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ABSTRACT

Optical Characterization of Bio-Inspired Functional Materials, Metal Nanoparticles,
and Their Composites

Kathryn N. Guye
Chair of the Supervisory Committee:

Professor David S. Ginger

Department of Chemistry
The ability to characterize optically-active materials by their transmutable optical signatures
can both yield noncontact information on the nanoscale behavior of the material and be used to
predict its applicable functionality. The work presented herein covers the optical characterization
of a variety of metal nanoparticles, stimulus-responsive bio-inspired polymers, and biotemplated
metal nanoparticles. We first show the optical modeling of a variety of plasmonic nanoparticles
by the finite-difference time-domain method, supporting experimental observation made by both
traditional and novel spectroscopic methods. Using finite-difference time-domain modeling, we
identify a large magnitude of interparticle coupling for reversible, reconfigurable nanoparticle
composites with the thermoresponsive polymer microgel, poly(N-isopropylacrylamide) and
compare the simulated results to experimental UV-Vis extinction spectra. We then confirm the
experimental results of a new photoacoustic absorption spectroscopy technique by simulating the
scattering, absorption, and extinction coefficients of different sized gold nanorods and compare
with the experimental findings. Lastly, finite-difference time-domain modeling allows us to
deconvolute complex scattering spectra and draw conclusions about the coupling of plasmonic-

excitonic system which could not be otherwise inferred experimentally. Next, we characterize a

self-folding polymer with pendant host-guest cyclodextrin-azobenzene derivatives by
iii



demonstrating reversibility of the azobenzene derivative isomerization and photoisomerization
quantum yield differences providing evidence of self-folding via UV-Vis extinction spectroscopy.
Finally, we employ de novo designed protein nanofibers to electrostatically template gold
nanoparticles at the surface of a charged substrate and explore how substrate-nanoparticle
repulsion via nanoparticle size and the pH of solution dictate the final assembly outcome using the
well-studied the Derjaguin-Landau-Verwey-Overbeek theory to justify our results. We then
employ hyperspectral darkfield microscopy to compare optical scattering observations for larger
nanoparticles with the assembly conclusions made with small gold nanoparticles and motivate the
use of optical scattering microscopy for future in situ characterization and observation of protein-

templated nanoparticle assemblies.
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CHAPTER 1. INTRODUCTION

1.1 OVERVIEW

In this chapter, we briefly discuss the origin of the optical properties of plasmonic
nanoparticles, how finite-difference time-domain simulations have developed a greater
understanding of the optoelectronic interactions of plasmonic particles, the use of azobenzene and
its derivatives in stimulus-responsive, reversible/reconfigurable materials, and finally, the

assembly of bio-inspired templates and bio-directed assembly of inorganic materials.

1.2 OPTICAL PROPERTIES OF PLASMONIC NANOPARTICLES

The optical properties of plasmonic nanoparticulates first became relevant centuries ago when
it was discovered they could be embedded in glass to prepare beautifully red-stained glass and
ceramics.? Since then, our understanding of localized surface plasmon resonances and the
optoelectronic capabilities they enable has greatly matured and have been applied to much more
sophisticated technologies such as plasmonic nanosensors,>* nanolasers,>” nanopixels,®° and
nanomedicine.’®!! The origin of these exciting optical properties is due to the localized surface
plasmon resonance (LSPR), generated by the oscillation of free electrons of the metal nanoparticle
as shown in figure 1.2.1 below.!? This is made possible only when the nanoparticle is much smaller
than the incident wavelength of light so that the metallic electron cloud feels the push-pull of the

alternating electric field of the incident light wave.
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Figure 1.2.1. Oscillation of the free electron cloud of a plasmonic gold nanoparticle due to the
excitation of the localized surface plasmon resonance (LSPR). The black solid vector represents
the direction of light and the blue dashed lines the direction of the electric field, perpendicular to
the incident light vector. The electron cloud is repelled by the electric field, resulting in a dipole
across the nanoparticle surface.

