaching impacts in broad fields.

Section 4.2. Results and Discussion

4.2.1. Stencil fabrication with thermal nanoimprint lithography

The AuNP arrays were fabricated on polydimethylsiloxane (PDMS) substrates following
the creation of nanometric chemical patterns following a scalable and versatile soft lithographic
method. Specifically, water-processable HPC stencils were prepared via thermal nanoimprint
lithography (tNIL) as shown in Figure 4.1A and applied to direct AuNP growth to specific areas

29-32

containing a strong chemical reductant.[*3?! Briefly, in the tNIL process, aqueous solutions of
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HPC were spin-coated onto the substrate, then the film was placed in contact with a hard PDMS
(hPDMS) mold. Pressure was applied to the mold as the substrate was heated above the HPC glass
transition temperature (140 °C), generating patterned holes shaped by the mold. UV-ozone
treatment of the underlying PDMS substrate was required to facilitate the adhesion of the HPC
film, and it was found that a 10 min treatment time gave optimal results (Figure 4.1 B-D). The
pressure applied to the hPDMS mold was also optimized and the minimum required pressure for

uniform imprinting was determined to be 1.0 bar (Figure 4.1 E-H).

Hydroxypropyl Patterned hPDMS stamp
cellulose (HPC)

Spin coat Contact 140 °C, >1 min )
HPC hPDMS stamp 1 bar

Polydimethylsiloxane
(PDMS)

¥ o

C 10 min UV-Ozone ..

30 min UV- Ozone

A},»P dg

Figure 4.1. A: Schematic of hydroxypropyl cellulose (HPC) thermal nanoimprint
lithography on polydimethylsiloxane (PDMS). B-D: Digital photographs of
patterned HPC films on PDMS with different UV-ozone treatment times. E-H:
Digital photographs of HPC films patterned using different applied pressures.

116



Chapter 4. Surface Lattice Plasmon Resonances by in Situ Growth of Gold Nanoparticle Arrays

The film heights were estimated by comparing the measured and simulated differential refraction
spectra for HPC thin films prepared with identical procedures on silicon (Figure 4.2A). Overall,
high-fidelity patterning of films ranging in height from tens to a few hundred nm (~30-330 nm)
was demonstrated (Figure 4.2B-E). After t-NIL, the imprinted photonic structures confer
iridescence to the patterned films. Successful array transfer was confirmed via scanning electron
microscopy (SEM) in films as low as ~30 nm (Figure 4.2F-H).

This result seems counterintuitive, because normally with t-NIL, uniform patterns are not
attainable with HPC volumes that do not match the negative volume of the stamp. The minimum
volume requirement is evident when the same HPC formulations were used on a rigid silicon
substrate, which gave poor film uniformity apparent by electron microscopy and by visible
inspection for films thinner than 330 nm (Figure 4.21-N). The minimum required HPC film height
to match the negative volume of the stamps used here were calculated as described in the following
section, as corresponding to 250 nm. Electron microscopy analysis shows that the PDMS substrate
is imprinted following the t-NIL process (Figure 4.20,P). Therefore, we hypothesize that the key
to patterning films nearly an order of magnitude lower in height than the normally required
minimum is the implementation of the deformable receiving substrate, which helps to push the

HPC into the vacant features as shown in Figure 4.2Q.[33¢

117



Chapter 4. Surface Lattice Plasmon Resonances by in Situ Growth of Gold Nanoparticle Arrays

Reflectance I>

0.7.cm A ) 0.7_cm)

Increasing HPC concentratiot

PDMS after
rinsing w/water

Increasing HPC

Stamp side view 0.8 R
P R N S — Measured T — Measured
iti am 3 el Theory210nm | | e Theory 196 nm
HPC hPDMS stamp Initial HPC film Eﬁ[— 061 . Theory 220 nm 061 . Theory 220 nm
stencil EE] A
FREECIR = Stamp top view

Reflectance

ot rir s I (SRS §

»“[fdentations wio residual O.O

® 4 ; |
C I :5]. " O O O 0080 600 800 1000 1200 900 600 830 1000 1200
—

Soft substrate Wavelength (nm) Wavelength (nm)

Figure 4.2. A: Reflectance spectra giving the estimated thickness of the films on silicon: 30 nm
(solid purple), 125 nm (solid blue), 192 nm (solid orange) and 330 nm (solid red) for the HPC
aqueous solutions at different concentrations. The dotted lines are the corresponding simulated
interference generated by differential refraction for thin films with heights of 30 nm (dotted
purple), 125 nm (dotted blue), 192 nm (dotted orange), and 330 nm (dotted red). B-E: Digital
photographs of hydroxypropylcellulose (HPC) films on polydimethylsiloxane (PDMS)
following patterning of HPC films with (B) 30 nm, (C) 125 nm, (D) 192 nm, and (E) 330 nm
height. F-H: Scanning electron microscopy images of different areas of the thinnest (30 nm)
patterned HPC layer, with H showing a region at the edge of the film where holes are clearly
visible. I,J: Scanning electron microscopy images of the patterned films corresponding to 21
mg/mL, 30 nm on silicon. K-N: Digital photographs of HPC films on silicon following
patterning of HPC films with (K) 30 nm, (L) 125 nm, (M) 192 nm, and (N) 330 nm heights.
Inset shows the coloration of the HPC layers on silicon pre-patterning (patterned area is
0.49 cm?). S,T: Reflectance spectra showing height ~5% height variation spot-to-spot on one
substrate and ~15% variation sample-to-sample, respectively.
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4.2.2. Minimum hydroxypropylcellulose film height calculations

In order to estimate the minimum required height of the HPC film to achieve a volume
matching the negative volume of the mold, we will consider different geometrical patterns of the
square array hPDMS molds applied here as shown in Figure 4.2R. The cavity dimension (®)
represents the diameter of the pillar feature and the lattice parameter (A) indicates the center-to-

center distance of the pillars.

Table 4.1 Square pillar array hard polydimethylsiloxane (hPDMS) stamp dimensions and
calculated minimum hydroxypropylcellulose (HPC) film thicknesses to meet the volume
conservation requirements for the hPDMS stamps used in the manuscript.

Lattice Cavit . . . Minimum HPC
parameter (A) dimension (o) | Featureradius (r) | Pillar height (hyuw) | 5101 beioht (i)
400 230 nm 115 nm 350 nm 259 nm
400 230 nm 115 nm 390 nm 289 nm
500 277 nm 138.5 nm 350 nm 266 nm
500 277 nm 138.5 nm 390 nm 296 nm
600 338 nm 169 nm 350 nm 263 nm
600 338 nm 169 nm 390 nm 293 nm

Therefore, the pillar-to-pillar spacings for the 400, 500, and 600 nm lattices are 170 nm, 223 nm,
and 262 nm, respectively. All pillar heights (/piua-) are 390 nm. Table 4.1 summarizes the features
for the silicon masters used to fabricate the hPDMS stamps.

The minimum HPC thickness required to fill the stamp features was estimated here using
a previously described method.*?! To meet the volume conservation requirement, the volume of
the initial HPC layer (Viniriar) 1s equal to the final volume of the patterned HPC film (Vina). In this
case, since the volumes are equal, there should be no excess HPC in the holes as shown in Figure
4.2R. The final volume (Vjina) corresponds to the volume of the negative space surrounding the

pillar (or the total volume of the patterned HPC film) which can be calculated as:
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Viinal = (VI‘VZ) = Al(hpillar) = (AZ'AZ) (hpillar) = (AZ_an) (hpillar) [Eq- 4-1]

Where V1 is the volume corresponding to the square area A1, V> is the pillar volume corresponding
to area Ao, and 7 is equal to half the cavity dimension (®). The initial volume (Vinisiar) of film with
minimum starting height (4,,) of an unpatterned area equivalent to the square area 4; indicated in
Figure 4.2R, is:

Vinitial = 4 hmin [Eq. 4.2]

since Vinitiar and Vinar of the HPC film must be equal, 4i» can be written as:
hmin = [(A*-1r?) (hpinar)/A* [Eq. 4.3]

Although the height of the hole features in the silicon master giving the pillar hPDMS stamp is
390 nm, the actual pillar height is usually lower. Therefore, minimum film heights were calculated
for 390 nm and 350 nm, representing the upper limit and estimated lower limit pillar height values,
respectively. The final calculated values for 4, are summarized in Table 4.1. The minimum
required film heights range from ~250 to 295 nm, which matches well with the data in Figure 4.2,
which show that films with estimated height of 330 nm are uniformly patternable on silicon where

the other film heights tested (with estimated thicknesses of 190 nm and below) are not.

A

Figﬁre 4.3. A-D: Digital photographs of the hydroxypropylcellulose (HPC) film on glass-
supported polydimethylsiloxane (PDMS) patterned with aqueous solutions of HPC giving (A)
30 nm, (B) 125 nm, (C) 192 nm, and (D) 330 nm films (patterned area is 0.49 cm?).
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Overall, the spin-coated films gave good reproducibility (Figure 4.2S,T). The t-NIL
method was used to create patterned HPC films on glass-supported PDMS (Figure 4.3). These
substrates enabled easier substrate handling during the processing steps required for patterned
AuNP growth. Although these substrates cannot undergo extraction of polymethylhydrosiloxane
like the free-standing soft PDMS due to delamination from the glass caused by the swelling, an
alternative cleaning method was used, and the use of these substrates did not appear to prevent the
site-directed growth of the nanoparticles.

The capability to pattern such thin films of HPC has important implications for the
thickness of the residual layer. Since ~20 nm of material remains in the imprinted features when
performing standard t-NIL on rigid substrates, the removal of the excess material necessitates
anisotropic reactive ion etching and cleanroom processing.*!*?l Since we can pattern significantly
thinner films, we estimate that the residual layer is accordingly greatly reduced. Consequently, an
isotropic UV-ozone etch was used to remove the excess HPC remaining in the holes. The etching
procedure was optimized by testing different etch times from 5 s to 2 min (Figure 4.4,5). Electron
microscopy characterization showed that the films retained the hole patterns after 30 s of etching
(Figure 4.4A-C). The rate of etching shown in Figure 4.4D was estimated by comparing
reflectance measurements before and after UV-ozone treatments performed for different durations
(Figure 4.5). The estimated change in height was around 8§ nm/min, and the decreasing film height
with increasing etch time can be observed in Figure 4.4E. In Figure 4.4F-1, we can see that after
rinsing with water, the sample etched for 1 min gives reflectance spectra matching the non-UV-
ozone treated sample following HPC removal (black and purple line respectively). After 2 min or
more of UV-ozone treatment, it was found that a non-water soluble byproduct remained on the

silicon (Figure 4.4G-I).
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Figure 4.4. A-C: Scanning electron microscopy images of hydroxypropylcellulose (HPC) films
on polydimethylsiloxane (PDMS) after (A) 5 s, (B) 10 s, and (C) 30 s ultraviolet (UV)-ozone
treatment. D: Estimated film height on silicon with increasing UV-ozone treatment time. E-F:
Reflectance spectra of HPC films on silicon following (E) UV-ozone treatment and the
substrates following (F) rinsing with water. G-I: Comparison of the reflectance spectra for UV-
ozone-treated films before and after rinsing. The dotted lines in panels E-I are the corresponding
simulated differential refraction spectra.

The appearance of this non-water soluble byproduct further supports the need for a thin film of
HPC. A 20 nm residual would require over 2 min of etch time based on our estimation. Therefore,
it is still likely not possible to prepare a stencil from a thick film using a longer UV-ozone etch,
even disregarding the effect a longer etching time might have on the pattern features, due to the

formation of insoluble byproducts that prevent complete removal of the stencil. Overall, the

described procedure enables the reliable fabrication of HPC stencils with nanoscale hole features
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(lattice parameter, A = 600 nm) without the use of any specialized or costly equipment or

cleanroom fabrication.

A ——No UV-0, B —15s UV-0, ’ c —30 s UV-0,
wenTheory 147 nm || jld? e Theory 145 nm «e Theory 140 nm

Reflectance
Reflectance
Reflectance

0.0 T T 1 0.0 T " 0.0 T T T
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm) Wavelength (nm)
0.8 . 0.8
D —1 min UV-0, ——2 min UV-0, F ——10 min UV-0,
----Theory 135 nm Theory 130 nm | |0 Theory 100 nm
0.6

Reflectance
Reflectance
Reflectance

0

o 00— Y S —
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.5. Reflectance spectra of a hydroxypropylcellulose (HPC) film on silicon
corresponding to the data in panel D of Figure 4.4. The dotted lines are the corresponding

simulated differential refraction spectra.

4.2.3. Ink application and minimization of secondary nucleation

In the next step, the HPC stencils were used for the in situ growth of AuNPs into ordered
plasmonic arrays as shown in Figure 4.6A: following the 30 s UV-ozone etch, the
polymethylhydrosiloxane chemical ink was applied on top of the stencil (Figure 4.6A). Then, the
HPC stencil was dissolved in water, and the chemically patterned substrate was dried with an air
gun. Finally, a fixed volume (150 pL) of AuNP growth solution containing capping ligands, a mild
reducing agent, and a gold inorganic precursor (tetrachloroauric acid, HAuCls) was spread on the

surface and was allowed to react for 10 min with the physisorbed ink.
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Reducing the competition between nuclei formation on the substrate and nucleation in the
growth solution is crucial for successful in situ growth into patterns and for fundamental in situ

[18.20,37-39] |y,

size- and shape-control. standard colloidal AuNP seed-mediated synthesis, the

nucleation and growth steps are spatiotemporally separated to control the final particle

(40411 First, small gold nuclei (also known as seeds) are uniformly grown and later

morphology.
added to a separate solution where they grow in a controlled manner into desired sizes and
geometries. The nucleation step normally incorporates a strong reductant such as sodium
borohydride for the fast, uniform formation of seeds from the gold precursor. The following
growth step instead includes weaker reductants, such as ascorbic acid, capable of reducing Au**
to Au'", but confining the final reduction to Au’ to the seed surface, promoting controlled growth.
The seed-mediated synthesis scheme ensures suppression of later secondary nucleation events
from occurring in the growth solution that would negatively affect size distribution and shape
yield.[#042]

One of the most important aspects explored here is the limitation and control of secondary
nucleation, which has proven to be a particularly difficult challenge for in situ growth
systems.!!820-2843] Here, the strong reductant ink is applied only on the substrate to mimic the
spatially selective nucleation and growth processes used in colloidal synthesis, while the mild
reductant ascorbic acid is added to the growth medium to facilitate the first reduction step of the
gold salt from Au*" to Au'*. Although in our in situ growth scheme, we are only providing strong
reductants on the surface of the substrate, colloidal AuNPs can still spontaneously form from the

precursors in the growth solution. Thus, secondary nucleation for in situ systems can be described

as the uncontrolled formation of nuclei away from sites explicitly containing the strong reductant,
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which contributes to irreproducible consumption of reagents and solution-deposited AuNPs
outside the pattern (Figure 4.6B).

Even though nucleation can be achieved with the sole use of the physisorbed ink, our
motivation behind adding ascorbic acid is to reduce the growth time and to use lower
concentrations of gold precursor.*”#+41 In fact, works using only a surface-bound strong reductant

46-48] Continuing with

usually require ~5 times more gold salt and hours- to days-long incubation.!
the goal of limiting secondary nucleation, we identified factors that could lead to the undesired
spontaneous formation of colloids: (i) the presence of impurities in the growth solution, (ii) growth
rate, and (ii1) excess ink leeching into solution. Regarding impurities, the water source is known
to play an important role in colloidal synthesis, especially for the synthesis of anisotropic
particles.[**" Recent work shows that faster growth kinetics can favor colloidal nucleation over
nucleation on the substrate.?’! Therefore, we modulated the rate of the reaction by changing the
type and concentration of the surfactant (i.e., cetyltrimethylammonium chloride or bromide, CTAC
or CTAB, respectively). Lastly, we tested different inking methods and ink concentrations.The
appearance of LSPR peaks evaluated by ultraviolet-visible spectroscopy indicated the occurrence
of secondary nucleation, and the maximum intensity of the peaks was monitored over 15 min to
track the severity of unwanted nuclei formation under different growth conditions (Figure 4.6C-

S). Overall, growth solutions containing high-performance liquid chromatography (HPLC) grade

water, and 25-50 mM CTAB gave the least secondary nucleation (Figure 4.6R).
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Figure 4.6. A: Schematic of the etching of the residual layer with ultraviolet (UV)-0zone, inking
with polymethylhydrosiloxane (PMHS), removal of the hydroxypropyl cellulose (HPC) with
water, and introduction of the growth solution to form gold nanoparticles (AuNPs). B: Schematic
depicting competition between secondary solution nucleation and surface growth. C-L:
Extinction spectra of the growth solutions over 15 min under different conditions. M-Q:
Scanning electron microscopy (SEM) images of the substrate showing the formation of AuNPs
following the corresponding inking strategies in panels H-L. R,S: Maximum extinction of
growth solutions containing different (R) water sources (Milli-Q or high-performance liquid
chromatography (HPLC) water) and surfactant conditions and (S) with different inking
conditions. T: SEM image showing the patterned array after 10 min growth. U-X: SEM images
showing common products: (U) spheres, (V) triangles, (W) rods, and (X) platelets/truncated
triangles. CTAB/C = cetrimonium bromide/chloride.
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Figure 4.7. A-C: Additional scanning electron microscopy images at lower magnification for
arrays prepared from hydroxypropylcellulose (HPC) films on polydimethylsiloxane made with
(A) 21 mg/mL, (B) 38 mg/mL and (C) 53 mg/mL. D-G: Additional scanning electron microscopy
images of gold nanoparticles patterned using the 38 mg/mL solution and spin coat of 0.1% of
polymethylhydrosiloxane ink in hexane.
This optimized growth formulation was fixed and the application of chemical ink via different
routes was tested. Aside from vapor deposition, the least amount of secondary nucleation was
observed when dilute (1% or 0.1%) solutions of the ink were spin coated onto the substrate (Figure

4.6S). Spin coating dependably produced patterns, and all conditions appeared to give similar

nucleation site densities (Figure 4.6T, Figure 4.7). Therefore, the 0.1% solution was selected for
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the following sections. After 10 min of growth, the products appeared to give variable
morphologies, including spheres, triangles, rods, and other platelets as shown in Figure 4.6U-X.
Control experiments showed that the HPC stencil retains its features after application of
the ink (Figure 4.8A). Negative controls of films that were treated with 10 s UV-ozone etch prior
to application of the ink did not reliably give patterned AuNP arrays (Figure 4.8B). This
observation substantiates the assumption that the residual layer, although minimized, is not
necessarily completely avoided. If the ink is applied while a residual layer is still present, the
removal of the HPC will completely remove the ink as well. Moreover, when ink was not applied
to the HPC stencils, patterned growth did not occur as shown in (Figure 4.8C), but some large

particles are observed on the substrate, probably resulting from secondary nucleation.

A =600 nm HPC _
stencil after inking 10s UV-O,

Figure 4.8. Scanning electron microscopy images of the patterned hydroxypropylcellulose
(HPC) film (1g HPC stock + 10 mL water) (A) after inking, the polydimethylsiloxane PDMS
following the in situ nanoparticle growth procedure with (B) only 10 s of ultraviolet (UV)-ozone
treatment and (C) following the procedure without applying any chemical ink.
The requirement of HPC films with volume lower than the negative volume of the stamp
for successful patterning is further supported by the observation that only films ranging from

30-192 nm gave successfully patterned gold nanoparticle arrays (Figure 4.9). The 330 nm film

with volume higher than the negative volume of the stamp did not produce arrays, suggesting that
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the 30 s UV-ozone etch was insufficient at removing the residual material in the hole features.
Ultimately, following optimization, patterned AuNP growth into patterned arrays (~0.5 mm? area)
was achieved and the grown AuNPs are mechanically stable and remain on the substrate after
thorough rinsing and drying steps. In the next section, we explore size and shape-modification of

the products.