As described by Mie theory, for gold nanoparticles, the electric dipole generated by the
oscillation of free electrons is primarily responsible for the strong light scattering at the LSPR
position.!? This scattering of light is responsible for the bright, opalescent color of nanoparticle
solutions which have been used for both aesthetic and functional purposes. Because the extinction
at the LSPR is dependent on the energy dipole, it is also extremely sensitive to changes to the
dielectric background of the environment. This results in the position of the LSPR to observably
redshift with even a slight increase to the local refractive index. As such, nanoparticles can serve
as exceptional nanosensors.214

Because the LSPR is the result of a collective oscillation across the surface of the metallic

nanostructure, additional resonance modes can be introduced by changing the geometry of the

nanoparticle from isotropically spherical to a variety of anisotropic shapes, such as rods, which



exhibit a longitudinal and transverse LSPR due to the variation in length and width respectively.®®
As such, if two spherical nanoparticles come into close proximity with one another, their
plasmonic modes couple, resulting in a longitudinal resonance across the dimer axis in addition to
the perpendicular transverse peak, as electrons oscillate in motion together across the dimer
structure rather than as independent particles. Additionally, the electric field of the dimer structure
is greatly enhanced in the gap between the two particles when the longitudinal mode is activated.-
18

Therefore, significant attention has been given by researchers for assembling gold
nanoparticles in an ordered and controlled manner to take advantage of this impressive
optoelectronic feature for potential applications in sensing, catalysis,**? lasing,??* and optical
transistors.?® In addition to the assembly of static structures, the use of many stimulus-responsive
organic functional materials which can reversibly tune the interparticle distance, orientation, or
aggregation state of inorganic nanoparticles, and therefore the subsequent tuning of the
optoelectronic properties of the system,?* has been intensely studied as discussed in the following

section.

1.3 STIMULUS-RESPONSIVE, REVERSIBLE, AND RECONFIGURABLE MATERIALS

Organic materials with intrinsic molecular switches, coupled to functional inorganic particles,
have created a path forward for stimulus-responsive, tunable composite materials for use in many
applications such as sensing,?>2® drug delivery,?”? climate control,?® and controllable catalysis.*®
Such stimuli include heat,®® oxidation state,®* magnetic field,* pH,* and light.3* Light-
responsiveness, in particular, serves as a valuable stimulus as it can be applied to a given system

in a noninvasive, noncontact manner and from a distance yielding an additional dimension of
4



control and applicability. Light is such an attractive stimulus-type, many fields have developed
relay mechanisms for achieving a photoresponse from an otherwise photo-unresponsive system.

For example, Baumberg and coworkers have published several studies*>=® employing the
thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAM), with gold nanoparticles to
create stimulus-responsive actuating particles and films. By exciting such a system at the resonant
wavelength of the gold nanoparticles, they take advantage of the thermoplasmonic properties of
gold nanoparticles. When illuminated at the resonant wavelength, the metallic electrons are excited
into a higher energy state. If those electrons are not transferred to another material via an oxidation
process, they will thermally relax back to the ground state, releasing a significant amount of heat
at the nanoparticle surface.3# Such heat can then be transferred to local materials like PNIPAM
to trigger the temperature-dependent coil-to-globule transition.

Another indirect mechanism for using light as a stimulus for particle assembly includes the use
of photoacids and photobases to toggle a pH-responsive material. Photoacids are typically
chromophores which contain a very weakly acidic labile proton (pKa ~7). However, when
photoexcited, the molecule reduces its affinity for that proton, resulting in a pKa drop of several
pH units (pKa* ~ 0-2).424 Photobases work by a similar mechanism, however can act as a proton
acceptor or hydroxyl group donator. Recently Yucknovsky et al.** demonstrated the use of
photoacid-photobase pair to reversibly drive the aggregation and de-aggregation of gold
nanoparticles capped with mercaptohexanoic acid, a pH-responsive ligand. Rather than manually
titrating in an acid and base source, they incorporated 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTYS) as the photoacid, which when protonating the mercaptohexanoic acid at the surface of the

nanoparticles resulted in interparticle capping ligand hydrogen bonding, and an aggregation of the



nanoparticles. By triggering the photobase, 6-methoxyquinoline, those protons were taken up by
the photoinduced strong base, and the particle system de-aggregated.