»»»»»»»

Incresing HPC concentration

Figure 4.9. A-D: Scanning electron microscope images of the substrates following removal of
the hydroxypropylcellulose (HPC) stencil and nanoparticle growth for stencils made from (B)
30 nm, (C) 125 nm, (D) 192 nm, and (E) 330 nm initial thickness HPC films (inset scale bar:
500 nm). Brightness and contrast were adjusted to the same levels to facilitate comparison.

4.2.4. In situ size and shape modification

Although few prior works have studied mechanistic aspects of substrate-grown
particles,[1820-351-531 fundamentals of in situ growth remain vastly unexplored compared to
colloidal batch systems.**] Limiting the growth-active areas to diameters < 100 nm has the
potential to enable much tighter control over both nucleation and growth conditions. The level of
control we achieve over the patterning was leveraged to demonstrate the modulation of size and
morphology of the synthesized AuNPs by modifying the growth medium parameters using

concepts derived from colloidal synthesis.
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Figure 4.10. A-D: Scanning electron microscopy (SEM) images of patterned
nanoparticle substrates after (A) 1 min, (B) 2 min, (C) 5 min, and (D) 10 min. E-H:
Size distributions for the (E) 1 min, (F) 2 min, (G) 5 min, and (H) 10 min samples
(150 nanoparticles each). I-J: Representative SEM images showing pattern yield
and common defects: multiple particles per area (pink circles), vacancies (purple
circles) and particles outside the pattern (green areas). Patterned regions with single
particles are indicated with a white circle.
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One unique opportunity for in situ growth schemes is the ability to straightforwardly adjust growth
time by removing the solution containing nanoparticle precursors from the substrate, therefore
arresting growth and regulating AuNP size.l>’] Here, the growth times were tuned from 1 min to
10 min using an optimized growth solution (Figure 4.10A-D, see Materials and Methods section
for details). After 1 min of growth, the average AuNP size already reaches 40 + 14 nm (Figure
4.10E), which is relatively fast compared to colloidal synthesis.>4%) At 2 min, the products nearly
double in size to 70 £ 30 nm (Figure 4.10F). Growth times of 5 and 10 min result in similar
diameters (120 = 40 nm and 110 = 40 nm, respectively, Figure 4.10G,H). This behavior is

43.57-391 Along with a change in the average diameter,

consistent with other in situ growth studies.!
longer growth times were associated with the appearance of higher percentages of anisotropic
products (estimated at ~40% at 10 min vs. 10% at 1 min, Table 4.2, Figure 4.11). After 5 min, the

AuNPs formed at the specified nucleation sites no longer increase in size, possibly due to the onset

of secondary nucleation effects.

Table 4.2. Summary of products observed at different growth times.

Growth time (min) 1 2 5 10

Total # of particles counted 255 328 329 201
% platelet 3.9 2.7 2.7 24 .4
% sphere 88.2 82.0 82.4 57.2
% rod 6.3 11.3 12.5 15.9
% unclear 1.6 4.0 2.4 2.5

% total anisotropic 10.2 14.0 15.2 40.3
% total platelets and spheres 92.2 84.8 85.1 81.6
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———
Figure 4.11. Scanning electron microscopy images showing how the number of platelets (dark
blue, 1), spheres (light blue, 2), and rods (green, 3) were estimated. Particles with morphologies
that could not be determined are indicated in pink (4).

4.2.4.1. Evaluation of patterning yield

Regarding patterning evaluation, various kinds of defects in the arrays can be observed
(Figure 4.101I-J, 4.12). Standard defects include vacancies (purple circles), multiple AuNPs per
region (pink circles), and AuNPs outside the patterned region (green arrows). The patterning yield
was evaluated as the percentage of ink-containing regions that produced nanoparticles across all

growth times as ~80% (n=5, detailed evaluation summarized in Figure 4.12, Table 4.3).
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Table 4.3. Characterization of patterning yield across growth times

Growth time (min) 1 2 5 10 TOTAL
Total # of particles counted

(including outside pattern) 247 212 279 203 2l

% pattern yield (% non-empty) | 89.6 61.7 97.4 83.8 83+15
% single 19.4 35.4 10.3 23.0 22+10
% multiple 76.1 54.4 78.9 63.2 68 + 12
% nanoparticles in pattern 95.5 87.7 89.2 86.2 90 + 4
Average # of particles/region 20+1.0 | 1.5+0.6 [22+1.0 |1.8+09 |1.8+0.9

Interestingly, the total percentage of nanoparticles located within the growth active regions was
estimated to be ~90%, indicating a strong preference for nucleation and growth within the pattern
features due to the chemical contrast created by the presence and absence of the ink . Although the
patterned features are much larger than the grown AuNPs, the average number of nuclei per
patterned area is similar across all growth times and corresponds to 1.8 £ 0.9 AuNPs per area (not
counting vacancies). This is an important observation because it shows that once the initial nuclei
are formed, their growth is favored over the later formation of new nuclei. Moreover, this statistic
gives us an estimate of the number of particles on each substrate as approximately ~2x10°
particles/substrate, or ~2x10° AuNPs/mL of growth solution (assuming 100% yield of the t-NIL
and ink patterning). The seed concentration in colloidal synthesis is usually 2-4 orders of
magnitude higher (typical values for colloidal synthesis range between 10'! and 10'® seeds/mL of
growth solution), giving us a much higher HAuCls to AuNP ratio.[***! This result provides an
explanation for the speed of growth and offers possible improvements to target smaller
nanoparticles and/or slower kinetics. Evaluation of patterning yield in Table 4.3, indicates that the
percentage of AuNPs outside the pattern increases between 5 and 10 min, supporting our earlier

hypothesis that the effects of secondary nucleation increase after 5 min.
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Figure 4.12. A-G: Scanning electron microscopy images from which patterning yield
was calculated. For each time condition, enough images were analyzed so that at least
150 gold nanoparticles were counted (n=5). Pink circles represent regions with
multiple nanoparticles, white circles represent areas with single particles, purple circles
indicate vacancies, and green dots are used to indicate out-of-pattern nanoparticles.

4.2.4.2. Shape modification

Next, we modify the chemical environment so that the AuNP morphology is modulated
directly on the substrate. Here, we target overgrowth into branched nanostars, which are attractive
due to high localization of electromagnetic fields present at their sharp tips, their high extinction
in the near-infrared biological window, and their capability for thermoplasmonic heating.!?8:6%

Nanosphere arrays were overgrown by subsequent incubation in a nanostar growth solution
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containing additional gold precursor and shape-directing reagents (silver nitrate,
laurylsulfobetaine, hydrochloric acid, and ascorbic acid, Figure 4.13A). Similar to the first growth
step, synthetic conditions were optimized to minimize secondary nucleation away from the
substrate within the 5 min overgrowth time by lowering the pH of the growth medium, which
limits the reducing strength of ascorbic acid.[*®! Following the overgrowth step, the substrate
exhibited a change in color from red to dark blue. The extinction spectra after 5 min of nanosphere
growth gives one dominant LSPR dip at 575 nm, and the samples following 5 min of nanostar
overgrowth exhibit high extinction in the near infrared region at 985 nm, matching the expected
plasmonic response Figure 4.13B.[?8) The corresponding colloid recipe for the one used here
generally results in three main products: spheres, and low and high aspect ratio nanostars.[860]
However, electron microscopy characterization interestingly showed a high yield of one major,
highly branched product (Figure 4.13C,D). The yield of the nanostar arrays over a larger area
(measuring a ca. 2000 um?) can be appreciated in Figure 4.13E. Altogether, the data presented in
Figure 4.13 indicate that although certain concepts might transfer from colloidal to substrate
growth (e.g., applying shape-directing reagents to promote anisotropic growth), important
differences remain between the two environments that can significantly affect the shapes of the
final products. The in situ surface growth strategy reported here represents an ideal platform for

the exploration of such effects.[*"]
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Figure 4.13. A: Schematic of overgrowth process into nanostars on
polydimethylsiloxane (PDMS). B: Normalized transmission spectra
comparing the plasmon band position before (spheres) and after
(stars) overgrowth. C-E: Scanning electron microscopy images of
the nanostar arrays at different magnifications.
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4.2.5. Lattice plasmon resonance characterization

Perhaps the most striking advantage of combining t-NIL and in situ growth resides in the
preparation of ordered plasmonic arrays with arbitrary geometries, achieving control at the same
time over both LSPRs and LPRs.[?32 Although past and recent work proposed this possibility in
relation to other in situ growth schemes, LPRs have not previously been demonstrated
experimentally using only direct surface growth.!'*!”] The spatial and geometrical constraints of
the state-of-the-art methods prevent engineering LPRs (as well as more complex light-matter

61-631 limiting the application of in situ growth for the design of metasurfaces and

interactions),!
intricate plasmonic systems. Our in situ growth approach overcomes two major barriers, namely
the requirement for lengthy self-assembly steps and the flexibility in array periodicity by
modifying the hPDMS stamp.*?! Here, we measure LPRs for arrays with lattice parameters (A) of
400 and 500 nm, in addition to the A=600 nm samples (Figures 4.14,15, and 16, respectively).
Patterned in situ growth was achieved in all cases.

With the intention of maximizing the generation of lattice resonances through far-field
coupling between the plasmonic units of the array, the AuNPs were covered with a thin layer of
soft PDMS after growth was complete. This step ensures a uniform refractive index environment
around the plasmonic lattices, facilitating the propagation of the scattered field within the lattice
plane.”?l Sharp LPRs were observed in the transmission profile under this refractive index matching
condition (Figure 4.17G-J),[>®¥ giving, to the best of our knowledge, the first demonstration of
LPRs via a purely in situ synthetic route, all without batch synthesis, self-assembly, top-down
fabrication, nor costly and specialized equipment. Overall, this promising result shows that further

developments in in situ growth offers an inexpensive, simple, and rapid alternative for accessing

plasmonic responses on par with those engineered by top-down methodologies.
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Figure 4.14. Scanning electron microscopy images of the A =400 nm array.
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Figure 4.15. Scanning electron microscopy imges of the A = 500 nm array.
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Figure 4.16. Scanning electron miroscopy images of the A = 600 nm array.
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Figure 4.17. Scanning electron microscope (SEM) images showing A: patterned hydroxypropyl
cellulose (HPC) films with lattice parameter A = 400 nm and B,C: the resulting patterned
nanoparticle substrates. Images showing the D: an A = 500 nm stencil and E,F: the
corresponding patterned nanoparticles (SEM data for the A = 600 nm HPC stencils and resulting
AuNP arrays are shown in Figure 4.2,6). G: Smoothed and normalized transmission spectra of
the substrates following refractive index matching. Dashed lines represent the theoretical
position of Rayleigh-Wood anomalies (nppms=1.4). H-J: Contour plots showing measured
angular dependence of the optical response optima for the (H) A =400 nm, (I) A =500 nm, and
(J) A =600 nm lattices. Dashed lines represent the predicted positions of the Rayleigh anomalies
using nppus=1.4.

As expected, the wavelengths of the LPRs depend on the lattice parameters used for the
preparation of the HPC masks (Figure 4.17G). Specifically, the most intense LPRs are expected
to emerge in proximity to the first-order diffraction line, the spectral position of which can be
predicted using the following simplified equation:®

A= Ay, (ntsinb) [Eq.4.4]
where A, , represents the lattice parameters in the two orthogonal in-plane directions, n is the
refractive index of the surrounding medium, and 6 is the illumination incidence angle. Under
normal incidence, where 6 is defined as zero, for a square lattice where x = y, and with nppms
estimated to be 1.4, the predicted wavelengths can be calculated as: 560 nm for A =400 nm,

700 nm for A = 500 nm, and 840 nm for A = 600 nm. In the 400 nm lattice parameter samples, the

predicted LPR overlaps with the LSPR of the AuNPs and can be identified as a shoulder at
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560 nm in the transmission spectrum. For the 500 nm lattice, a clear dip is observed at 698 nm,
close to the predicted LPR position. In the 600 nm lattice sample, the LPR can be appreciated at
826 nm (Figure 4.17G). The minor discrepancies compared to the predicted positions are common
and can be attributed to various factors, including the effects of the CTAB AuNP coating, and/or
the differences in PDMS refractive index as a function of composition and curing conditions.!’]
The identification of the aforementioned dips as lattice resonances is confirmed by
measuring their spectral variation with illumination incidence angle (Figure 4.17H-J).[%] The
dashed lines in Figure 4.17H-J are analytical calculations of the angular dependence of the
Rayleigh-Wood anomalies. Apart from refractive index and lattice parameter, this dependence will
also be modulated by the azimuthal angle of the array relative to the illumination (see discussion
in Materials and Methods). Additionally, the quality of the A = 600 nm array is also confirmed by
the appearance of a second-order diffraction line (Figure 4.17J). Overall, excellent matching
between the experimental data and the predicted behavior was observed, confirming the presence
of lattice resonances prepared by patterned in situ growth of AuNPs. We note that the array
periodicities used here to produce LPRs in the visible and near infrared cannot be routinely
accessed with block copolymer micelle lithography due to technical limitations for spacings
greater than a few hundred nm.!'*!71 Ultimately, the experimental realization of LPRs via bottom-

up surface growth offers a new route towards plasmonic materials engineering with clear

advantages compared to self-assembly and top-down methods.

Section 4.3. Conclusions and Prospects

A modified t-NIL protocol was used to pattern HPC thin films on soft polymeric substrates.

This technique produced periodic structures with minimal residual layers such that water-
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processable sacrificial stencils can be created in a standard laboratory environment without special
equipment. The sacrificial HPC masks were used for chemical patterning and subsequent site-
selective bottom-up AuNP growth. The AuNP size and shape were controlled directly on the
substrate by altering the growth time and growth medium composition, respectively. The use of t-
NIL provides improved flexibility for modifying the pattern increments by over a wide range by
changing the mask features without adjusting the patterning process or increasing processing time.
Following optimization of the chemical inking method and the nanoparticle growth solution, LPRs
were demonstrated for arrays with periodicities of 400, 500, and 600 nm, giving tunable LPRs
from the visible to the near infrared. The versatility in tuning the array geometry can be applied
for potentially targeting lattice geometries giving collective responses beyond the near infrared,
into the mid- or even far-infrared regions. The developed method overcomes limitations that have,
until now, prevented the realization of LPRs using solely in sifu growth, constituting significant
progress for this class of approaches.

Understanding how the chemical environment, substrate wettability, AuNP-substrate
interaction, secondary nucleation, and the balance of reducing agents on the substrate and in
solution can help to create more reliable protocols achieving AuNP arrays and pave the way for
new synthetic possibilities in the future.['”#366] Shape control for in situ-grown particles has only
been briefly studied compared to colloidally synthesized AuNPs and the need to probe various
aspects of the growth thoroughly remains. In this regard, the in situ growth method presented here
is versatile for future investigations studying wet-chemical shape control and selective surface
growth. Furthermore, because the AuNPs are fixed on the substrate, colloidal stability no longer
represents a barrier to be considered, providing greater opportunities for testing unconventional

growth conditions (e.g., surfactant-free synthesis) or facile tailoring of the ligands.l'7%®) We
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anticipate that the nanoparticle-substrate interactions will represent important aspects to explore,
which can potentially be tuned via the selected ink. The chosen substrate represents even more
opportunities, i.e., replacement of PDMS with different soft polymers, conductive polymers,
hydrogels and two-dimensional materials. Ultimately, the presented methodology can bring a new
perspective for the development of innovative synthetic paradigms for the growth of plasmonic
nanoparticles and can impact the fabrication of solid-state platforms that take full advantage of

their catalytic, optical, and magnetic properties.

Section 4.4. Materials and Methods

4.4.1. Materials

1H,1H,2H,2H-perfluorooctyltrichlorosilane (97%, CAS: 78560-45-9) was purchased from Alfa
Aesar (Thermo Fisher GmbH, Karlsruhe, Germany). Hydroxypropyl cellulose (HPC; average Mw
~80,000, average Mn ~10,000, powder, 20 mesh particle size (99% through); CAS: 9004-64-2)
was purchased from Sigma-Aldrich Quimica SL (Madrid, Spain). Polydimethylsiloxane (PDMS,
Sylgard 184) was purchased from Dow Corning (Michigan, USA). The hard PDMS (hPDMS)
mixture components were purchased from Gelest (CymitQuimica, Spain): (7.0-8.0%
vinylmethylsiloxane)-dimethylsiloxane copolymer, trimethylsiloxy terminated (CAS: 67762-94-
1), 1,3,5,7-tetramethylcyclotetrasiloxane (95%, CAS: 2370-88-9), platinum-
divinyltetramethyldisiloxane complex (2% in Pt in xylene, CAS: 68478-92-2), and (25-35%
methylhydrosiloxane)-dimethylsiloxane copolymer, trimethylsiloxane terminated (CAS: 68037-
59-2). All chemicals were used as received. The polymethylhydrosiloxane (average molecular
weight 1,700-3,200, CAS: 63148-57-2) used as a chemical ink was purchased from Merck. Piranha

solution (3:1 95-98% w/w sulfuric acid, CAS: 7664-93-9, and 30% hydrogen peroxide, CAS:
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7722-84-1; Fisher Scientific) was used for cleaning glass slides. Warning: Piranha mixture is

dangerous as it reacts violently with organics and should be handled with caution.

4.4.2. Solvents

Toluene (= 99.5%, CAS: 108-88-3), hexane (= 99%, CAS: 92112-69-1), acetone (99.7%, CAS:
67-64-1), high-performance liquid chromatography (HPLC)-grade sub-micron filtered water
(CAS: 67-63-0) and 200 proof ethanol (> 99.8%, CAS: 64-17-5) were obtained from Fisher

Scientific. All solvents were used as received.

4.4.3. Synthesis reagents

All analytical grade reagents, silver nitrate (AgNO3; 99%, CAS: 7761-88-8), HAuCls4-3H20 (99%,
CAS: 16961-25-4) L-ascorbic acid (AA, 99%, CAS: 50-81-7), N-dodecyl-N,N-dimethyl-3-
ammonio-1-propanesulfonate (LSB; 99%, CAS: D0431), hydrochloric acid (HCl; ACS Reagent
37%, CAS: 7647-01-0), cetyltrimethylammonium chloride (CTAC; 25 wt % in H,0, CAS: 112-
02-7) and cetyltrimethylammonium bromide (CTAB 99%, CAS: 200-311-3), were purchased from
Merck. All glassware and magnetic stir bars used for synthesis were cleaned thoroughly with agua
regia (3:1 concentrated HCI (37%, Millipore Sigma) to HNO3 (68%, Millipore Sigma)) and rinsed
with HPLC grade water before use. Warning: Aqua regia is extremely corrosive and causes severe

burns. Care is needed in its preparation and usage.
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4.4.4. Methods

4.4.4.1. Characterization of hydroxypropylcellulose layer thickness on
silicon

All reflectance spectra were collected with an FTIR spectrometer (Vertex 70, Bruker) coupled with

an optical microscope (Hyperion, Bruker). Spectra were collected with a pair of 4% objectives with

a numerical aperture (N.A.) of 0.10 and a spatial mask. The aperture was fixed at 600 x 600 pum?.

4.4.4.2. Silanization with perfluorooctyltrichlorosilane

Functionalization with perfluorooctyltrichlorosilane was performed to create hydrophobic non-
stick surfaces. The functionalization was performed as follows: 4 pL of the silane was placed in a
reservoir in a glass desiccator with the substrates (placed vertically on the side walls) and was
placed under vacuum for 20 min using a benchtop vacuum pump. The substrates were rinsed with

isopropyl alcohol and completely dried with compressed air.

4.4.4.3. Patterned hard polydimethylsiloxane stamp preparation

The fabrication of the stamps using hard PDMS (hPDMS) is needed to avoid collapse of
the pillars due to their small features and high aspect ratio. Composite stamps containing few
microns of hPDMS (replicating the master features) and a thicker layer of soft PDMS (millimeters)
were fabricated following a published procedure:!®>$71 The hPDMS mixture was prepared by
thoroughly mixing, 1.7 g of 7-8% vinylmethylsiloxane and 0.05 g of 1,3,5,7-tetracetylcyclosilane.
Then, 4 pL of Pt catalyst, 0.5 g of 25-35% hydroxyl siloxane, and 1.5 g of toluene were rapidly

added in this order under vigorous stirring. After the reagents are adequately mixed, the hPDMS
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mixture can be used for approximately 20 min before the toluene evaporation causes the solution
to become too viscous. Within this time frame, the mixture is drop cast onto a
perfluorooctyltrichlorosilane-functionalized silicon master and spread over the surface using an
air gun to ensure uniform coverage and removal of microbubbles. Drop casting of the hPDMS
mixture was repeated three times for each master, and the substrates were subsequently left at room
temperature for 1 h to ensure complete evaporation of the toluene. Following this step, the masters
were placed for an additional 1 h at 60 °C to cure the hPDMS.

Next, the fabrication of soft PDMS is performed by mixing ~20-30 g of 10:1 PDMS. The
PDMS was placed in a centrifuge at 3500 rpm for 2 min to remove trapped air. The mixture was
then cast onto a petri dish containing the master with a layer of cured hPDMS and left at 60 °C for
at least 4 h to ensure complete curing. Finally, the hPDMS composite stamps were carefully
demolded from the master and functionalized with perfluorooctyltrichlorosilane via vapor

deposition.

4.4.4.4. Preparation of soft polydimethylsiloxane substrates

Flat soft PDMS was prepared by first mixing ~1 mL 10:1 PDMS and centrifuging the
mixture at 3500 rpm for 2 min to remove bubbles. The mixture was cast into a petri dish containing
a perflorooctyltrichlorosilane-treated silicon wafer. This was cured at 80-85 °C on a hot plate for
1 h. The PDMS was carefully removed from the petri dish and heated on a hotplate to 120 °C for
1 h. This is done to oxidize/react excess oligomer which can cause nucleation of particles.
Although baking removes some oligomer, additional cleaning steps are needed to ensure minimal
nucleation on the PDMS. To extract the oligomer, the PDMS is sonicated in ethanol 5 min, then

in hexane for 30 min.B74347:48:68.691 The PDMS should swell with hexane, and then de-swell upon
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drying for 30 min at 60 °C in the oven. This swelling and de-swelling process should be repeated
three times. The last drying step should be done for ~60 min to ensure that the PDMS is completely
de-swelled prior to coating with HPC.

Glass-supported flat PDMS was prepared by first mixing ~ImL 10:1 PDMS and
centrifuging the mixture at 3500 rpm for 2 min to remove bubbles. A drop of PDMS was placed
on perfluorooctyltrichlorosilane-functionalized silicon, then a piece of piranha-cleaned glass (cut
to be ~1.5 cm?) was placed on top of the PDMS drop. The glass-PDMS-silicon sandwich was then
degassed for 10 min and subsequently placed on a hotplate at 120 °C for 1 h. After curing, the
glass-PDMS was carefully separated from the silicon by carefully wedging a razor blade between
the glass and the silicon. Unlike the non-supported PDMS, extraction in hexane cannot be
performed for these samples since it will cause delamination of the PDMS from the glass.
Therefore, the PDMS was instead cleaned by sonication in ethanol for 5 min, followed by
sonication in acetone 60 min. The samples were dried for 1 h in an oven at 60 °C, then allowed to

cool to room temperature before use.

4.4.4.5. Fabrication of hydroxypropyl cellulose stencils

The HPC stock solution (usable for ~1 month) was prepared by adding 23 g of HPC to
every 100 mL of water under stirring at room temperature (HPC is less soluble in warm water).
Within 5 min, the solution will become a paste. At this point, the solution was left to dissolve over
~48 h at room temperature until it appeared clear/uniform. Aqueous HPC working solutions at
21 mg/mL, 38 mg/mL, 53 mg/mL, and 66 mg/mL were prepared by adding 1.0 g, 2.0 g, 3.0 g, and
4.0 g of concentrated HPC stock solution to 10 mL of water and stirring for at least 1 h prior to

use. The HPC stock solution and film spin-coating processes can vary depending on the individual
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and the conditions and equipment of the laboratory, thus, note that the final spin-coated thickness
of the HPC film should be checked either using reflectance spectra, atomic force microscopy, or
profilometry. The final height of the film being lower than the negative volume of the stamp is the
most important aspect for ensuring successful pattern transfer, rather than the concentration of the
working solutions.

The PDMS substrates were first UV-ozone (Jelight Model 42) activated for 10 min to
promote coating with HPC. The HPC was then spin coated onto the PDMS at 3000 rpm (accel.
500 rpm/s) for 60 s within 1 h of the UV-ozone treatment. A silane-functionalized hPDMS stamp
was contacted with the HPC-coated PDMS substrate. Then, a pressure of 1 bar was applied, and
the substrate was brought to 140 °C using a compact nanoimprint tool (CNI v 2.0 by NIL
Technology ApS, NILT, DK. This procedure can be performed manually on a hotplate, simply
applying a weight that can simulate the necessary pressure (~1 kg/1 cm? substrate). A dwell time
of at least 1 min when a temperature of 140 °C was reached was applied until the substrate was
allowed to cool below 75 °C. The hPDMS is then carefully and slowly removed from the substrate.
The hPDMS stamp can be used 3-5 times before the silane functionalization needs to be repeated,
and the stamps were re-used a total of 10-15 times to ensure that possible contamination or
degradation of the surface would not affect the t-NIL step. The removal of any residual in the holes
of the stencil was done via a short 30 s UV-ozone treatment. It is important to note that UV-ozone

treatments of the stencil any longer than ~2 min will produce a hard-to-dissolve byproduct (Figure

4.4,5).
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4.4.4.6. Chemical ink application and stencil removal

Polymethylhydrosiloxane was applied using the same vapor deposition process as
perfluorooctyltrichlorosilane or by spin coating a 0.1% (v/v) polymethylhydrosiloxane solution in
hexane at 5000 rpm for 60 s (accel. 2500 rpm/s). The 0.1% polymethylhydrosiloxane solution in
hexane must be stirred for ~1 h prior to use to ensure even distribution of the ink. A drop of Milli-
Q water (resistivity 18.2 MOhm) was then placed on the sample and allowed to rest for 30 min.
This step is done to swell the HPC and facilitate its removal. After 30 min, the sample is dried,
then rinsed and dried very thoroughly with Milli-Q water two more times. N.B. It is very important
to remove the residual completely as HPC can also act as a reductant for AuNP formation.[’%72]

Although polymethylhydrosiloxane is naturally present in PDMS due to native unreacted
oligomer remaining after the preparation of the elastomer, and it was previously demonstrated to
reduce gold salts effectively and to lead to particle formation both on the surface and within the
polymer matrix.B7#447731 However, the quantity of excess polymethylhydrosiloxane fluctuates
with the curing agent and base ratio, curing conditions,’* and substrate age, making its
concentration and distribution difficult to control.””) To regulate the nucleation sites of the
nanoparticles on the substrate more precisely, the native polymethylhydrosiloxane was removed

from the bulk material using high curing temperature and solvent extraction’® and subsequently

reapplied to the surface as a chemical ink in a controlled manner.

4.4.4.7. In situ gold nanoparticle growth

Growth solution was placed as a 150 uL drop on the substrate. This approach was chosen
instead of immersing the substrate in the solution to minimize contamination from the back of the

substrate that can induce secondary nucleation. Moreover, particular attention was taken to prepare
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samples with consistent surface areas, in order to maximize the reproducibility and consistency of
the results. In the optimized growth solution 12 pL of 50 mM aqueous HAuCl4 gold stock solution
was added to 1 mL of 25 mM CTAB. Then, 12 pL of 100 mM aqueous AA was added, the solution
was rapidly stirred by hand, and within 5 s the solution changes color from orange to clear.
Immediately after the solution turns clear it was added to the substrates and allowed to react for 1,
2, 5, or 10 min, then the growth solution was removed by thorough rinsing with Milli-Q water and
dried with compressed air.

Overgrowth of gold nanostars was carried out on substrates grown by the previously
published method for 5 min by drop casting 150 puL drop of growth solution containing 1 mL of
100 mM LSB solution, 15 pL of 50 mM HAuCl4, 6 pL 10 mM AgNOs3, and 10 uL HCI and 50 pL
of 100 mM AA. All other reagents are mixed prior to addition of AA which was rapidly added,
rapidly mixed, and immediately introduced to the substrate. Like what was done in prior work, the

HCI was added to prevent significant secondary nucleation for the 10 min growth time.[*"]

4.4.4.8. Scanning electron microscopy characterization

Scanning electron microscopy (SEM) images were collected with a FEI QUANTA 200
Field Emission Gun, operating between 5 and 15 kV under low vacuum (60 Pa). Samples for cross
section imaging were prepared by sputtering 5-10 nm of Au/Pd onto the patterned HPC film (the
30 nm film was used for Figure 1K) to improve conductivity, then scoring the back of the substrate
with a razor and placing it in liquid nitrogen for 5 min. Upon the removal of the substrate from the

nitrogen, the sample was snapped in two using pliers.
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4.4.4.9. Optical characterization and data analysis

The far-field transmission optical response of the plasmonic ordered arrays was
characterized on a custom-built optical setup with a dedicated software (Labview NXG). A
tungsten halogen lamp (Ocean Optics, HL-2000-HP) was used as light source and was corrected
by two separated filters (Edmund Optics, SCHOTT BG64, and Thorlabs, SRF11) to increase count
rate in the UV and near infrared regions of the spectra. The light is focused on the sample and
collected using two achromatic doublet lenses with a NA < 0.1 (Thorlabs, AC254-100-AB and
AC254-50-AB, respectively), and finally coupled to an optical fiber (Thorlabs, RCO8SMA-PO1),
and analyzed by a spectrophotometer (Ocean Optics, QEPro-FL). The samples were mounted on
a software-controlled rotational stage (Thorlabs, ELL18K/M) that allows varying the illumination
angle 0 with a precision of 0.1°, while a custom-made sample holder enables control of the
azimuthal angle ¢ (+ 3°). The reference for the spectra was collected on the same sample, outside
the patterned area, to eliminate eventual Fabri-Perot interference created by air trapped between
the glass supports and the PDMS layers.

Transmission spectra were collected with an illumination angle varying between 0° (normal
incidence) and 15°. The collected data were baseline-corrected with an exponential curve to
eliminate the distortions generated by the substrate, and, where indicated in the main text,

smoothed with a Savitzky—Golay filter and normalized.

4.4.4.10. Expected processing time for each step

1. PDMS/Supported PDMS fabrication: 1.5 h
2. Cleaning: 2h

3. PDMS UV-o0zone activation: 10 min
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4. HPC stencil spin coating and t-NIL: 10-15 min
5. UV-Ozone etch: 30 s
6. Inking (via optimized spin coating): 1 min
**wait 1 h to overnight between these steps for best results**
7. HPC removal: 30-35 min

8. gold nanoparticle growth: 2-10 min

Total: ~6 working hours, including all sample preparation steps, or if waiting overnight between

steps #6-7, ~16 h for all sample preparation. Multiple samples can be run in parallel.
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In situ seed-mediated synthesis was applied to grow thermoplasmonic branched
gold nanoparticles directly onto oxide substrates and on the internal walls of
microfluidic channels. The effects of various synthetic parameters on the nanostructure
geometry, including reagent concentrations, growth time, flow rate, and flow profile,
were interrogated. Ultimately, the plasmonic microfluidic systems developed herein
may find applications in sensing and biology.
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Section 5.1. Introduction

Like many other anisotropic shapes, gold nanostars (AuNSTs) are accessible via bottom-
up seed-mediated growth. In terms of incorporating AuNSTs in plasmonic devices,
functionalization with pre-synthesized nanoparticles (i.e., applying self-assembly, lithography, or

121 on the desired substrates offer

combinations of the two)!') and direct nanoparticle synthesis!
common approaches towards achieving surface decoration with crystalline products. However, the
development of robust methods for generating substrates functionalized with size- and shape-
controlled nanoparticles at high density remains an active area of research.[!*!

Here, we report a facile method for the generation of AuNSTs on oxide substrates.
Protocols for the synthesis of AuNSTs in colloidal suspensions were adapted by first grafting
colloidally synthesized seeds and performing subsequent shape control in situ by simply
submerging the functionalized surface in a growth solution. We also adapted this growth
methodology to various microfluidic devices, including glass capillaries, and
polydimethylsiloxane (PDMS) channels bound to both glass and indium tin oxide (ITO) substrates.
Previously, microfluidic systems for precisely synthesizing colloidal nanoparticles have been
explored.!"*'® Here, we take an unconventional approach by creating the plasmonic structures on
the internal walls of microfluidic channels. This approach enables us to probe the effects of flow
rate, flow profile, and the growth time on the geometry of the nanostructures while also modulating
the chemical environment through the growth solution. Systematically varying flow and growth
solution parameters, we achieved dense coatings of highly branched nanostructures with
configurable aspect ratios in various microfluidic device configurations. These thermoplasmonic-
nanostructure-integrated microfluidic platforms offer new solutions for small-molecule

19-23

sensing,'*23 intracellular delivery via poration,'**?! and/or the targeted retrieval of single cells
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in adherent cultures, representing a starting point for the development of devices capable of cell

capture and targeted, selective light-triggered release.[?67]

Section 5.2. Results and Discussion

5.2.1. Growth solution optimization for in situ shape control

Gold nanostars with high aspect ratios and numbers of branches efficiently produce intense
localized heat in response to near-infrared light.[**) Of the various bottom-up wet-chemical
approaches for synthesizing branched nanoparticles, the seed-mediated growth method, where the
nucleation and growth steps are performed separately and sequentially, is one of the most
promising approaches for precise nanoparticle shape control.*°351 However, the immobilization
of pre-synthetized nanoparticles on substrates can result in low surface density and inhomogeneous
distributions.['*! To address this limitation, we developed a seed-mediated synthetic method that
enables direct growth of shape-controlled AuNPs uniformly on oxide substrates using in situ shape
control designed to prepare branched structures on surfaces.[?%>¢]

We modified a previously established batch seed-mediated growth protocol from
Pallavicini and co-workers,*”) improving product reproducibility and reducing the impact of
secondary nucleation (i.e., uncontrolled formation of new nuclei after particle growth has already
begun). In the original approach, the zwitterionic surfactant laurylsulfobetaine (LSB) yields rapid
growth of nanostars through kinetic control to achieve sharp tips. The seeds were also capped with
LSB, resulting in the requirement for the reagents to be kept at low temperatures to avoid rapid
aging and batch-to-batch variation in the positions and intensities of the localized surface plasmon

resonance (LSPR) peaks. In our synthesis, we opted to use cetyltrimethylammonium chloride
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(CTAC)-capped seeds, which age more slowly and yield products with reproducible ultraviolet

(UV)-visible spectra (Figure 5.1).
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Flgure 5 1. A, B Transmnssnon electron mlcroscopy images showing gold
nanostar (AuNST) products synthesized using (A) seeds capped with
laurylsulfobetaine (LSB) and (B) cetyltrimethylammonium chloride
(CTAC). C,D: Ultraviolet-visible spectra showing three repetitions of
each synthesis, performed with (C) LSB-capped seeds and (D) CTAC-
capped seeds.

The addition of ascorbic acid (reducing agent) in the absence of the seeds results in rapid
secondary nucleation, leading to the uncontrolled growth of sub-optimal morphologies. Secondary
nucleation is especially undesired if our intention is to apply this synthesis in microfluidic
channels, where the growth solution is required to flow through tubing for some time prior to
reaching the channel containing the substrate-anchored seeds. In order to slow secondary

nanoparticle nucleation, we further modified the growth solution through addition of HCI to reduce
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the pH and effectively decrease the reduction strength of ascorbic acid (Figure 5.2). Spectroscopic
analysis of the growth kinetics in Figure 5.2 indicate that significant nucleation does not occur for

at least 20-40 min following the addition of ascorbic acid, unless the gold seeds are added to the

growth medium.
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Figure 5.2. A-D: Ultraviolet-visible spectra of (A) nucleation of nanoparticles in growth
solution without HCI and (B) with 10 uL/mL 1 M HCI over 10 min without the addition of any
seeds. C: Scaled view of graph B and D: spectra of solution with HCI addition from 10 min to
60 min. E: Digital photographs of solutions after 30 min and F: 1 h. The solution with HCI 1s

on the left in both pictures.
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Figure 5.3. A: Transmission electron microscopy image of the three gold nanostar products (i)
anisotropic spheroids, (ii) low aspect-ratio products, and (iii) high aspect-ratio products.
Ultraviolet-visible spectra showing the effect of increasing B: ascorbic acid, C: hydrochloric
acid, and D: silver nitrate in the growth solution. Transmission electron microscopy images E,F:
showing product identification for yield determination, and G: large-scale view of final products
yield: 42% spheroids (1), 24% low aspect ratio (ii), 20% high aspect ratio (iii), 14% unidentified.
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The final adjusted colloidal protocol produced three major products, as observed by
transmission electron microscopy (TEM) and UV-vis spectroscopy: anisotropic spheroids, low-
aspect ratio AuNSTs, and high-aspect ratio AuNSTs (Figure 5.3A-D), exhibiting LSPR peaks at
ca. 525 nm, 650 nm, and 875 nm, respectively. The corresponding yield of high-aspect ratio
products was 20% (Figure 5.3E-G). Addition of HCI slows the growth process and therefore could
disfavor formation of highly branched and high aspect ratio products.*?! However, even without
HCI addition, three different products are observed, indicating that the low yield of the desired
products is likely due to inevitable secondary nucleation in solution. As discussed below, the low
yield of high aspect ratio products is ultimately resolved when the growth is translated in situ on

slides and within the microfluidic channels.

5.2.2. In situ nanostars overgrowth on slides and in capillaries

The in situ seed-mediated AuNST growth and shape control strategy developed here takes
advantage of the size of pre-synthesized seeds, which can be grafted easily onto a variety of oxide
materials. Our in situ growth strategy is summarized in detail in Figure 5.4A: (i) substrate
chemical modification with (3-aminopropyl)triethoxysilane (APTES), (ii) grafting pre-synthesized
gold seeds onto the APTES chemical anchor to serve as catalytic surfaces for the growth of
AuNSTs, and (iii) subsequent introduction of a growth solution via incubation or flow. Attaching
the smaller seed particles prior to AuNST growth, rather than tethering larger pre-synthesized
nanostructures to the substrates, improves product density and limits the formation of byproducts
resulting from secondary nucleation events that normally occur during the colloidal growth step.
Moreover, our methodology can be applied to a variety of substrate geometries, including glass

microcapillaries, enabling straightforward integration with microfluidic systems.[*8-4!]
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Figure 5.4. (A) Schematic of in situ seed-mediated gold nanostar
growth: (i) indium tin oxide (ITO) and glass surface
functionalization with (3-aminopropyl)triethoxysilane (APTES),
(i) tethering of catalytic seeds, and (ii7) incubation (top) or flow
(for microfluidic capillaries, bottom) of growth solution
containing tetrachloroauric acid, silver nitrate,
laurylsulfobetaine, and ascorbic acid (AA). Scanning electron
microscopy images of gold nanostars on (B) ITO and (C) glass
slides, and (D, E) within glass microcapillaries (all shown at the
same scale). (F) Digital photograph showing blue capillary
coloration following flow of growth solution and (G) ultraviolet—
visible spectrum of the nanostar-coated capillary. The red area
indicates the first near-infrared biological window.