Ultimately, to reduce cycling fatigue of a system, directly photoresponsive molecular switches
are popular for directing reconfigurable materials. Azobenzene and azobenzene derivatives, in
particular, are perhaps one of the most-studied photoresponsive molecular switches used to direct
the assembly of organic and inorganic materials.

The photoisomerization of trans-azobenzene to cis-azobenzene results in two main physical
changes. The trans-form of azobenzene is planar with no net-dipole across the azo double bond,
whereas the cis-form breaks planarity and does yield a net-dipole perpendicular to the azo bond.*®
As a result, material behavior can be impacted as the result of local changes in polarity and
functional group solubility or due to changes in steric interactions between neighboring molecules.

For example, in 2014 Kohntopp et al.*® showed that gold nanoparticles with a co-ligand cap of
azobenzenethiolate and alkylthiolate monolayers were stable in a solution of toluene when the
azobenzene was in the predominately trans-, nonpolar-form, but when photoconverted to the
predominantly cis-form with UV light, the azobenzene adapted a net dipole moment and was no
longer miscible in the nonpolar solvent, resulting in nanoparticle aggregation. The nanoparticles
could be redispersed, then, with visible light illumination.

The effect of isomer geometry has been well-demonstrated by Ginger and coworkers via
azobenzene-modified DNA. In 2012, Yan et al.*® used azobenzene-modified DNA to functionalize
the surface of gold nanoparticles, showing nanoparticles functionalized with complimentary DNA
strands quickly aggregated when the azobenzene was in the trans form, allowing the azobenzene
to intercalate between the DNA base pairs. When photoisomerized to the cis-state, the non-planar

structure of the azobenzene broke apart the complimentary base pairing, resulting in a melting of
6



the double strand (ds)-DNA structure to the single strand (ss)-DNA, and a redispersal of the
nanoparticle aggregates. And in 2013, Yan et al.*’ further showed the local steric environment
around azobenzene influenced the photoisomerization quantum vyield of the trans-to-cis
azobenzene embedded in a DNA sequence. Expanding on this work, a few years later, Samai and
coworkers'®4 demonstrated a temperature-dependence of the photoisomerization quantum yield
of azobenzene embedded in DNA as a function of steric hindrance around the azobenzene
chromophore. Below the thermal melting point of DNA, the photoisomerization quantum yield of
the azobenzene was dependent on the local DNA environment, whereas at temperatures above the
thermal melting point of the various DNA sequences, the azobenzene quantum yields became
identical. The combined works of Yan, Samai, and coworkers revealed that the reversible
photoinduced transition between ds-DNA with trans-azobenzene and ss-DNA with cis-azobenzene
is the result of the cis-isomer breaking planar geometry and disrupting the complementary DNA
base pair interactions. Samai and coworkers then extended this work by generating asymmetric
gold nanoparticle dimers using an azobenzene-modified DNA hairpin. Upon trans-to-cis
isomerization, the hairpin loop could no longer hold its closed geometry due to steric hindrance of
the cis-form azobenzene, and opened to an uncoiled DNA strand. This in in turn, increased the
interparticle distance between gold nanoparticles. By photoswitching between the cis- and trans-
state, actuation of the nanoparticles became possible.