We achieved uniform AuNST coatings on ITO (Figure 5.4B), glass slides (Figure 5.4C),

and along the internal walls of glass microcapillaries (Figure 5.4D,E). The final products yield
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films that appear blue in color with a broad LSPR peak at ca. 975 nm after flowing growth solution
for 3 min (Figure 5.4F,G). Silver nitrate is known to play an important role in the shape control
of anisotropic nanoparticles.*!! Recalibration of the silver concentration in the growth solution
confirmed that nanostructures with the highest near-infrared extinction were produced with the
same concentration used for conducting the synthesis in a colloidal suspension (Figure 5.5). This
observation suggests that the optimal colloidal shape-directing reagent concentrations are directly

translatable to growth in flow.

— 0.5x AgNO;

—1x AgNO,

—1.5x AgNO;
400 600 800 1000 1200
i Wavelength (nm)

with Az 33 uM (0.5%), B:

ig
75 uM (1.0%), and C: 108 uM (1.5%) AgNO3 in the growth solution, and D: the corresponding
ultraviolet-visible spectra.

The AuNSTs grown in situ were characterized by scanning electron microscopy (SEM)
and were found to have branches with average aspect ratio of 3 = 1, and an average of 7 + 2
branches per AuNST without accounting for hyperbranching (n=3, 150 nanoparticles each).
Moreover, flow can increase the rate at which the gold precursor is delivered to the surface-bound
seeds, requiring shorter growth times (3 min) to achieve branched products in flow compared to
the 10 min growth time necessary for slides or wafers. The AuNSTs grown in situ on flat substrates
and in rectangular microcapillaries had 2.4x higher average aspect ratio and nearly twice the

branching of those synthesized in solution (Figure 5.6 and Table 5.1).

167



Chapter 5. Gold Nanostars in Situ Shape Control on Oxide Substrates and in Microfluidic Channels

QR -
P o

m10A 4.OB

£ ¥ o 30 [

Ee Z% E Z%

5 é/ S 2% 77 %

gz- 7 7 ¢/ . <"t’1°' %/ 2 i -
G o

Figure 5.6. A: The average number of arms obtained by analyzing 150
particles of each type. Low aspect ratio (AR) corresponds to product Figure
5.3A(i1) and Figure 5.3B(i1) for LSB- and CTAC-capped seeds, respectively.
High AR corresponds to products shown in Figure 5.3A(iii) and Figure
5.3B(ii1) for LSB- and CTAC-capped seeds, respectively. B: The average
aspect ratio (arm length/arm base width) for 150 of each product.

Table 5. 1. Comparison of colloidal and in situ products. CTAC: cetyltrimethylammonium
chloride; LSB: laurylsulfobetaine

Particle Growth Seed Capping | Core Aspect Ratio Branches
Method Ligand (nm) | (arm length/base)

Spheroids Colloid LSB 13£2 -- --
Low aspect Colloid LSB 13+3 09+0.3 3.8+0.6
ratio
High aspect Colloid LSB 1443 2.0£0.8 3+1
ratio
Spheroids Colloid CTAC 12+2 -- --
Low aspect Colloid CTAC 16+3 1.1£0.3 3.8£0.5
ratio
High aspect Colloid CTAC 16 +£3 22+09 3+1
ratio
High aspect | Microfluidic CTAC 40+ 10 3+1 7T+2
ratio

On the substrate, the effective ratio of gold precursor to the seeds depends on factors absent
in standard colloidal growth, including the yield of APTES functionalization and seed deposition.

In the case of the microfluidic capillary, the flow profile and rate must also be considered. Given
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these factors, the higher yield of high aspect ratio products on both the flat substrates and the
capillary can be attributed to the spatial restrictions for growth from the surface-bound seeds.
Furthermore, byproduct deposition is prevented by removal of the substrates from the growth
solution or by flowing the growth solution out of the capillary prior to significant secondary

nucleation. More detailed analysis of the products in situ are shown in Figure 5.7.
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Figure 5.7. A: Scanning electron microscopy images of representative gold nanostars grown in
situ on a glass capillary. Histograms showing measurements (150 nanoparticles for each) of the
nanostars’ B: core diameter, C: aspect ratio, D: number of branches, and E: tip width.
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When the synthesis is performed under flow, there are several factors affecting nanoparticle
morphology, such as the volume of growth solution passed through the microfluidic channel, i.e.,

the “growth time” (Figure 5.8A-E), and the flow rate used (Figure 5.8F-J).

Growth Time =45s Growth Time = 1.5 min Growth Time = 3 min Growth Time = 6 min Growth Tlme 8 mln

Flow Rate 1 mL/mir

Flgure 5.8. A-E: Gold nanostars grownat the V10us growth times shown, all wth oate

250 pL/min and F-J: flow rates, all with 3 min growth times. Products shown in panel C and

H represent the standard growth conditions.
Nanostars grown over short time periods lacked branching, likely due to insufficient quantities of
growth solution within the microcapillary (Figure 5.8A). Nanostructures grown for greater than 6
min at the same flow rate produced overgrown nanoparticle films, consistent with the introduction
of excess gold precursor (Figure 5.8E). Conditions generating products shown in Figure 5.8C,H
have 3 min growth times, which ensured that enough growth solution passed through the
microfluidic system without leading to significant secondary nucleation (Figure 5.2) and appear
to yield the desired highly branched, high aspect ratio products more reproducibly than those
grown at different flow rates (Figure 5.9). Assuming lateral diffusion was negligible, the flow

rate should dictate the deposition of gold atoms onto the seeds, where faster flow rates are expected

170



Chapter 5. Gold Nanostars in Situ Shape Control on Oxide Substrates and in Microfluidic Channels

to produce structures with the highest anisotropy and branching. However, both the lowest and

highest flow rates yielded particles with minimal branching and low aspect ratio (Figure 5.8F,J).

Flow Rate = 500 pL/min

P

| . . . : sl LB
Figure 5.9. Scanning electron microscopy images showing
capillaries for each flow rate shown: A-D: Samples grown at half the standard rate, E-H:
samples prepared under “standard” flow conditions, and I-L: samples prepared using double the
standard flow rate. Growth solution was flowed through the capillary for ~3 min (+ 30 s) for

each sample. All images are shown at the same magnification.

We expect that several factors affect the spatial distributions of the nanostructures,
including variabilities in the flow rate and profile within the capillaries due to sample-to-sample

differences in capillary positioning within the tubing, the yield of APTES functionalization, and
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seed anchoring. The branched particles were synthesized under laminar conditions (Reynold’s
number, Re ~ 8.5), and we infer that the flow has profound effects on AuNST morphology, since
the products found at the outlet of the capillary have much less branching than those present at the
inlet and center (Figure 5.10). Ultimately, the optimized in situ synthetic parameters provide a
useful method for functionalizing oxide substrates of arbitrary geometries with dense coatings of
shape-controlled products (additional images shown in Figure 5.11) and demonstrate the potential

for accessing different nanoparticle morphologies through the careful design and incorporation of

fluid flow into the synthesis.

| O Sua
Figure 5.10. Scanning electron microscopy images of a split capillary at A-B: lower

magnification, and at higher magnification C: showing products in the first ca. two-thirds of the
capillary and D: products near the outlet of the same capillary.
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Figure 5.11. Scanning electron mcrosopy mges shing three different capillaries repared
under standard growth conditions (3 min, 250 pL/min flow; one row=one sample) at different
magnifications.

5.2.3. In situ nanostars overgrowth in polydimethylsiloxane-microfluidics

Microfluidic channels made of PDMS are commonly used in devices that implement
different flow profiles, such as embedded barrier, herringbone, and other micromixers (Section
1.2.3).[174243] The introduction of vertical mixing in these devices is useful for applications like
particle or cell sorting, can facilitate exchange of reagents within the channel,l!*!7444¢] and can be
useful for developing novel diagnostic tools or sensors that take advantage of the size-related
properties of plasmonic AuNSTs.[27:47481 Our unconventional synthetic strategy enables us to test
the effects of fluid flow profile on the in situ shape control of the plasmonic structures. Here, we

probe how these factors can be controlled to optimize AuNST growth in channels with three-
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dimensional (3D) features and under different flow environments. Specifically, we fabricate and
compare ‘“featureless” microfluidic channels with a laminar flow profile and “herringbone”
micromixers that have 3D staggered herringbone features that promote vertical mass exchange

(Figure 5.12).[43:47:49]

SURFACE FUNCTIONALIZATION PDMS BINDING TO ITO/GLASS

Assembled PDMS channel

\ APTES 5% EOH ; w Air plasma
—
60 °C, 5 min 2 1 min

m@“‘“——

LR R RHENY,

Figure 5.12. A: Schematic of substrate surface functionalization and binding of polydimethyl
siloxane (PDMS) microchannels. For indium tin oxide (ITO) substrates, (3-
aminopropyl)triethoxy silane is used to facilitate binding during the device assembly step. B,C:
Digital photographs of a (B) featureless and (C) herringbone PDMS channel.

Although the PDMS channels readily bind to air or oxygen plasma treated glass via
condensation reaction, we observed that PDMS could not be strongly bound to ITO with this same
method. Therefore, in order to facilitate binding of the PDMS channel with ITO, we first
functionalized the ITO-coated glass with APTES as an adhesion layer. The air plasma treatment
of the APTES-functionalized ITO and the PDMS channel resulted in the activation of both surfaces
so that strong binding and a liquid-tight seal could be achieved (Figure 5.12A, Figure 5.13). The

control experiments presented in Figure 5.13 show that leakage occurs within 5 min after flowing
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solutions with different viscosities between 150 and 500 pL/min in channels that did not have both

an APTES coating and air plasma treatment.
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Figure 5.13. A: Digital photographs of polydimethylsiloxane (PDMS) channels bound to
indium tin oxide (ITO) substrates under different conditions after flowing (A) water and (B)
ethanol. Left to right: after (3-aminopropyl)triethoxysilane (APTES) functionalization and air
plasma activation, after rinsing with isopropyl alcohol (IPA) and air plasma treatment, and after
only the APTES functionalization. Each row represents a different rate of flow tested over a 5
min period. Absent photographs indicate conditions where device failure occurred within the
first 30s of testing. C-E: Digital photographs of the underlying ITO-coated substrate after
removal of the channel assembled with different surface treatments. F-H: Contact angle
goniometry measurements of water on the ITO substrate after (F) the first APTES
functionalization step, (G) after air plasma activation, and (H) after the second APTES
functionalization step.

In Figure 5.13C-E, the strength of the PDMS-ITO binding can be further appreciated,

where the subsequent removal of the PDMS channel leads to removal of the ITO coating from the
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underlying glass substrate. This effect is observed when the complete binding protocol is followed.
In order to attach the gold seeds and perform in situ AuNST overgrowth, as described in the
previous sections, the channels need to be re-functionalized with APTES. We used water contact
angle goniometry to test how the surface chemistry of the ITO changed following an initial coating
with APTES, then air plasma treatment, and finally, the second APTES functionalization step

(Figure 5.13F-H).

Figure 5.14. A
indium tin oxide (ITO)/glass and (B) polydimethylsiloxane (PDMS) in a featureless channel.
C,D: Schematics showing different areas and dimensions of the herringbone PDMS channel. E-
H: Scanning electron microscopy images of gold nanostars grown on the (E) substrate (ITO or
glass), (F) the small herringbone (HB) feature (area 1), (G) the large HB feature (area 2) and
(H) the gap between the HB repeats (area 3).

Although the second APTES layer yielded a lower contact angle than the initial one, it
appeared that the second functionalization led to changes in surface hydrophilicity, indicating that

the functionalization was at least partially successful. Moving forward, although the difference in

contact angle potentially suggests that the density or organization of the APTES on the surface

176



Chapter 5. Gold Nanostars in Situ Shape Control on Oxide Substrates and in Microfluidic Channels

does change between the initial and latter functionalization steps, we show that overall the
formation of dense AuNST layers on the ITO was achieved (Figure 5.14). With the optimized
fabrication method and growth solution recipe described in the previous section, environmental
SEM revealed branched structures on the PDMS channel and the ITO and glass substrates. In
herringbone channels, AuNSTs were present at all areas within the 3D features, namely the “small
herringbone,” “large herringbone,” and “gap” features indicated in Figure 5.14E-H. Because
PDMS is naturally hydrophobic, the assembled channels were exposed to air plasma treatment for
I min to assist in wetting and the removal of trapped air bubbles, which could be especially
problematic for the herringbone channels with 3D features (Figure 5.15). When the second air
plasma treatment is not performed, it is common to observe growth defects like those shown in
Figure 5.16A, where the gap areas have non-uniform AuNST coverage due to poor wetting.
Interestingly, by visual inspection, the density of the particles matches the modeled flow profile.
Simulations show that the simulated trajectories of 10 nm objects is concentrated away from the
“peaks” of the herringbones as indicated by the dotted red lines (COMSOL Multiphysics package,
Figure 5.16A,C,D). Overall, this observation indicates that the reaction occurs in the flow-limited
regime, where the kinetics of the reaction is determined by the flow rate more so than the rate of
precursor reduction on the gold seeds. Compared to the glass capillaries, the PDMS-ITO channels
enable us to more easily and directly perform high vacuum electron microscopy characterization.
Therefore, we are able to carry out more detailed studies on the products observed at different
locations within the channel (inlet, center, outlet) and under different flow conditions using this

channel configuration.
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Figure 5.15. A-L: Optical microscope images of water flowing at 250 uL/min for the indicated
time (left) through polydimethylsiloxane — indium tin oxide channels after (A-D) 0 s, (E-H)
30 s, and (I-L) 1 min air plasma activation.
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Figure 5.16. A: Bright-field microscope image of the PDMS of the herringbone (HB) channel
after growth showing potential effect of bubbles (yellow outlined regions) due to presence of
three-dimensional features. B-E: Snapshots of simulated particle tracing in the HB channel with
time (increasing time in order from B-E), showing the trajectories of 10 nm sized objects at 250
puL/min. The red lines are guides for the eye showing how the flow appears to be directed away
from the “peaks” of the herringbones, matching the low-density areas observed at the peaks in
panel A.

Recently, in situ growth schemes have been applied to create substrates with gradient
colloid arrays where the nanostructures exhibit decreasing degrees of branching along the
substrate.l®"] These “plasmonic libraries” are useful for rapidly screening the SERS efficiencies of
different AuNST morphologies. However, these prior studies use time-consuming self-assembly
processes to establish these gradients. Here, we directly create AuNST gradients within 3 min by
leveraging the depletion of reagents in laminar flow. The formation of gradients is caused by

consumption of reagents near the surface as the solution flows through the channel (there is no

significant vertical mass transfer Figure 5.16). In the featureless channels, the observation of a
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product gradient is consistent with the previously discussed results from in situ overgrowth in glass
capillaries (see Section 5.2.2).

Gradient formation was also seen in herringbone channels. This observation is somewhat
surprising considering that one could hypothesize that the introduction of vertical mixing would
help replenish the reagents at the substrate walls with reagents from the “bulk” of the flowing
growth solution. The electron microscopy images of AuNSTs at the inlet, center, and outlet
(Figure 5.17B-D) of the channels were converted to black and white images and the percentages
of white pixels were determined using MATLAB to evaluate the surface coverages of gold (Figure
5.17E). Using these analyses, the gold coverage in the featureless and herringbone channels was
observed to decrease significantly from the inlet to the outlet, by ~20 % for samples grown close
to the optimal flow rate for achieving highly branched structures (50-100 pL/min). Here, we find
that although there is vertical mixing in the herringbone channel, the gold precursor still appears
to be consumed quickly when reaching the substrate-bound seeds, significantly reducing the
overall concentration of the growth solution at the outlet. Thus, we hypothesize that this result is
another indication that the synthesis is flow limited and the reduction of the gold precursor onto

the seed does not appear to be the rate-determining step.
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Figure 5.17. A: Digital photographs showing the gradient from inlet to outlet (/eft fo right) for
nanostars grown in the featureless (fop) and herringbone (HB, bottom) channels. B-D: Scanning
electron microscopy images of the products at the (B) inlet, (C) center, and (D) outlet of a
herringbone channel grown at 150 uL/min flow rate. E: Box graph showing differences in gold
coverage between the inlet, center, and outlet regions of the products grown in featureless (/ef?)
and HB channels (right) at different flow rates.

If the growth is flow limited, then the products should change when different flow rates are
applied. For example, one could predict that lower flow rates would produce smaller or less
developed structures compared to higher flow rates over the same growth time (resulting in
different total flow volumes). To test this hypothesis, we examined growth at flow rates at a wider

range, from 25 to 1000 pL/min, in both featureless (Figure 5.18) and herringbone channels

(Figure 5.19) and performed analyses on obtained SEM images. The highest rate value was
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selected since it is the maximum flow rate that PDMS-ITO microchannels can usually withstand
without delamination. The density and size of the AuNSTs were quantified via SEM along with
the percentage of surface gold coverage as described earlier (Figure 5.20). For featureless
channels, changing the flow rate between 25 and 500 puL/min still does not significantly affect the
size (~100 nm), density (~60 AuNSTs/um?), nor percentage of gold coverage (~50%) (Figure
5.20A,C.E) until 1 mL/min is applied and the structures start to overgrow into films. In the
herringbone channel, a similar trend is observed where the average size (~60 nm), density (~100
AuNSTs/um?), and gold coverage (~50%) remain relatively unchanged until films are fabricated

at 250 uL/min after excessive growth (Figure 5.20B,D,F).

Figure 5.18. Scanmng electron microscopy images of branched product% on the 1nd1um tin oxide
substrate after flowing growth solution for 3 min at the indicated flow rate in the featureless
channels. Each image in the row for each tested flow rate corresponds to a separate sample.
Excessive growth into films is increasingly observed at 1 mL/min, and the device begins to fail
at higher flow rates.
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Figure 5.19. Scanning electron microscopy images of branched products on the indium tin oxide
substrate after flowing growth solution for 3 min at the indicated flow rate in the herringbone
(HB) channels. Each image in the row for each tested flow rate corresponds to a separate sample.
For the HB channels, flow rates above 250 uL/min are not shown because this is the point at
which the appearance of gold films dominates.
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Figure 5.20. A-F: Box graphs of measured nanostar (A,B) size, (C,D) density, and (E,F) overall
percent surface coverage of gold for featureless and herringbone devices. Relationship of
particle size to density for (G) featureless and (H) herringbone channels.
These evaluations show that herringbone channels reach the point of excessive growth into
gold films at lower flow rates than featureless channels, indicating that vertical mixing leads to

more efficient consumption of the growth reagents. Although a difference in products at flow rates

from 25-100 pL/min is not significant, comparing the product density to the nanoparticle size
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provides some insight into this result. In both the featureless and herringbone channels, the size
and density have weak negative correlations at all flow rates tested. Even though there is evidence
that the growth is flow limited (growth in the herringbone following the simulated flow profile,
product gradients from the inlet to outlet, excessive growth at high flow rate), it appears that at
low flow rates the density of the nanostructures, resulting from the yield of the APTES coating
and seed attachment, has a greater effect on the product size than the flow rate. Thus, high
reproducibility in nuclei density in in situ growth schemes appears to be important for performing
more detailed studies focused on understanding how flow parameters can be modulated to alter
substrate-grown nanostructures. It was found that the herringbone channels generally result in
products that are smaller and denser than the featureless channels, while also giving more
reproducible density values. Therefore, the mixing in the channel possibly facilitates better
uniformity of the APTES coating and seeding steps. Thus, selecting a microfluidic geometry with
more efficient mixing could be used to improve the seeding uniformity. This result provides
significant observations that can inform future advancements of in situ growth in microfluidic
channels.

Next, we performed spectroscopic analyses of the growth solution exiting the microfluidic
channel in order to understand the observation of excessive growth in the herringbone channel at
250 pL/min further (Figure 5.21A). Even without the addition of seeds, the gold precursor in the
growth solution will eventually be spontaneously reduced and particles will be formed. The
absorbance at 400 nm is dominated by interband transitions in metallic gold.!**) Therefore, the
intensity of the absorbance at 400 nm can be used to compare the amount of reduced gold present

in the sample regardless of particle size or shape.>***! From our spectroscopic measurements, the
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reduction of gold precursor in the growth solution at the outlet is complete after 2 h (at this point

the spectra stop changing, Figure 5.21B).
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Figure 5.21. A: Products at 250 uL/min in a featureless channel and B: a herringbone channel.
C: Extinction at 400 nm of the growth solution collected at the outlet, comparing herringbone
and featureless channels at 250 pL/min.

We collected the aged outlet solution and obtained UV-visible spectra to compare the amount of

gold that remained in the growth solution after the synthesis.[>***1 Overall, we find that at

250 pL/min, the extinction at 400 nm of the herringbone outlet solution is roughly half that of the

featureless channels. This result is consistent with our hypothesis that gold precursor consumption

is more efficient in herringbone channels.

Section 5.3. Conclusions and Prospects

We developed a seeded method for AuNST growth in situ on substrates with arbitrary
geometries, including microfluidic devices. Our optimized synthesis applies temperature-stable
CTAC-capped seeds and utilizes HCI as a handle for reducing secondary nucleation, which is a

common issue for in situ syntheses. We applied our optimized protocol to grow AuNSTs in flow
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within microcapillaries and PDMS microchannels, where growth time, flow rate, and flow profile
can be tuned to manipulate AuNST morphology. A detailed electron microscopy study enabled by
the implementation of semiconductor ITO as the channel substrate revealed that although the
growth appears to be flow-limited, the density of the nuclei on the substrate plays a dominant role
compared to flow rate in influencing the final size of the particles. However, at high flow rates,
the effect of the flow limited growth is observed when densely overgrown gold films are produced.
In the case of the herringbone channels, the vertical mixing leads to more efficient and rapid
consumption of the growth reagents than what is achieved with channels exhibiting a laminar flow
profile. Overall, with the optimized device fabrication and synthesis protocols, dense coatings of
highly branched anisotropic nanostructures were rapidly formed on complex substrates, including
those containing 3D features. Ultimately, our optimization of the AuNSTs in flow indicates that
microreactors can be rationally designed to fabricate microfluidic devices decorated with
anisotropic plasmonic nanoparticles. This work ultimately lays the groundwork for additional

exploration into flow-controlled growth of shaped nanoparticles on substrates.

Section 5.4. Materials and Methods

5.4.1. Materials

All analytical grade reagents, silver nitrate (AgNOs; 99%, CAS: 7761-88-8),
HAuCl4-3H20 (99%, CAS: 16961-25-4) L-ascorbic acid (99%, CAS: 50-81-7), N-dodecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate (LSB; 99%, CAS: D0431), hydrochloric acid (HCI;
ACS Reagent 37%, CAS: 7647-01-0), (3-aminopropyl)triethoxysilane (APTES, 99%, CAS: 919-
30-2), cetyltimethylammonium chloride (CTAC; 25 wt % in H>O, CAS: 112-02-7), and thiophenol

(99%, CAS: 108-98-5) were purchased from Millipore Sigma. Piranha solution (3:1 98% sulfuric
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acid, CAS: 7664-93-9, and 30% hydrogen peroxide, CAS: 7722-84-1; Fisher Scientific) was used
for cleaning glass capillaries. Warning: Piranha mixture is dangerous as it violently reacts with
organics and should be handled with caution. High performance liquid chromatography (HPLC)-
grade sub-micron filtered water (CAS: 67-63-0) and 200 proof ethanol (CAS: 64-17-5) were
obtained from Fisher Scientific. All glassware and magnetic stir bars used for synthesis were
cleaned thoroughly with aqua regia (3:1 concentrated HCI to HNO3, Millipore Sigma) and rinsed
with HPLC-grade water before use (nitric acid: 15.8 M, Fisher Scientific, CAS: 7697-37-
2). Warning: Aqua regia solution is extremely corrosive and reactive. Care is needed in its
preparation and usage. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow
Corning (Michigan, USA). Indium tin oxide (ITO) coated glass slides were purchased from MSE

supplies (0.7 mm 7-10 Ohm/Sq ITO Coated Glass Substrate, 50 mm x 50 mm x 0.7 mm).

5.4.2. Colloidal gold nanostar synthesis

The AuNST synthesis was carried out using a seed-mediated growth method.[*” First, CTAC-
capped seeds were prepared by adding 4.7 mL of 0.1 M CTAC with 25 uLL HAuCly, followed by
injection of 300 uL of 10 mM NaBH4 under vigorous magnetic stirring, yielding a light brown
product. A separate growth solution containing 4 mL 0.1 M LSB, 60 uL of 50 mM HAuCl4-3H>0,
and 60 pL of 10 mM AgNOs and 40 pL 1 M HCl was prepared. An aliquot of 200 pL of 100 mM
ascorbic acid was added to the solution and stirred by hand until the solution turned clear. This
step is immediately followed by the addition of 8 puL of the seed solution and stirred by hand. The

growth solution then turned from a clear color, to pink, purple, and finally a dark blue color.
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5.4.3. Preparation of functionalized glass capillaries

Glass capillaries (VitroCom, Product No.: 5010-050) 1 mm x 100 pm were cleaned with
piranha solution for 30 min, sonicated 4 times with HPLC-grade water, sonicated 3 x 5 min in
water, | X 5 min in ethanol, and oven-dried. Due to the size of the capillaries, there is a chance
that residual piranha solution might remain following the rinsing step;, to ensure that all piranha
solution is completely inactivated, the capillaries should be carefully dried at 60-120 °C for 1-5 d.
Once completely dried, the capillaries were functionalized with APTES. The capillaries were
placed in a vial containing APTES (5% v/v in ethanol), where the functionalization was performed
at 60 °C for 5 min. Following functionalization, the capillaries were sonicated in ethanol three
times for 5 min each and stored in ethanol (N.B.,— the capillaries, if stored in air, will degrade over
time). Due to the small internal diameter of the capillaries, it is important to ensure that the
solutions wet the entire length of the capillaries for each step, brief sonication can be used to
remove bubbles. Moreover, the capillaries must be completely dry and free of any water prior to
silane functionalization; otherwise, the APTES will polymerize (leading to cloudy residue in the
capillary). For best results, it should be handled/stored under inert gas because APTES is air
sensitive.

The APTES-functionalized capillaries were dried with nitrogen before use, and 5-min epoxy
(Devcon, No. 14240) was used to secure tubing ~6 cm in length (Cole Parmer, Tygon S3-B-44-
4X) onto each end of the capillary. The capillary was inserted ~1-2 mm into the tubing, to prevent
the epoxy from sealing the capillary. This assembly was secured to four glass slides to prevent the
capillary from breaking during handling. The epoxy was allowed to dry overnight, and the

capillary was rinsed twice by hand with a 5 mL syringe of HPLC water before the growth step.
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5.4.4. Preparation of polydimethylsiloxane channels

The PDMS was thoroughly mixed at a standard 10:1 base to curing agent ratio by weight.
After mixing, the solution was degassed by centrifuge at 3500 rpm for 2 min. Then, the PDMS
mixture was poured onto a silicon master that was treated with an anti-stick coating of
perfluorooctyltrichlorosilane. The functionalization with perfluorooctyltrichlorosilane was
performed as follows: 4 pL of the silane was placed in a reservoir in a glass desiccator with the
masters (placed vertically on the side walls) and was placed under vacuum for 20 min using a
benchtop vacuum pump. The substrates were rinsed with isopropyl alcohol and completely dried
with compressed air. The masters could be re-used ~5 times before the non-stick coating had to be
reapplied. The PDMS was cured for 1 h at 80 °C.

The PDMS-glass channels were fabricated by simultaneously treating both the glass
substrate and the PDMS channel to 30 s of air plasma activation (8 sccm, 100 W, Henniker Plasma
HPT200). The channel and substrate were immediately placed in contact after plasma treatment,
then placed in a 60 °C oven to facilitate binding for at least 1 h before use, but they can also be
kept in the oven overnight. ITO-coated glass was functionalized with APTES following the same
procedure detailed for the capillaries, then the APTES functionalized ITO and the PDMS channels
were air plasma treated and bound in the same way as the PDMS-glass devices.

After the channels were successfully bound and cooled to room temperature, the devices
(with inlet and outlet holes already created) were placed in the air plasma cleaner for 1 min to
increase the hydrophilicity of the internal channel walls. The channels were then pre-wetted with
200 proof ethanol at 250-500 pL/min for ~2 min. When herringbone channels were used, extra
care was taken during this step to ensure that bubbles did not remain trapped in the 3D features.

Difficult to remove bubbles could be released by tapping the channel either by hand or with the
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back of a pair of tweezers while the wetting ethanol solution was flowing through the channel.
Then, an APTES solution (for facilitating binding of the colloidal seeds) was introduced into the
channels and allowed to flow into the channel for 2 min at 250-500 pL/min. Then, the channels
were quickly placed in a 60 °C oven for 8 min with tubing attached. (N.B.,— without the tubing the
APTES solution will evaporate, if this appears to be happening, the tubing should be plugged with

a syringe so that the solution is able to warm to 60 °C without evaporating).

5.4.5. Microfluidic synthesis

A solution of CTAC-coated seeds was flowed into the capillary or channel at 0.1 mL/min
using a syringe pump (Harvard, Chemyx 400) for 1 h. Here, it is again important for the
herringbone channels that bubbles are not trapped in the 3D features, otherwise the growth will
not be uniform. The devices were then gently hand-rinsed with water using a syringe. (N.B.- Other
brands of syringe pumps were tested and, with other models, the pump would significantly heat
up over a long period of use, negatively affecting the synthesis reproducibility, so, one must verify
that the brand of pump used does not heat). The 4 mL growth solution (without seeds or ascorbic
acid) was prepared, as described in the Colloidal AuNST Synthesis section. The ascorbic acid
was added quickly and mixed well (N.B.,— the solution should appear clear rather than yellow
following the addition), immediately taken into a syringe and flowed through the capillary at the
specified flow rate (0.63 mL/min — 1 mL/min; standard: 0.125 mL/min). The growth was continued
for 3 min after which the pump was stopped, and the channels were immediately rinsed with MilliQ
water by hand two times using a syringe to remove any residual growth solution. During the flow
step, the start of the growth time is recorded when the growth solution reaches the capillary, which

can take 15-30 s depending on tubing length. During flow, the solution coming from the outlet
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was checked by visual inspection to confirm that it is clear immediately upon exiting the device,
rather than red/blue, which would indicate nucleation inside the solution due to insufficient rinsing

of the seed solution out of the channel. The final products appeared dark blue in color.

5.4.6. Gold nanostar characterization

An ultraviolet (UV)-visible spectrophotometer (Agilent, Cary 8454) was used for
spectroscopic characterization. Transmission electron microscopy (TEM; 120 kV, Technai T12)
was used to determine the aspect ratio and distribution of products synthesized in solution. Samples
were prepared by centrifuging 10 mL of the final solution at 15,000 rpm for 20 min, followed by
removal of the supernatant. Functionalization with thiolated 2000 MW polyethylene glycol (PEG-
SH) was performed as previously reported™’! for TEM grid preparation so that the nanoparticles
could be washed multiple times without aggregating. The sample was redispersed in 10 mL of
water and 1.0-1.1 mg of PEG-SH was added. The solution was left to stir on an orbital shaker for
2 h. Afterwards, the solution was washed by centrifuging 4 mL at 15,000 rpm for 20 min, removing
the supernatant, and redispersing in 4 mL in milliQ water. After the final rinsing step, the particles
were redispersed in 5 uLL of milliQ water. A 400-mesh Cu grid with carbon support (Ted Pella,
Inc., Part No.: 01844-F) was placed in a petri dish lined with parafilm, and a 5 pL drop of the
washed AuNSTs was placed on the grid. The petri dish was closed and covered with parafilm to
allow slow evaporation of the drop over 4 h.

Scanning electron microscopy (SEM) was utilized to characterize the morphology and
uniformity for the AuNSTs grown on glass and ITO (ZEISS Supra 40VP SEM, 3-10 kV). The
AuNST on glass slides and microcapillaries were coated with an iridium thin film (~3 nm) using

an Ion Beam Sputtering/Etching System (South Bay Technology, model number). Carbon tape
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was used to secure the sample to the sample holder, along with copper tape to reduce charging.
The AuNSTs on the PDMS channels was characterized with environmental SEM (FEI QUANTA

200 Field Emission Gun) operating between 5 and 15 kV under low vacuum (60 Pa).
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Chapter 6. Plasmonic Response of in Situ
Gold Nanostars and Hyperthermia-Mediated
Cell Removal
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Branched gold nanoparticles convert light to heat and exhibit intense localized fields near
their sharp tips. Thermoplasmonic nanostars synthesized on the internal walls of microfluidic
channels efficiently produce heat in response to light in the near-infrared biological window.
The application of these structures for hyperthermia-mediated cell removal was evaluated,
paving the way to applications in cell isolation and sorting.
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Section 6.1. Introduction

6.1.1. Localized heating in gold nanostars

Gold nanostars (AuNSTs) fall into a class of plasmonic materials called “thermoplasmonic
nanoparticles” capable of efficiently converting light into heat.['! Thermoplasmonic rods,!?
shells/cages,! and stars!*! produce heat via non-radiative plasmon-phonon coupling in response to
light in the near-infrared (NIR) biological window. Thanks to their stability and biocompatibility,
thermoplasmonic gold nanoparticles have been popularly leveraged for numerous studies focused
on tissue-nanoparticle interactions,>8 cargo delivery platforms,”!” substrates for light-

11,12] materials for combined cancer cell

responsive cell retrieval,!
hyperthermia/chemotherapies,’>>!¥ and studies on phenomena resulting from plasmonic heating
(e.g., bubble generation).['*!] Among these NIR-responsive morphologies, AuNSTs have gained
particular interest due to the significant electromagnetic field enhancement at their sharp points,!”!
high NIR extinction, and large surface areas.[*'®! Another popular application of AuNSTs is its
implementation in sensors, since plasmonic structures are capable of enhancing the Raman

scattering cross sections for molecules adsorbed on their surface (via surface-enhanced Raman

scattering, SERS).!""22l The SERS phenomenon is described in the following section.

6.1.2. Surface-enhanced Raman scattering

A small portion of scattered light (~1 in 10 million photons) will have a different energy
than the incoming light. As shown in the Jablonski diagrams in Figure 1.5, scattered light with
lower or higher energy than the incoming light is called Stokes or anti-Stokes Raman scattering,
respectively. Probing the scattered light results in a chemically specific “fingerprint,” however,

because so few photons are inelastically scattered, the Raman signal is relatively weak. Despite
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this, there are many benefits to Raman vibrational spectroscopy, because unlike IR spectroscopy,
it is based in probing changes in the polarizability of the molecule, rather than the dipole
moment.!'’) So, often times molecules or functional groups that give intense Raman signals are
observed relatively weakly in IR. For example, the O-H stretch in water gives a weak Raman
signal, meaning that it is possible to probe molecules in aqueous solutions, which is much more
challenging to do with IR spectroscopy. Furthermore, because Raman spectroscopy does not rely
on absorption of light corresponding to the vibrational energies of the molecule, one does not need
to use an infrared lamp as a source, and instead different wavelength lasers can be used.
Experimentally, this capability can be more convenient because the use of fiber optic cables offer

more versatility instrumentally.

A — Excited state B —_ Excited state ‘ C ‘ —__ Excited state
----- l\”“”“ -+ -+ Virtual excited state srreezeeseeeeyeeeee Virtual excited state sreeepreeeeenyeees Virtual excited sta
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Figure 6.1. A-C: Jablonski diagrams showing (A) elastic scattering, (B) inelastic Stokes Raman
scattering, and (C) anti-Stokes Raman scattering.

In 1977, Jeanmaire and Van Duyne!?’! and Albrecht and Creighton!>¥ discovered that
corrugated metal surfaces can greatly enhance the Raman scattering, and it was later established
that the enhancement in signal depended upon the enhanced fields created by localized surface
plasmons. The SERS intensity (Isggs) depends on the size of the localized fields, and therefore the
average size of the field-enhancing features on the surface (a) and the distance of the adsorbate
from the feature surface (7):

a+r

Isprs = (T)_lo [Eq. 6.1]
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With current systems, a SERS enhancement of 10°-10° is routine, and even single-molecule
detection is possible, with SERS enhancement factors as high as ~10'4.12]

Plasmonic structures can be engineered to enhance the local field, like with the hotspots in
nanosphere dimers discussed in Chapter 1, improving the SERS enhancement. In this regard, gold
nanostars are especially useful for SERS-based sensing because, even without the formation of
dimers, individual nanostars present intense localized fields near their sharp tips.*®! The field
localization in these regions have been demonstrated with electron energy loss spectroscopy as

shown in Figure 6.2A-C.

Anti-Bonding

A
Tip -

-

Bonding

Figure 6.2. A: Electron microscopy image of an individual
nanostar, and B,C: the electron energy loss spectra showing
field enhancements localized to the nanostar’s sharp tips. D:
The plasmon hybridization diagram illustrating coupling
between the core and tip plasmon modes [reproduced with
permission from ref. 26,28. Ref. 26: Copyright 2007 American
Chemical Society. Ref. 28: Copyright 2009 American
Chemical Society].

Overall, the plasmon response of AuNSTs can be described similarly to the plasmon

hybridization theory discussed for dimers in Chapter 1, but this time, instead of the hybridization
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of the plasmon modes of individual particles, the plasmonic response of AuNSTs is described by
the hybridization of their tip and core plasmons.[?8] As illustrated in Figure 6.2C, although the
plasmonic response of the AuNSTs is dominated by the lower energy tip plasmons, the mixing
with the higher energy core plasmons leads to increased extinction and local field enhancements
observed with electron energy loss spectroscopy.?’”! Overall, the enhancement in extinction is ~4
times greater than the individual tip plasmons as calculated by finite-difference time-domain
simulations). The physical description of this result is that the higher frequency core plasmon
oscillations are able to adiabatically follow the lower frequency tip plasmon oscillations,
increasing the effective dipole moment at the tips, leading to an antenna effect.!*¢28 Nowadays,
SERS with AuNSTs is used for sensitive detection of environmental pollutants, biomolecules, and

for monitoring complex biological systems.?!:222%:30]

6.1.3. Application of nanostars grown in microfluidic channels

Here, we characterize the plasmonic properties of the glass microfluidic capillaries
fabricated in Chapter S and explore their applications in the isolation and light-triggered release
of grafted cells. Although AuNSTs are commonly used in photothermal cancer therapy to kill
cancer cells by localized heating, recent work by Giner-Casares explores the utility of AuNST
heating for fabricating cell culture substrates capable of light-triggered retrieval of viable cells.[*!]
In this scheme, the cultured adherent cancer cells are gently removed from the substrate thanks to
a ~2-3 °C increase in temperature at the substrate upon irradiation with light in the first NIR
biological window. Implementing this light-retrieval mechanism in a microfluidic device can be
useful for creating new diagnostic tools for monitoring circulating tumor cells in the blood of

patients with metastatic diseases (Figure 6.3). 32734
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Figure 6.3. Schematic showing circulating tumor cell capture and release with gold nanostars

in a microfluidic channel.