To shift the preferred photoisomerization wavelengths of both azobenzene transitions into the
visible light in order to prevent UV-damage to organic systems, tetra-ortho-substitutions of
azobenzene have been shown to redshift the absorption bands of azobenzene.**>° Additionally,
such substitutions have also proven to thermally stabilize the cis-state of the azobenzene resulting

in thermal half-lives of days.*%



Finally, in a combination of polarity and geometric effects of the azobenzene isomerization, a
number of reports have demonstrated the effectiveness of the host-guest inclusion complex of
azobenzene with a-, B-, and y-cyclodextrins.?°>>* In short, the hydrophobic interior of the
cyclodextrin cup stabilizes the nonpolar trans-azobenzene dissolved in an aqueous solution, while
the polar cis-form is both more stable in the aqueous environment, and also does not fit within the
cyclodextrin interior.>*° This interaction has been shown to reversibly crosslink bifunctionalized
polymers®®°” and cause the demicellization of semi-soluble polymers?’ leading to applications
such as drug delivery and decontamination.

In conclusion, molecular switches have enabled the reversible assemblies and actuation of
organic and organic-inorganic hybrid composites. Stimuli such as heat, pH, and light can be used
to toggle on and off such molecular switches, driving reversible or irreversible morphological
changes. Light, in particular, as a non-contact and noninvasive stimulus is of particular interest to
many material researchers, driving the development of many phototriggered relay mechanisms
such as thermoplasmonic heating and the use of photomediated acids and bases, and direct triggers
such as azobenzene-related functional materials. Such functional materials will certainly
contribute to many applications such as solar harvesting, drug delivery, interior climate control,

and beyond.

1.4 BIOTEMPLATES AND B10-DIRECTED ASSEMBLIES

The emerging field of using biological and bio-inspired materials for the hierarchical assembly
of inorganic nanostructures has grown rapidly due to the intrinsic evolved purpose of many organic
scaffolds to organize inorganic materials,>®° atomic precision afforded to the de novo synthesis
of biological nanostructures,®® and tunable interactions not always afforded to ligand-mediated

interactions.®!



A prime example of such bio-directed structures is the body of work generated by Mirkin and
coworkers over the past 25 years employing DNA to assemble colloidal nanoparticles in
programmable ionic crystal structures.®’®" By tuning the overlapping binding strength of
complementary DNA covalently bound to the surface of gold nanoparticles, Mirkin and coworkers
have continuously proven nano-to-microscale control over the crystallization of colloidal
nanoparticles by annealing out high fidelity ionic crystal structures dependent on nanoparticle size
and surface coverage of DNA, and have gone on to show reversible assembly and disassembly by
employing azobenzene-modified DNA and metallic electron-like behavior of DNA-functionalized
nanoparticles only ~1.5 nm in diameter which stabilize larger nanoparticles, 10 nm in diameter,
into a metallic lattice structures. Beyond ionic crystal lattice structures, DNA has been employed
in DNA origami,®®® nanoparticle thin film assembly,”® and stimulus-responsive actuating
nanoparticle dimers as previously discussed.'%46

By utilizing biomaterials, researchers often take advantage of the chiral suprastructure which
emerges from chiral amino acid building blocks. Rosi and coworkers have demonstrated
chiroptical helices of gold nanoparticles by peptide-templating, with g-factors up to 0.04* and the
ability to tune the structural geometry and therefore chirality by engineering specific peptide
sequences.’>" Lee et al. showed that by introducing a chiral amino acid or peptide into the growth
solution of gold nanocubes, chiral helicoid nanoparticles were grown with g-factors up to 0.2.7
Other plasmonic capabilities, such as electric field enhancement, can be amplified via careful
engineering of the biotemplates. In 2018, Yan et al.” published work demonstrating the use of
peptoids — a synthetic peptide analog with the functional side chain stemming from the backbone

nitrogen rather than the a-carbon’® — to direct the growth of highly-branched gold nanoparticles



which yielded an electric field enhancement up to 10°-fold greater than colloidal particles prepared
by common methods.