Recent works focuses on implementing microfluidic devices for the enumeration and genetic
characterization of circulating tumor cells released in to the blood stream from primary metastatic

5.11233351 In our scheme, the implementation of AuNSTSs

sites to inform patient treatment strategie
has various benefits: (i) selective capture of target cells can be achieved by attaching antibodies to
the AuNST surface taking advantage of strong gold-thiol binding,*®! (ii) the localized heating can
enable either the release of viable cells or the recollection of the internal contents of the cell that

contain its genetic information without having to dismantle the device,'>3!3234 and (iii) the

capability for the AuNSTs to enable SERS measurements can be useful for performing drug

7] [38,39]

screening studies,*”) or monitoring the cell response to localized heating.

In this work, we show that the mesoscale heating of the microcapillary can be controlled
by adjusting the laser power, as well as by flowing water into AuNST-decorated microcapillaries
at different rates. Changes in the overall mesoscale temperature were correlated with phenomena
at the local nanoscale environment through simultaneous thermal and SERS measurements.
Moreover, we applied this system to interrogate the response of adhered glioblastoma cells to

AuNST localized heating and identified conditions that facilitate the systematic detachment of

single cells from the capillary walls. Cellular responses, such as cell reshaping, necrosis/membrane
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permeabilization, and rapid cell ablation were dependent on local heating and flow conditions. Our
results suggest that this plasmonic-nanostructure-integrated microfluidic platform has potential for
new solutions in small-molecule sensing,[***! intracellular delivery via poration,!'>*! or the
targeted retrieval of single cells in adherent cultures, representing a starting point for the

development of devices capable of cell capture and targeted, selective light-triggered release.[!!*"]

Section 6.2. Results and Discussion

6.2.1. Nanostar plasmonic and photothermal response

Cell hyperthermia can be broken down into temperature regimes giving rise to different
biological phenomena: 37-41 °C is the diathermia range, where cells are able to maintain
homeostasis and do not undergo significant damage due to heating; for 41-48 °C, cell death can
be achieved and protein unfolding and aggregation occurs; 48-60 °C constitutes the ablation
regime where thermalization yields DNA damage and rapid, irreversible protein denaturation.!!!
Plasmonic heating is a near-field effect that can be detected by far-field temperature changes as
heat is transferred from the nanoparticle to the surroundings.[**! We characterized the photothermal
performance of the prepared substrates by measuring the mesoscale temperature using a thermal
camera as the AuNST-coated microcapillary was irradiated at different laser power densities with
a continuous wave laser and under different flow conditions. The thermal camera measures the
temperature of the outer capillary surface, because the infrared radiation inside the capillary does
not transmit through the capillary wall. However, because the capillary wall is thin, the temperature
gradient through the wall can be neglected, and the capillary surface temperatures are used to
approximate the fluid temperatures inside the capillary. Temperature changes (AT) of ca. 40 °C

were observed in “no flow” (stationary liquid) conditions (Figure 6.4A).
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Figure 6.4. Thermal camera images of gold-nanostar-coated capillaries irradiated at different
laser power in A: no flow and B: 50 uL/min flow. The dotted line indicates the edges of the
capillary (width: 1 mm) Heating curves in C: no flow and D: 50 pL/min flow.
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Figure 6.5. A: Heating curves obtained at different spots in the capillary under 50 pL/min flow

at the same power density (34.7 kW-cm™). B: Average temperature between three different

capillaries prepared with standard growth conditions (3 min, 250 pL/min flow).
When cooling (via flowing liquid) was applied at the same power density, temperature changes of
10 °C were observed (Figure 6.4B). Without flow, equilibrium temperature was reached after ~10
s of irradiation, compared to less than 1 s with flow. Rapid cooling occurred once laser irradiation
was discontinued (Figure 6.4C,D). Negligible changes in temperature were measured when an
unfunctionalized capillary was irradiated, consistent with the heating being due to the plasmonic
response of the AuNSTs (Figure 6.4C,D). Moreover, characterization comparing sample-to-
sample and spot-to-spot variations in localized heating showed that the photothermal response of

the in situ synthesized AuNSTs gave good reproducibility (Figure 6.5).
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Because nanophotothermolysis is a near-field phenomenon, the measured macroscale or
mesoscale temperatures are much lower than the temperature at the nanoparticle surface, which
can exceed hundreds of degrees Celsius.['*l Rapid local thermalization can result in a number of
events, including damage to molecules bound to the nanostructures, nanoparticle reshaping, and
vaporization/cavitation of fluid immediately surrounding the nanoparticles to produce nano- and
micro-bubbles.[141644-46] The plasmonic activity of the nanoparticles should not be affected by the
presence of flowing water. Consequently, although the reported mesoscale temperatures in flow
are lower than those seen under static conditions, we hypothesized that the nanoscale temperatures
are comparable regardless of the flow. To test this hypothesis, we probed the near-field
environment by measuring the SERS signal for AuNST-bound thiolated ligands using the setup

shown in Figure 6.6.

Digital Microscope

»

\Thermal camer:

7 0

Capillary w/AuNSTs

Inlet Outlet &/ . / -
Mounted Capillary w/AuNSTs 0
Laser

Figure 6.6. Schematic of instrumentation setup for the simultaneous thermal camera/surface
enhanced Raman scattering (SERS) measurements. The camera and digital microscope are
placed at an angle to prevent damage from the laser and a digital photograph of the setup.
In fact, both the high SERS enhancement and the heat generation in branched AuNPs results from
high electric field localization at sharp points.!”#7*8] Additionally, phenomena such as tip
rounding and reshaping of the nanostructures, as well as damage to the ligand coating can occur

at high temperatures, reducing both light-to-heat conversion and SERS intensity. Therefore, the
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combination of near-field and far-field optical measurements leads to better assessment and
understanding of the nanoscale effects of flow over the photothermal process.

Experimentally, the LSB coating on the AuNSTs was displaced by thiophenol, a common
non-resonant model system for SERS studies, taking advantage of the gold-thiol bond. We show
the surface-enhanced Raman scattering spectra of thiophenol over 20 min at 55 W/cm? (Figure
6.7A). Thus, the device should be operable for long periods of time at 55 W/cm? power density or
lower, which addresses the temperature changes of interest required for cell-removal in our system.
With the spectra shown in Figure 6.7B-D, we compare water and various solutions of potential
interest for biological applications, including phosphate-buffered saline and Dulbecco’s Modified
Eagle’s Medium (DMEM) cell culture medium. Spectra in Figure 6.7B-D were obtained with
irradiation at 28 kW/cm?, representing a laser power applied within the range 37-0.7 kW/cm?,
achieving relevant temperature changes for cell removal. Moreover, as dilute aqueous solutions
containing salts, vitamins and amino acids, phosphate-buffered saline and DMEM are thermally
similar to water. Therefore, we also do not expect the localized heating effect to differ significantly

between the three environments.
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Figure 6.7. A: Surface-enhanced Raman spectra for thiophenol measured in a gold nanostar
capillary at 55 W/cm? over 20 min. B-D: Comparison of surface-enhanced Raman spectra
measured in flowing water, phosphate-buffered saline, and cell culture medium (Dulbecco’s
Modified Eagle’s Medium; used to culture U-87-GFP cells) over 5 min.
To track both the mesoscale temperature of the capillary (i.e, probing the far field) and the
SERS signal of the thiols bound to the nanostructures (i.e., probing the near field), we incorporated
concurrent thermal camera measurements along with the collection of SERS spectra. As expected,
both temperature and SERS intensity increase with laser power (Figure 6.6,8). Although the
mesoscale temperature decreases significantly under flow, the SERS intensity remains comparable
at flow rates ranging between 0-50 uL/min and at laser fluences up to the highest power density
tested (73 kW-cm%; Figure 6.8A,B). However, under stationary conditions, we observed the
disappearance of the thiophenol fingerprints at the highest power density tested (73 kW-cm™)

together with the appearance of the Raman spectra for amorphous carbon (ca. 1400 cm™!, Figure

6.8A,B). Furthermore, at the same power density (73 kW-cm2, Figure 6.8C), we observed a
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decrease in AT over time, indicating that there was reduced light-to-heat conversion. Taken
together, these results point towards two phenomena occurring: damage to the thiol ligands and
nanoparticle reshaping. Spatially correlated SEM measurements provide further evidence that
nanoparticle restructuring occurs under these conditions Figure 6.9. We conclude that the cooling
effects of the fluid flow protect the nanostructures from thermally induced reshaping. Furthermore,
we observed the formation of bubbles large enough (i.e., several microns in diameter based on the
microscope images) to result in measurable mesoscale temperature fluctuations of a few degrees
as they refill and coalesce with one another (Figure 6.8C shows the temperature fluctuations

during this process).

A B SERS Thermal C ] D7, 1 - ry
601 @250 vL/min lso 25 pL/min
125 pL/min S 21 6 Sohlmi
x20 = 5 uL/min 301 % HL/min
2 : 50 0 pL/min | 18-
%; 73 kW-cm2 < 40 > 25 ;
5 S a0 = < @ %
2 2 l30€ X 20 t < o
£ < > E g
X 4+ 301 4 < 15 c
£ 37 kW-cm™2 £ 120 =~ S 9 o
g £ 204 2 10+ = 6
A Ahz3kwem? | F : °
2 10 o 5 3{ oD
2 c 7|8
A 0:7 KW-cm™2
- ; - v ———] / AN o —————————— o
1600 1400 1200 1000 800 600 7 73 5 20 40 60 80 100 120 0 10 20 30 40 50 60 70
Raman shift (cm™) Power Density (kW-cm?) Time (s) Power Density (kW-cm?)

Figure 6.8. A: Surface-enhanced Raman spectra of thiophenol at various laser power (no flow),
and the Raman spectra showing amorphous carbon obtained at 73 kW-cm™ at 20% intensity
(inset). B: Comparison of Raman normalized integrated peak area at 1581 cm™! and measured
mesoscale heating at different flow conditions and laser power. C: Heating profile of capillary
at high power density. D: Average power converted to heat at different laser power densities
(maximum laser power is 25 mW). Additional data on the thermal performance and scanning
electron microscopy images of products before and after reshaping are shown in Figure 6.9.

The comparable SERS intensities observed under the various flow conditions indicate that
although the presence of flowing liquid alters the mesoscale temperature, and flowing water can
thereby reduce ligand damage or AuNST reshaping, it ultimately does not affect the near-field

generation of heat.
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Figure 6.9. Scanning electron microscopy imageof capillary
irradiated at high laser power density (73.3 mW/cm?) before and after
irradiation, corresponding to the heating curve shown in Figure 6.8.
To test if the light-to-heat conversion is independent of the flow conditions (i.e., when damage to

the plasmonic structures does not occur), we estimated the heat ¢ for different flow rates at multiple

laser power settings (Figure 6.10,11).

(2]

y-value
—-40
—-30,
—-20
|——-10

A Inlet \\x\./

30
|——40
—350
—60
—70

Temperature (°C)

Qutlet

i
Laser Spot

R A o S S e s
5 10 15 20 25 30 35 40 45 50 55
x (pixels)

Figure 6.10. A: Schematic of system. B: Thermal image showing capillary under irradiation,
C: Temperature profiles at y-values from -40 to 70 pixels for determination of outlet.

The calculations were performed as follows: consider the control volume shown in Figure 6.10A.
We denote the volumetric flow rate as V, and the temperature difference between the inlet and
outlet as AT. At steady state, the laser power converted into heat g can be estimated using:

q= VpCpAT [Eq. 6.2]
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where p indicates water density and C,, indicates water specific heat. V was controlled by the
syringe pump, and p and C,, are both known constants. We need to measure AT to estimate g and
rely on IR thermography to determine the former quantity.

Figure 6.10B shows a temperature field measured by the IR camera (x and y axis units in
pixels). We use y = 0 to indicate the plane exposed to the laser. Steady-state temperature
distributions at several y locations on the capillary surface are shown in Figure 6.10C. Positive y
values indicate capillary positions downstream of the laser spot whereas negative y values indicate
upstream positions of the laser spot. To determine AT, we first determine the inlet and outlet
boundaries of the control volume (shown in Figure 6.10A), and corresponding temperatures at
these boundaries. Based on Figure 6.10C, either y = -40 or y = -30 can be used as the boundary
for the flow inlet, because the temperatures at these y locations do not vary significantly along the
x-direction. Similarly, y = 50, 60, or 70 can be used as the boundary for the flow outlet. The stable
temperature profiles at different y locations indicate steady-state flow and also supports the

assumption of neglecting heat loss because temperature decreases little in the y direction within

the capillary region.
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Figure 6.11. A: Mean temperature at the inlet and outlet of the gold nanostar-functionalized
capillary as indicated in Figure 6.10B. B: Isolation of steady-state temperatures. C:
Temperature difference between the inlet and outlet.
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We use the mean value along x-axis of the capillary to indicate the temperature at y =-30 and y =
50 respectively (Figure 6.11A). We extract the temperatures at steady state as shown in Figure
6.11B, and the temperature difference between inlet and outlet is shown in Figure 6.11C. AT is
calculated using the mean value of the temperature differences.

Based on the power of the laser source X (W), the power absorbed as heat is approximately
q/X%. For different flow rates, the laser power converted into heat increases linearly with the
percentage of the laser power and is comparable for the three different flow rates (Figure 6.8D).
We estimate up to ~90% power conversion (based on the ~24 mW power converted compared to
the max laser power of 25 mW) into heat from our estimation of the steady state AT at 50 uL/min
flow rate, which lies within the expected performance previously reported for branched structures

49501 These results provide additional support that the flow conditions do

in colloidal suspension.|
not alter the plasmonic activity of the nanostructures within the capillary.

In summary, we demonstrate that these simultaneous SERS-thermal measurements can be
correlated to far-field and near-field plasmonic responses of the AuNSTs and can be applied as
tools for probing the nanoscale environment. In addition, we find that tuning the microfluidic flow

rate enables finer control over total capillary heating without sacrificing plasmonic activity and

has potential for protecting the nanostructures from temperature-induced morphological changes.

6.2.2. Nanophotothermolysis of adherent cells

Microfluidic systems have previously been proposed to confine adherent and suspension
cells spatially to the same focal plane for performing fluorescence confocal microscopy studies on
apoptosis and cell response to chemotherapeutics.®! ¥ Fluorescence confocal cell imaging and

simultaneous monitoring of the mesoscale temperature change has potential to offer new insight
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into the temperature dependence of cellular responses to plasmonic heating as they occur in real-
time. Our setup enables us to use laser-scanning fluorescence confocal microscopy to visualize
AuNST-cell interactions with adherent cells while irradiating the AuNSTs with a NIR fs-pulsed

laser and measuring capillary temperature (Figure 6.12).

. prrasn |
Microscope Objective

Laser
CapillarJ w/AuNSTs

Inlet Outlet

Thermal camera

Figure 6.12. Schematic of instrumentation set up for the simultaneous thermal/fluorescence
scanning confocal microscopy measurements and a digital photograph of the setup.
Moreover, we demonstrated hyperthermia-mediated single-cell “point-and-shoot” release of
grafted adherent cells (Figure 6.13A) and observe changes in cell morphology, appearance of
necrotic blebs, and microbubble formation, depending on the flow rate and temperature.

First, we evaluated the adhesion of model cells onto AuNSTs by culturing them over a
AuNST-coated substrate. Mercaptoundecanol was used to displace LSB and facilitate coating with
fibronectin in order to enhance cell interactions with the AuNSTs. After functionalization, the
AuNST-capillary was split, and an adherent glioblastoma cell line expressing green fluorescent
protein (U-87 GFP) was incubated on the substrate in a well plate for 24 h (at 37 °C, 95% humidity,
5% COz). Scanning electron microscopy images and fluorescence confocal microscopy images
show that the cells spread over the functionalized substrate (Figure 6.13B-D). When cells were

administered into the capillary via flow, spreading was observed within 60 min (Figure 6.14). This
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analysis shows that the functionalization procedure enables direct interactions of the cell

membrane with the local environment of the plasmonic nanostructures.
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Figure 6.13. A: Schematic of adherent cell attachment and light-activated removal. B,C:
Scanning electron microscopy images and D: scanning fluorescence confocal microscopy image
of a green fluorescent protein-expressing U-87 cell on gold nanostars. Scanning fluorescence
confocal microscopy images of cell response at different laser fluences in E: no flow (white
arrows indicate microbubbles) and at F: 50 uL/min flow rate (white circles indicate blebs which
caused leaking of intracellular contents) (scale bar = 25 um; E-F shown at the same scale.
Maximum fluence = 17 mJ/cm?, Table 6.1,2).

IL12] Here, we

Plasmonic heating has previously been used to detach cells from surfaces.!
used point-and-shoot selective release of grafted cells to demonstrate the plasmonic activity and
possible applications of our structures (Figure 6.13A). The cells were flowed into the capillary
and incubated within the capillary for 60 min to facilitate attachment (based on the initial
SEM/fluorescence confocal microscopy data), then irradiated in the capillary, giving an overall

AT of ~1-30 °C depending on the laser power and flow conditions. Without fluid flow, cell removal

occurs quickly with increased maximum temperature, where rapid cell ablation is observed within
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s as AT approaches 20 °C. Furthermore, if the irradiation area in the capillary temperature is

increased by more than ca. 10 °C, we observed the formation of microbubbles (Figure 6.13E).

Figure 6.14. Fluorescence scanning confocal microscopy images showing A-G: the same green
fluorescent protein-expressing U-87 cell spreading over the course of 60 min within a gold
nanostar-decorated capillary, and H: image of multiple cells following incubation for 60 min.
Steam nanobubble generation and subsequent formation of microbubbles via diffusion of
dissolved gases has been previously described for substrates (such as glass slides) decorated with
thermoplasmonic nanoparticles, and their formation has been shown to play a role in causing
mechanical damage to cell membranes.!%! Air bubble formation requires local temperatures near
the spinodal temperature of water (277 °C) and consequently the local heat energy produced in this
system is likely to exceed the measured mesoscale capillary heating greatly.!!'*4¢] Bubble formation
during nanophotothermolysis of cells induces significant mechanical stress, which likely plays

(45541 Ag a control

major roles in the mechanism of cell removal under these circumstances.
experiment, we observe no cell damage, bubble formation, nor significant temperature change for

at least 5 min irradiation time up to 30% of the fs-pulsed laser power (17 mJ/cm?; Table 6.,2) when
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AuNSTs are not present in the capillary (Figure 6.15). The incident laser power from the fs-pulsed
laser was measured at low power percentage using a power meter (Thorlabs PM120V; S120UV
Sensor, 200-1100 nm). Laser spot size (785 nm) was calculated from the factory reported size at a

wavelength of 488 nm (7.48x10™"* m?) as 1.2x1071? m?

Table 6.1. Measured power for the continuous wave laser used in the
correlated surface-enhanced Raman scattering and thermal imaging

measurements.
Percent laser power Measured Power (mW) Residual
0 0 --
1 0.027 0.03
1.5 0.068 0.01
2 0.135 0.03

Table 6.2. Extrapolated power for the fs-pulsed laser used for the laser
scanning confocal microscopy measurements.

Percent laser power Power (mW) Calculated fluence (mJ/cm?)
10 5.5+0.1 5.7
15 8.3+0.1 8.6
20 11.0+ 0.1 11
25 13.8+0.1 14
30 16.5+ 0.1 17

A 4 Max=27.2 =2/, T
Avg =264 o =264 ¢ q35
. B - S / 34
M'n‘w‘;-— 25._ , -

m & ‘ i237

Figure 6.15. Laser scanning confocal microscopy images of green fluorescent protein-
expressing U-87 cells A: before irradiation and B: after 5 min of irradiation at 17 mJ/cm? (30%
power, no flow). Thermal camera images of capillary C: before and D: during irradiation with
a fs-pulsed laser. Maximum (max), average (avg), and minimum (min) temperatures are shown
in °C for the circular region of interest.
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Under flow (Figure 6.13F), significant cell membrane damage occurs with temperature
changes above 4 °C, and ablation leads to the loss of intracellular materials and near instantaneous
removal from the substrate (i.e., similar to what was observed at 17 °C without flow). At the
fluences tested (5.7-17 mJ/cm?), we do not observe microbubbles, which may be due to the flowing
liquid carrying the bubbles downstream. However, even in the absence of microbubbles, cells
exhibit membrane damage with changes in temperature of only 1-3 °C, leading to the rapid
formation of protrusions called “blebs,” with diameters in the tens of microns, which are precursors
to the release of intracellular contents. The formation of blebs indicates rupture of the outer cell
membrane and the nature of the blebbing can also indicate different mechanisms of cell death,
such as apoptosis or necrosis, which have been observed previously with nanoparticle
hyperthermia.[>>>->7] Apoptosis is a biologically controlled process, whereas necrosis is rapid cell
death caused by external stimuli (e.g., high local temperature in this case). The size and degree of
blebbing indicates necrosis as the primary mechanism of cell removal and damage. Note that
without flow, the formation of blebs is harder to detect using confocal microscopy, as the blebs
quickly move out of the focal plane and do not move around nor detach from the main body of
cells exposed to fluid flow.

The rate of local temperature increase is important to control when studying cell
interactions with thermoplasmonic nanoparticles, where selection between apoptosis and necrosis
can be achieved through careful control of the heating conditions. Furthermore, we leverage
gradual heating to demonstrate controlled release of cultured cells from substrates with branched
thermoplasmonic structures.'!! In our system, we are able to tune both the flow and the laser
fluence systematically to control the heating experienced by the cells. Although the laser fluences

(11 mJ/cm?) giving AT of 10 and 3 °C without and with flow, respectively, are the same, the
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cooling effects of flow mitigate damage to the cell, enabling cells to remain on the substrate
substantially longer. With flow, we also do not observe bubble formation, likely because any
bubbles generated are rapidly carried downstream. Both with and without flow, the cells exhibit
significant membrane disruption, even at low overall capillary temperatures. In these experiments,
we used a fs-pulse laser to trigger the plasmonic response, which might result in more aggressive
localized heating compared to continuous wave illumination sources, where the energy deposition
and generation of heat can be more efficiently controlled.’® %’ The SERS experiments (continuous
wave laser) and the cell experiments (fs pulsed laser) exhibit similar photothermal phenomena
(i.e., bubble formation, AuNST reshaping), but we note that these systems are not directly
comparable in their deposition of energy to the particles and therefore the mechanisms leading to
the resulting phenomena likely differ between the two illumination conditions. Thus, building
upon what was done here, one interesting avenue to pursue will be to compare temperature
measurements, SERS spectra, and fluorescence confocal cell images collected simultaneously in
real time with different illumination sources to probe phenomena that result from intense nanoscale

heat generation.

Section 6.3. Conclusions and Prospects

Upon illumination, the AuNST coatings in microfluidic capillaries exhibit intense local
heating, achieving up to ~40 °C mesoscale temperature increase, and flowing water acts as a heat
sink, mitigating overall capillary heating. Thermal fluctuations and SERS can be used to monitor
damage to ligands and heat-induced changes to AuNST morphology occurring at the nanoscale.
We have demonstrated light-triggered “point-and-shoot” selective removal of cells from the

substrate and were able to observe cell necrosis, ablation, microbubble formation, and intact cell
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removal depending on flow conditions and laser fluence. With and without visibly evident
microbubble formation, AuNST photothermal response leads to cell membrane damage, causing
their rapid removal from the substrate. Although the presented studies on adherent cell interactions
with AuNSTs in flow are preliminary, these data indicate that future studies elucidating the
interplay between temperature, flow, and cell-AuNST interaction strength can be leveraged to
identify conditions that support controlled removal of intact, viable cells. Later designs of the
platform will target soft-release of viable cells and incorporate systems for cell collection and

viability analysis.

Section 6.4. Materials and Methods

6.4.1. Materials

See previous chapter for details on the chemicals used for microfluidic channel fabrication.

6.4.2. Thermal imaging and surface-enhanced Raman scattering

The SERS spectra were obtained using a Renishaw InVia micro-Raman spectrometer
(Renishaw PLC, Wotton-under-Edge, Gloucestershire, UK) with an 1800 grooves mm™! grating,
Rayleigh line rejection edge filter, Peltier-cooled deep depletion CCD array detector (576 x 384
pixels). All SERS spectra were acquired with a 40x air objective and 785 nm continuous wave
laser excitation with an approximate irradiation spot area of 34 pm? and maximum output power
of about 25.0 mW. Simultaneous temperature measurements were obtained with a thermal camera
(Flir A655sc, equipped with a 25 um Close-up Infrared Lens, 25 frames per second). A 5 mM

solution of thiophenol in ethanol was flowed into the capillary at 0.1 mL/min over the course of
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1 h to displace LSB. It is important to wait at least 8-24 h after the nanostar in situ growth prior to
adding the thiophenol. If it is performed immediately after the growth, the nanostars may not have
sufficient time to interact strongly with the APTES, causing it to be displaced by the thiol and
resulting in washing the nanostars out of the capillary. The source code for the absorption

calculations has been published online at: https://github.com/yuanyuansjtu/Nanostar/

6.4.3. Imaging cells on the gold nanostar films

The cell grafting on the AuNSTs was characterized by SEM. First, the cells were fixed and
stained following an established procedure.[®!! Critical point drying of the cells was performed
with a Tousimis Autosamdri-810 Critical Point Dryer and an iridium thin film was sputtered on
the sample. Copper tape and carbon tape were again used to secure the sample to the substrate to

improve conductivity.

6.4.4. Proof-of-concept cell release studies

The LSB on the AuNSTs was displaced by flowing an ethanolic solution of 1-5 mM 11-
mercapto-1-undecanol (MUD, 99%, CAS: 73768-94-2, Millipore Sigma) for 1 h into the capillary,
followed by hand rinsing with Milli-Q water three times. Then, 1 pg/mL fibronectin (0.1%
solution, BioReagent, for cell culture, Millipore Sigma) in phosphate-buffered saline (no calcium
or magnesium, Gibco™ 14190250, Fisher Scientific) was flowed into the capillary under the same
flow conditions for 1 h, followed by three additional rinses with Milli-Q water. Cell response to
nanoscale heating was performed with the setup with a Leica SP8 DIVE/FLIM laser scanning
fluorescence confocal microscope (1.2x10% cm? spot area at 785 nm, 80 MHz rep rate, 35 fs pulse

width) and simultaneous temperature measurements with a thermal camera (Fluke Ti450 infrared
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camera). Green fluorescent protein-expressing U-87 glioblastoma cells were cultured as per
protocols from ATCC and following trypsinization were immediately introduced into the capillary
(at ~103-10° cells/mL at a flow rate of 50 pL/min). The cells were allowed to incubate for at least
1 h prior to irradiation of the nanostructures. During cell release experiments under 50 pL/min
flow, a bubble trap Fluigent, CTQ-006BT) was used to prevent air bubbles from entering the

capillary and removing the cells.
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The methodologies for plasmonic substrate fabrication presented in this
thesis offer straightforward, versatile, and cost-effective solutions for designing
plasmonic materials incorporating gold nanoparticles. Each of the developed
techniques take advantage of bottom-up wet-chemical synthesis to produce
nanoparticles with selected shape, diameter, and plasmonic response. These
plasmonic systems have broad potential applications in metamaterials,
optoelectronics, sensors, heterogeneous catalysts, and biomedical devices.
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Section 7.1. Conclusions

Overall, the work presented in this thesis involves the development of different approaches
for fabricating plasmonic substrates with engineered optical responses.!!*] These projects take
advantage of scalable and affordable techniques, such as soft lithography and bottom-up wet
chemical synthesis. Much of the work presented applies unconventional synthetic approaches
involving the in situ formation of size- and shape-controlled nanoparticles directly on the substrate.
Although the conclusions are detailed at the end of each chapter, here I provide a summary of the

main contributions from each work.

7.1.1. Nanoparticle chemical lift-off lithography

Combining self-assembly and soft-lithographic patterning in nanoparticle chemical lift-off
lithography (NP-CLL) enables micro- and nanoscale arrangement of colloidal nanoparticles into
arbitrary patterns on substrates.[!! One can take advantage of subsequent patterning steps, such as
performing the NP-CLL process once more on a previously patterned gold nanoparticle monolayer
or transferring the lifted-up nanoparticles onto another substrate. The developed patterning method
is not only highly versatile in regard to the types of patterned features that can be accessed, but is
also translatable to different materials, e.g., silicon, glass, and polymers. The NP-CLL technique
has great potential for the fabrication of structures with engineered plasmonic responses, such as
chiral plasmonic substrates® ¢ or waveguides.[”*! Overall, my work has shown that NP-CLL is a

facile, scalable, inexpensive, and flexible approach for the fabrication of plasmonic substrates.
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7.1.2. In situ growth of gold nanoparticle arrays

In Chapter 3 and 4, in situ substrate growth was discussed, where bottom-up wet-chemical
synthetic techniques were applied to fabricate plasmonic nanoparticles with controlled

121 Here, I performed the in situ growth of

morphology and precise spatial positioning.
40-120 nm nanospheres and nanostars directly into arrays using a chemical reductant ink which
was patterned with a modified thermal nanoimprint lithography process. Understanding the role
of the chemical environment is one of the main focuses of the work presented in Chapter 4.
Specifically, key synthetic aspects were identified, such as the importance of implementing strong
reductants only on the substrate (rather than in the growth solution) to mimic the spatial separation
of nucleation and growth in colloidal synthesis and the need for significantly minimizing
secondary nucleation in the growth solution. The arrays have tunable spacings and, thanks to the
control over the chemical environment, I was able to synthesize plasmonic substrates that exhibit

high quality lattice plasmon resonances,!'*] which had not yet been previously demonstrated via

site-directed in situ chemical growth.['415]

7.1.3. In situ overgrowth of gold nanostars in microfluidics

In this work, I used a hybrid method to grow nanostars on slides and within microfluidic
channels.?! Colloidal seeds were grafted onto substrates and within the internal walls of
microfluidic devices, and then a growth solution was subsequently introduced to overgrow the
substrate-bound seeds into branched structures. These platforms are useful for studying
fundamental synthetic aspects of in situ growth. One of the unique features of this work is the
capability to use flow parameters (e.g., rate, profile, and time) to alter the yield and morphology

of the nanostructures. Overall, my work demonstrated that flow-mediated growth in PDMS-based
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microchannels occurs in the flow-limited regime. Moreover, growth in micromixers'®!”! led to
faster and more efficient consumption of the growth reagents compared to channels with laminar
flow, demonstrating that flow profile can have a profound effect on the final products. Ultimately,
a dominant factor affecting nanostar size in this synthesis is the density of the surface-bound seeds,
and future works pursing in situ microfluidic synthesis should take steps to optimize the surface

functionalization.

7.1.4. Plasmonic response and point-and-shoot cell release in nanostar-
coated microfluidic channels

Here, I investigated the plasmonic properties of the in situ synthesized nanostars in the
microfluidic capillary.!”! The biocompatibility of the nanostars and their plasmonic response in the
biological transparency window indicate their utility for biomedical applications.!'* 2% I found that
both flow and laser fluence can be tuned to modulate macroscale heating in the capillary.
Correlating surface-enhanced Raman spectra and thermal camera measurements enabled us to
probe and to monitor phenomena at the nanoscale, such as damage to molecules bound to the
nanostars or thermal reshaping of their sharp arms. Furthermore, controlled heating could induce
different biological responses in cells grafted to the nanostars, such as ablation, cell deformation,
release of intracellular components, and removal of intact cells. Ultimately, this platform has

18-20

potential applications in biological and chemical sensing,[!*2% hyperthermia-mediated drug

delivery,!?!! and microfluidic soft-release of grafted cells with single-cell specificity.*?!
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Section 7.2. Prospects

Overall, in situ synthesis offers a promising route for the fabrication of plasmonic
substrates, since it takes advantage of the high degree of chemical control possible with bottom-

(23.24] The lack of a comprehensive understanding of the mechanism of in

up synthetic approaches.
situ growth presents a significant knowledge gap that offers countless opportunities for
fundamental synthetic studies focused on understanding how different factors, such as the
substrate-particle interaction,”?”1 type of chemical reductant ink,[*®**) and the chemical
environment in general!!%!! can be modulated to select for certain shapes. Another great challenge
in in situ growth is the development of robust patterning methods that precisely confine the

30341 Future developments

formation of nuclei on the substrate with single-particle resolution.!
targeting these aspects can pave the way towards exciting possibilities, such as the direct synthesis
of oriented anisotropic structures,*>=") such as chiral nanoparticle arrays,>®! without having to
apply any specialized or costly equipment®®! or time-consuming and complex self-assembly
processes.l*’ Moreover, the in situ growth process is especially interesting for the fabrication of
sensors'*’! and catalytic substrates,'*!! since capping ligands are not explicitly required for in situ
synthesis, unlike most colloidal growth schemes.

Even though it does not follow a purely in situ chemical growth scheme and relies on
premade colloidal seeds as nuclei, the in sifu overgrowth of nanostars in microfluidic systems also
opens up stimulating possibilities for fundamental synthetic studies. Namely, precisely
manipulating the flow profile and the kinetics of the growth solution can be used as a tool to

fabricate unique plasmonic structures. In another example, one could also apply this platform to

investigate how changing the surface charge and/or the wettability of the surface affects growth
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kinetics as well. These kinds of studies would provide important insights that can lead to further
development of novel in situ growth methods.

Regarding the development of a circulating tumor cell isolation and capture device based
on nanostar-decorated microfluidic channels, further experiments testing the functionalization of
the nanostars with target cell specific antibodies will be necessary.”!"*?] Moreover, evaluations of
viability in intact released cells are needed to understand and to optimize the soft release of specific
cells.[?”) This development would showcase the potential for applying this system as a point-of-
care diagnostic tool. Thanks to the robustness of the gold-thiol binding, this platform could be

17,43 44

applied to target many different kinds of cancers.! 1 Ultimately, my contributions to the

synthetic schemes presented herein help identify new opportunities in the growth of plasmonic
nanostructures and I look forward to seeing what future possibilities will be unlocked with the

continued development of in situ approaches.
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Appendix A. Seeded-Growth Experiment
Demonstrating Size- and Shape-Dependence on
Gold Nanoparticle-Light Interactions

Transmission Scattering

We developed a high school nanoscience laboratory experiment where
students apply seed-mediated synthesis to prepare solutions of nanospheres and
nanostars. The color difference between nanosphere and nanostar solutions
demonstrate the concept of localized surface plasmon resonance. The light
scattering intensity of 10 nm and 100 nm colloidal spheres demonstrates the
dependence of the plasmonic response on particle size.

232



Appendix A. Seeded-Growth Experiment Demonstrating Gold Nanoparticle-Light Interactions

Section A.1. Introduction

Nanoparticles are materials that have physical dimensions on the nanometer scale in three
dimensions, and possess unique size-related characteristics, such as high surface areas,!'! unique
magnetic properties,?! and interactions with light!®! that differ from their bulk counterparts. In this
experiment, students will explore how the sizes and shapes of gold nanoparticles affect their
interactions with light, including visible color, the wavelengths of light transmitted/absorbed, and
the probability of light scattering. The bright colors observed in gold nanoparticle suspensions are
due to plasmons, which are defined as collective oscillations of loosely bound electrons in response
to electromagnetic waves (i.e., light). When the frequency of the incident light wave matches the
frequency of the plasmon, the oscillating electric field from the light can move the electrons back
and forth, causing the light to be absorbed by the nanoparticle. This absorption is called a localized
surface plasmon resonance (LSPR). The relationship of nanoparticle shape, composition, and local
dielectric environment to their LSPR is well understood and can be used in nanotechnology.! In
this work, we designed and implemented hands-on experiments introducing nanoscience and
plasmonics to high school and early undergraduate-level students, connecting students to this
active research topic.

Bottom-up synthetic methods have been used to create nanoparticle suspensions with
tailored plasmonic properties for a wide range of applications, including cancer therapies,®! drug
delivery,!®! and chemical detection.l! Here, we use a method called seed-mediated growth, where
small nanoparticles are first synthesized and then grown into large particles in a second step. This
strategy enables precise tailoring of nanoparticle sizes and shapes for different applications.!”!
During synthesis, small gold nanoparticle clusters (also called nuclei or seeds) form from gold

atoms. After the nucleation step, seeds, which are usually below 20 nm in diameter, are injected
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into a separate solution containing ‘shape-directing reagents’, which are molecules that will bind
to the growing nanoparticle surface and dictate the shape of the particle as it grows. This approach
enables the precise control of the chemical solution for the two separate steps, nucleation and
growth, so that the final shape of the nanoparticles is directed and better controlled. The
development of this method has led to the uniform synthesis of many different nanoparticle shapes,
including rods,8! wires, ! stars,!!% cubes,"!l and triangles. 2!

Currently, educational experiments involving gold nanoparticles primarily focus on testing
their stability in solution,'3-151 ytilizing them as colorimetric sensors,1*-181and bottom-up synthetic
approaches.'>1%-221Although some educational experiments focusing on nanoparticle shape
control?® and seed-mediated growth!?2l have been implemented previously, protocols that allow for
the formation of complex shapes are generally not applied in high school level settings due to the
use of toxic chemicals and the need for characterization equipment such as ultraviolet (UV)-visible
spectroscopy and electron microscopy, which may not be available in most high school settings.
The experiments presented here do not require complex instrumentation and involve optimized
robust synthetic seed-mediated protocols for preparing gold nanostars and 100 nm nanospheres.
Students will visualize the effects of nanoparticle size and shape on their optical properties.
Additionally, students will compare different light interactions, such as absorption and scattering,
on solutions containing different particle sizes. Overall, this experiment provides an opportunity
to introduce students to several topics currently studied in research labs across the globe, including
nanomaterials fabrication, surface area and colloidal stability, and the effect of size and shape on

nanoparticle-light interactions.
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Section A.2. Experimental

Students will learn and use basic concepts and models, such as the wave model of light,
physical examples of a resonance, and the color wheel to understand nanoscience concepts,
including interactions of plasmonic nanoparticles with light, bottom-up synthetic approaches, and
the roles of surface energy in nanoscale objects. The laboratory consists of three experiments,
which can be performed in one or multiple sessions. Preparation of reagent stock solutions require
at most 1 h by the instructor (to perform dilutions) and can be done up to a week before the
experiment. The experiments were designed for groups of 2-5 high school students to complete
within 2-3 h (depending on the depth of the explanation). Parts I, II, and III take ca. 30 min each
to perform. In our workshops, the discussion and explanation of the concepts took an additional
45 min — 1 h in total, but this timing can be adjusted at the discretion of the instructor, based on
the backgrounds of the students. All chemical reagents were purchased from Millipore Sigma, and

detailed experimental procedures are provided via the links in Section A.8.