Stimulus-responsive behavior can even be incorporated into biomimetic materials by virtue of
their programmable design, such as described above, and often, due to the nature of several amino
acids containing pH-sensitive labile protons, have a surface charge that is notably dictated and
tunable by the local pH of the solution. Recently, Jin et al.”” prepared peptoid nanotubes designed
with an inner core and outer wall lined by hydrophilic, carboxylic acid moieties, while the interior
of the wall contained hydrophobic groups. Due to the acidic nature of the carboxylic acid
functional groups, at high pH, the groups are deprotonated, assuming a formal negative charge,
and generating electrostatic repulsion within the inner core and maximizes the inner diameter to
passivate repulsive forces. If the pH drops below the pKa of the functional groups, the carboxylic
acids are protonated and carry no net charge. The peptoid core then collapses due to the lack of
repulsive force. Actuation of the nanotube diameter can be switched between ~13 nm at pH 3.6
and ~25 nm at pH 8.0. Another approach to a stimulus-responsive biomaterial, has been the design
of 2D “®RhuA lattices by Tezcan and coworkers’®™, wherein the truncated square pyramidal
RhuA monomers are interconnected via a disulfide bond. The RhuA monomer, carries a net dipole
perpendicular to its base, allowing for controllable adsorption onto a mica template. Furthermore,
the disulfide bond is redox-responsive, an assembly of the 2D lattice with oxidation and a
disassembly of the lattice with reduction of the disulfide bond. Furthermore, the 2D lattice displays
auxetic behavior with mechanical perturbation of the solution, changing reversibly between an
porous corner-to-corner orientation of each monomer building block to a close-packed side-to-side
orientation. Finally, as previously mentioned, the rapid progression in the de novo design of

proteins has accelerated the ability to devise programmable designs of biological templates for
10



directed applications.?®8% Therefore, building in a reversible, reconfigurable mechanism for
protein assembly was made possible by Boyken et al.% by designing proteins with a central
histidine network. The histidine residues engage in hydrogen bonding with neighboring protonated
residues, however upon a decrease in the solution pH, the histidine becomes protonated as well,
breaking the stabilizing hydrogen bonding and creating steric hindrance, resulting in a disassembly
of the protein. If the pH is raised again, the protein monomers will reassemble.

By using such bio- and bio-inspired materials to direct the assembly of inorganic nanoparticles,
the achievement of specific applications may soon be achieved as well as the emergence of new

and exciting optoelectronic properties.
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Chapter 2. FINITE-DIFFERENCE TIME-DOMAIN MODELING
OF PLASMONIC NANOPARTICLES

2.1 OVERVIEW

In this chapter, we use finite-difference time-domain (FDTD) simulations for plasmonic metal
nanoparticles of varying shapes, sizes, metal types, and orientation in simple and complex media
for supporting experimental observations when experiments are obtainable and predicting optical
properties when such experiments are not possible. We compare the plasmonic resonance coupling
efficiency of silver nanoprisms with different orientations with respect to one another and to the
coupling efficiency of gold nanospheres to justify the novel emerging infrared scattering of silver
nanoprisms anchored to the thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAM).
Then the absorption, scattering, and extinction spectra of gold nanorods of varying aspect ratios
are simulated and compared to the UV-Visible (UV-Vis) extinction and photoacoustic absorption
spectra of the nanoparticle solution. Lastly, we simulate the scattering and absorption spectra of
excitonic 2D butylammonium lead iodide ((CsH9sNH3)2Pbls , BAPI) thin films and independent
grains, plasmonic silver nanoprisms in a heterogeneous refractive index environment, and the
exciton-photon, silver nanoprism-BAPI coupled system to justify experimentally-observed
coupling scattering spectra from individual silver nanoprisms, to compare simulated and measured
Rabi splitting values, and to show unmeasurable splitting in the nanoparticle absorption peaks,

indicative of a strongly-coupled system.
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2.2 INTRODUCTION TO FINITE-DIFFERENCE TIME-DOMAIN SIMULATIONS