A.2.1. Experimental Turkevich synthesis of gold nanospheres

In this experiment, students use a ‘bottom-up approach’ to grow small gold nanoparticles
(~15 nm), which exhibit bright red coloration due to their plasmonic properties using the
Turkevich-Frens method (Figure A.1A).132* An aqueous solution of the gold precursor, 25 mL
of 0.5 mM HAuCl4 (299.9%), is heated to a gentle boil, and sodium citrate (2.5% wt, 0.5 mL) is
added as a reducing agent and capping ligand. The high temperature causes the nuclei to grow
quickly and uniformly. As the growth progresses, the solution changes color from faint yellow, to

clear, then to black/blue, purple, and finally to a deep red. The students will note the color changes
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they observe at different times as the particles are formed, and each student should note at least 4
color changes. As an optional activity, once the particle solution has stopped changing color and
has cooled to room temperature, two 5 mL aliquots of the solution will be separated into two vials.
Liquid dish or hand soap will be added to one of the vials, and subsequently a table salt solution
will be added to both aliquots. Students will record the color changes over time and discuss how

the addition of soap (surfactant) and salt affect the colloidal stability of the nanoparticles.

A.2.2. Seed-mediated growth of nanostars

The particles from the first part of the experiment are used as seeds to synthesize
nanoparticles with different shapes, using seed-mediated growth. The shape-directing agent
AgNO3, and reducing agent ascorbic acid, will be used in the growth step to facilitate nanostar
formation (Figure A.1B, top). Specifically, students prepare a solution containing 5 mL of 0.5
mM HAuCls, 0.2 mL of 10 mM AgNOs, and 0.4 mL of the Turkevich seeds from Experiment 1
and combine this with 5 mL of a solution containing 1 mM ascorbic acid and 16 mM HCI. The
students will record the final color of the solution. This part of the experiment can be combined
with UV-visible spectroscopy, if it is available, but it is not necessary for understanding which

colors are absorbed and transmitted or interpreting data based on changes in particle shape.

A.2.3. Seed-mediated growth of 100 nm nanospheres

In addition to absorption and transmission, this experiment will enable students to explore
the differences between light absorption and scattering. Students will again apply seed-mediated
growth by adding 0.120 mL of the seeds synthesized in the first part of the laboratory to a solution

containing 6.5 mL 1.92 mM HAuCls, 0.4 mL 0.75% wt sodium citrate, followed by the addition
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of 5 mL of 4 mM ascorbic acid as a reducing agent (Figure A.1B, bottom). Once the growth is
complete (<5 min), the students can observe the difference in scattering intensity between the small
and large nanoparticle suspensions by shining a flashlight onto the vial. Students will record their

observations and rationalize their results based on the particle size.

Sodium
mtrate
Stlrrlng
100 °oC

Time

533

Figure A.1. Schematics of A: Turkevich seed synthesis and
B: subsequent nanostar and large nanosphere growth utilizing
the seed-mediated method.

Section A.3. Hazards

Personal protective equipment will be worn by students at all times during the experiment,

including lab coats, goggles, and gloves. Although non-toxic materials are used in this experiment,
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both tetrachloroauric acid and silver nitrate can cause stains to clothes and skin. The synthesis also
uses a small amount of 16 mM HCI, which can cause skin irritation. The HCI should only be
handled by the instructor during the pre-laboratory preparation period. When performing the
Turkevich synthesis, the solution should be brought to a gentle boil and handled carefully. No

fume hoods are necessary, and all reagents are non-toxic.

Section A.4. Results and Discussion

Observations of the synthesis in Experiment I will help students establish the idea that gold
nanoparticles, due to their small size, appear brightly colored instead of the metallic yellow color
characteristic of bulk gold. These observations will then be used in a discussion led by the
instructor, who should then define the key terms ‘plasmon’ and °‘localized surface plasmon
resonance.’ Following completion of Experiment I, students should have recorded data indicating
the color change at different time points of the Turkevich synthesis (example shown in Figure
A.2A). The observed bright colors that arise as nanoparticles are formed can be explained using
the wave electrons in the metal nanoparticle back-and-forth as the electric field oscillates. When
the light wave frequency is in resonance with the inherent oscillation frequency of the electrons in
the nanoparticle (called the plasmon), the light is absorbed. This absorption is referred to as a
localized surface plasmon resonance (LSPR) because the process is localized on a single nano-
sized object. Physical models, such as resonant pushing of a swing in motion, can be applied to
explain the LSPR phenomena to students. In this model, when a person on a swing is pushed at
exactly the right time, their motion can increase, representing absorption of the matching frequency
of light (see Appendix B,C). If the swing is pushed either too early or too late, however, the force

instead slows down the motion of the swing; this off-resonance pushing corresponds to light

238



Appendix A. Seeded-Growth Experiment Demonstrating Gold Nanoparticle-Light Interactions

with either too low or too high a frequency, which is not absorbed by the nanoparticle. Moreover,

students will learn the basic procedure for bottom-up nanoparticle synthesis, which can be
expanded to discuss chemical oxidation/reduction and the role of capping molecules to stabilize
colloidal nanoparticle suspensions.

Once students have been introduced to the key terminology, color complementarity (using
the color wheel) provides a short cut to enable students to predict the position of the LSPR peak,
and thus the approximate wavelengths of absorbed and transmitted light. The final ~15 nm particle
solution exhibits a red color, due to their LSPR peak at ~512 nm (Figure A.2B-C). In this case,
the LSPR peak corresponds to green, which is the complement of red (Figure 2B). For more
advanced students, addressing the color changes (black/blue, purple, to red) throughout the
synthesis can reinforce the relationship between size and absorbed wavelengths, as well as the
concept of small particles having high surface energies. As particles grow in size, the resonant
frequency of their plasmon decreases, leading them to absorb longer wavelengths and shifting the
LSPR peak to the red. Therefore, a solution of large particles that absorbs more in the yellow
region instead of green would have a more purple coloration to it based on the color wheel. As
small particles form, they are unstable due to their high surface-to-volume ratio, meaning that a
higher percentage of their total atoms are on the surface (see Section A.8). To reduce their high
surface energy, the small nanoparticles form clusters. The clusters effectively absorb light as if
they were large particles with lower plasmon resonance frequencies, causing absorption at longer
wavelengths (Figure A.2A: black/blue, purple). As the individual particles grow in size, they
become more stable as their surface areas decrease and eventually the clusters separate (Figure

A.2A: red).
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Figure A.2. A: Examples of typical student observations and data for
the Turkevich synthesis. B: The UV-visible spectra showing
maximum absorbance of the final products at ~520 nm. C:
Transmission electron microscopy imageof a typical seed sample.

In this part of the laboratory, students will also learn about the required components for the
bottom-up synthesis of gold nanoparticles: (i) gold salt (source of gold ions), (if) a reducing agent
(to turn gold cations into Au’ atoms so nanoparticles can form), and (i) a “capping” molecule that
binds to the surface of the nanoparticle, reducing the surface energy and allowing the particle to
retain nanoscale dimensions. The initial color change in the Turkevich synthesis from yellow to
clear (Figure A.2A) is due to the reduction of Au*" following the addition of reducing agent
sodium citrate. In this synthesis, sodium citrate also acts as the capping molecule (see links in
Section A.8 for detailed discussion). Expanding upon the idea of surface energy for advanced
students, the additional soap/salt colloidal stability activity in Experiment I tests the surface
stability of the nanoparticles following addition of surfactants, which acts as a stronger capping

ligand for stabilizing the particles and preventing them from aggregating following the addition of
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table salt, which causes aggregation due to electrostatic interactions. This concept has been
documented in previous educational lab experiments!'*!*! and is a general phenomenon of
nanomaterials that are stabilized in solution by putting charges on their surfaces.

In Experiment II, students test the effects of nanoparticle shape on the observed color and
LSPR peaks. This experiment uses the seed-mediated growth method, where the nucleation step
(initial formation of small gold clusters <20 nm in diameter, also called nuclei or seeds, from gold
atoms) and the growth step (increased reduction of gold ions onto the seeds) are performed
separately. Synthesis of uniform nanoparticle suspensions can be done through the rapid and
uniform reduction of gold salt. In the Turkevich synthesis, heat is used to achieve quick, uniform
nucleation in solution. Various nanoparticle shapes can be produced through addition of various
surfactants, salts, and metal ions, and other shape-directing reagents. However, the presence of
these reagents would also affect the nucleation step. So, rather than performing the nanostar
synthesis in one single step, we instead perform the nucleation step first, then add the seeds to a
separate growth solution where shape-control is performed (Figure A.1B). This so-called seed-
mediated growth method enables improved control over each synthesis step and is reliable for
generating uniform suspensions of different nanoparticle shapes.’”"'2l A digital photograph of a
typical nanostar solution synthesized via the seed-mediated method is shown in Figure A.3A. The
difference in color between the gold nanostars and the original seeds is due to the generation of a
new LSPR peak at ~650 nm (Figure A.3B). The arms/branches of the nanostar have a distinct
shape compared the spherical “core” or center of the nanoparticle, and therefore the arms and core
will have different plasmon resonance frequencies (Figure A.3B: pink = LSPR for the core, blue

= LSPR for the arms).[*” Since changing nanoparticle shape leads to the formation of new LSPRs,
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shape control can be applied to access LSPRs across the entire visible spectrum, and even into the

near-infrared regime.
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Figure A.3. A: Digital photograph of typical gold nanostar
products and B: corresponding UV-visible spectrum (inset:
diagram showing gold nanostar core and arms). C:
Transmission electron microscopy images showing
variation in nanostar shape with longer and shorter
branches, D: the color change resulting from the different
shapes and their corresponding UV-visible spectra; longer
branches cause the peak to shift to the right.

When developing experiments for high school and undergraduate students, it is important
to consider aspects in the procedure that may lead to variations in the final products. The size of

the arms in the final products depends on the accuracy in timing the addition of growth reagents,
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which can vary between student groups. Figure A.3C shows transmission electron microscopy
(TEM) images of gold nanostars with different arm lengths. In Figure A.3D, we show a
representative set of final nanostar products that are ordered in color from smallest to largest
branches, and their corresponding UV-visible spectra. Due to yield differences, the student
samples can range in color from purple (shortest arms) to black (longest arms).[?%?”l However,
regardless of their yields, students can again use complementary colors to understand the size and
shape effects on the optical property: purple color comes from a combination of complement pairs
green-red and orange-blue. Particles with a darker blue color can be attributed to longer arms and
thus higher absorption in the orange/red region of the spectrum. Thus, this reasoning relating
nanostar arm length to the observed color, can be applied to infer particle shape. Student groups
can compare and rank the lengths of the arms of their nanostars without UV-visible spectroscopy
or TEM analyses, which are generally not available to high school students.

In Experiment I, students discuss the relationship between nanoparticle size and the
absorbed wavelength. Here, students will revisit nanoparticle size in the context of evaluating
different light-matter interactions, namely transmission (light passing through the sample) and
scattering (light bouncing back from a sample). Light transmission can be observed by holding a
light source (smartphone light, white light-emitting diode (LED), or flashlight) behind the
nanoparticle solution, as shown in Figure A.4A. The nanoparticle solution coloration from this
viewing angle is a direct result of the color of light that is being absorbed. When the illumination
direction is changed so that the light source is moved to the same side as the viewing angle, the
effect of nanoparticle light scattering can be observed (Figure A.4B). Following the synthesis of

large spheres in Experiment III, students will find that although both large and small particles
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appear red in the transmission setup (Figure A.4A,C), larger nanoparticles will scatter light with

a greater intensity than the small particles (Figure A.4B).
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Figure A.4. A: Schematic showing illumination angle to observe color of
transmitted light for small and large nanospheres (Flashlight=illumination
source; eye=viewing position); inset: photo of large and small samples viewed
with transmitted light. B: Illumination schematic to evaluate scattering intensity
for small and large nanospheres; inset: photo of large and small samples viewed
with scattered light. C: UV-visible spectra of small nanospheres (black) and
large nanospheres (red). Digital photographs comparing nanospheres of
different sizes, viewed under transmitted light in part D and under scattered light
in part E. Here, small = the Turkevich seeds.

When the light source and viewing position are in the same direction, the ~100 nm spheres will
appear a murky green or brown color, where the ~15 nm seeds will still appear red. This experiment
demonstrates the optical effect where particle solutions appear to be completely different colors
depending on their viewing direction. From this section, students will understand that there are

different ways in which light can interact with nano-objects, and that these interactions depend on

nanoparticle size.
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As can be seen in the sample data shown in Figure A.4D, variations in the color of the
final products can arise due to addition of inexact amounts of citrate or poor stirring. These
differences also lead to variations in the scattering intensity (Figure A.4E). Although particle size
differences will affect the scattering yield, students should nonetheless see noticeable differences
between the particles synthesized in this step and those synthesized in Experiment 1. Moreover,
much like with the nanostar synthesis, the scattering variation in products between groups can be
used to rank the sizes of each group’s particles without the need for UV-visible spectroscopy or
TEM (highest scattering intensity = largest particles). The instructor can further apply nanoparticle
absorption and scattering concepts to connect to art history through the example of famous
Lycurgus cup, which is colored by gold nanoparticles embedded in the glass and exhibits different

coloration based on the direction of illumination.??!

Section A.5. Use and Assessment

This experiment was developed as part of the University of California, Los Angeles
(UCLA) California NanoSystems Institute (CNSI) Nanoscience Education Program targeting
teachers from schools in the greater Los Angeles area. The experiment has been implemented with
high school teachers for the last two years (2018 - 2020). This far, more than 35 teachers have
participated in the three-hour workshop. The understanding of the teachers was gauged through a
questionnaire following the experiment, focusing on concepts of plasmons/plasmon resonances,
light absorption/transmission/scattering, and how these phenomena relate to nanoparticle size and
shape (included in Section A.6). Based on these assessments, it was determined that concepts
requiring the most emphasis include: (1) the electrons in the metal particle are resonantly

oscillating, but the particle itself is not moving, and (2) the resonant excitation of the electrons is
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due to the light having the same frequency as the inherent plasmon oscillation frequency. Thus,
we found that greater understanding was obtained when the workshop leaders and teachers took
time to discuss the concepts thoroughly with the teachers and students, respectively, in between
each synthesis step, rather than at the end of the laboratory. High school teachers from the
workshops have implemented the experiment independently with their classes in 2018 and 2019.

This workshop is easy to implement in high school settings due to the fact that no fume
hoods or specialized equipment is required (only a hot plate with magnetic stirring is needed) and
no toxic chemicals are used. Although gold and silver salts, and other reagents in the synthesis can
be costly, we find that proper storage of the chemicals prevents the cost from becoming prohibitive
to performing the experiment in high school settings. Aqueous solutions of tetracholroauric acid
in distilled water (distilled water purchasable from any grocery store) can be stored away from
light and in a designated chemical refrigerator (4 °C) for at least three years. Teachers additionally
found that silver nitrate, sodium citrate, and ascorbic acid have greater longevity (~2-3 years) when
kept as solids out of light at 4 °C (aqueous solutions of these last ~3 months under refrigeration).
One gram of gold salt costing ~$134 is enough for ~300 repetitions of the entire experiment
(enough for performing the laboratory ~10 times for classes of 30 students working in groups of
3, performing 3 repetitions). Furthermore, citrate-capped seeds are stable and can last for years, if
kept refrigerated and out of the light (such as in aluminum-foil wrapped containers), and thus can
be used to grow stars or large spheres at much later times. We have also found that off-the-shelf
hand soap can be added to the synthesized stars and large spheres to preserve them for later
demonstrations, if desired (they are then stable for more than 1 year).

This experiment has also been implemented in the 2019 UCLA CNSI High School summer

nanoscience workshops (Section A.7.). Thus far, two summer workshop sections, with 66 high
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school students total, have performed the experiment (3 students per group) over a 2-h period. As
mentioned above, the synthesis itself is fairly forgiving, and all groups were able to synthesize
seeds, stars, and large spheres. When students made mistakes, such as adding inexact amounts of
reagents, adding reagents too slowly, or overheating their solutions, slightly different LSPR peaks
in their final products and slight differences in scattering yields resulted, as shown in Figures A.3
and A.4. Following the laboratory, students were evaluated via a drawing assignment where they
had to depict two nanoscience concepts they learned from the experiment (prompt in Section A.7.).
Overall, the feedback from instructors and students was extremely positive, and shows that this

experiment is useful for introducing students to complex ideas in nanoscience and plasmonics.
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Section A.6. Teacher Workshop Evaluation Sheet

Evaluation for the Color of Nanoscale Gold, Plasmonics Workshop

1. Were the explanations of the scientific concepts and experimental procedures clear and easy to
follow? If not, what could be we do to correct the problem?

2. Did the discussions on pedagogy and practice offer any ideas in regard to utilizing this
experiment to meet the new science standard requirements: Common Core and/or NGSS (Please
elaborate)? If not, what could be we do to correct the problem?

3. Please describe how the Plasmonics experiment might support your existing curriculum. If this
workshop offered new ideas to add to your curriculum, please also describe.

4. Of the many science concepts discussed in the Plasmonics lab, list three that highlights how the
behaviors/properties at the nano-scale are distinctly different from the macro-scale:

(1)
)
)

5. What was your overall impression of this workshop (i.e., administration, facilities, location,
time, topic, materials, instructors, and instructions)? Would you recommend it to a colleague?

6. Please share with us any suggestions, changes, or additions that would improve our program.
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Section A.7. Summer Program Homework Guidelines

Homework Assignment: Draw a picture(s) to explain one of the key nanoscience concepts you
learned today, with the goal of explaining the concept to someone who has never heard of the
science topic (e.g., a younger sibling, or perhaps your grandparent, who is not a researcher in
nanoscience).
Guidelines:
1. Only black and white (pencil) on a blank 8.5 x 11” paper
2. Words can be used only as labels (maximum 5 labels) of objects.
3. Use the grading rubric from instructors as guideline on the key nanoscience concepts of
the day.
4. Your name on the backside of the paper (NOT on the side of the picture).
Challenges:
1. Capture the ESSENCE of the nanoscience concept in your picture analogy
2. Offer a simple analogy a elementary school student can understand
3. Explain the nanoscience concept with an original analogy
Common Q&As
1. Shoot for one whole picture / analogy. The more secondary concepts that you can integrate
with the main concept, the better!
2. You can show a process with arrows.
3. Labels should only be for objects, to clarify your drawing, not a science/topic concepts
(such as “hydrophobic™)
4. Perfect artwork is not expected; emphasis is on good communication, meaning others must

be able to understand your effort.
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Homework Grading: satisfactory (), outstanding (\+), or unsatisfactory (\-)

Course Grading: Pass / No pass
1. One third in participation during the week
2. One third in homework (need an average grade of \)

3. One third in final presentation (team grade — teams of three)

Plasmonics Rubric: Summer 2019

50 points possible

1. A plasmon is the collective oscillation of surface electrons in response to an electromagnetic
wave. (15 points)

2. Plasmon resonance and the colors they confer depends on a nanoparticle’s size and shape. (15
points)

3. Additional concepts: (10 points for including one of the following)

a. Show the difference between light transmission and light scattering.
b. Show the photothermal effect.
4. Creative and artistic effort! (10 points)
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Section A.8. Link to Student and Teacher Manuals

The .pdf and .docx files for the laboratory manuals can be found free of charge at:
https://pubs.acs.org/doi/full/10.1021/acs.jchemed.0c01150
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