Plasmonic metal nanoparticles have long been the focus of many studies for use in applications
such as sensing,? labelling,®* chemical catalysis,>~ and electric field enhancement®® due to their
unique ability to focus light beneath the diffraction limit, characteristic large extinction coefficients
with narrow scattering and absorption linewidths, and exceptional refractive index sensitivities.
When multiple nanoparticles are brought together within close proximity, usually when the
interparticle spacing is within the length of a nanoparticle’s diameter, the plasmon modes couple
to generate additional coupled plasmon resonances'® and an increase in the extinction coefficient
and electric field enhancement.’*? Such environmental variances yield notable and predictable
effects on the absorption and scattering resonances, often measurable by simple UV-Vis extinction
spectroscopy and predicted by models such as the plasmon ruler equation,® linear refractive index
sensitivity,*® or coupled oscillator models.**” Such models, however, tend to either be most-
suitable for simple isotropic particles in a homogenous refractive index environment or based on
experimentally-determined variables which must be characterized prior to performing useful
calculations.

Finite-difference time-domain (FDTD) simulations provide a convenient solution for
overcoming many of these obstacles, predicting the optical characteristics of a sample with only a
few, fundamental optical properties of the materials, and knowledge of the three-dimensional
geometry of the system. To do so, the FDTD method solves Maxwell’s equations for the electric
and magnetic fields, the E-field and H-field respectively, across all space within the simulation
area by smaller, discretized unit cells.®® More specifically, for non-magnetic materials, FDTD

solves Maxwell’s curl equations®®:
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C=vxH (2.2.1)

D(w) = g¢&,(w)E (w) (2.2.2)
oH 1 =

Py —EV X E (223)

Where H is the magnetic field, E is the electric field, and D is the displacement field. ef(®) is

the complex relative dielectric constant. By making the following assumptions:

er(w,x,y,2) = &(w,x,y) (2.2.4)
0E _ 0H _
. =5.=0 (2.2.5)

Then Maxwell’s equations are separated into two set of equations, containing vector quantities
each. The transverse electric (TE) comprised of Ex, Ey, and H; and the transverse magnetic (TM)
comprised of Hyx, Hy, and E, resulting in a solution in only the x-y plane.

Some drawbacks to FDTD modeling is that due to the discretized mechanism of simulation,
structures with significant complexity or those that are drawn to a sharp point are difficult to
resolve, often requiring extremely small mesh to prevent simulation error. To make the mesh an
order of x smaller, however, is to increase the simulation time by an order of 4%, due to the four
dimensions of X, y, z, and time handled by the simulation method. As a result, users commonly are
required to find a balance between accuracy of results and computational cost. Nevertheless, the
FDTD method is remarkable for its ability to handle three-dimensional systems containing a
variety of dielectric materials of different geometries and field interactions. Often computational
cost can be overcome by a physical understanding of the desired system and the flexibility of the

simulation to adjust for regions of importance.
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FDTD simulations have become a staple in the plasmonics publishing community, alongside
discrete-dipole approximations and the plasmon ruler, providing reliable and informative insight
about the optical properties of the simulated system, supporting experimental observations?® and

theoretical predictions.?
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2.3 THEORETICAL MODELING OF PLASMONIC COUPLING OF ANISOTROPIC SILVER
NANOPRISMS WITH VARYING INTERPARTICLE DISTANCES AND ORIENTATIONS

This section is reproduced in part with permission from “Optical Properties of Reconfigurable
Polymer/Silver Nanoprism Hybrids: Tunable Color and Infrared Scattering Contrast”
Soumyadyuti Samai, Zhaoxia Qian, Jian Ling, Kathryn N. Guye, David S. Ginger, Applied

Materials and Interfaces 2018, 10, 10, 8976-8984. Copyright 2018 American Chemical Society.

2.3.1 INTRODUCTION

Recently, combining inorganic plasmonic nanoparticles with stimulus-responsive organic
materials has drawn notable focus for the design, synthesis, and characterization of reversibly
reconfigurable composite materials for potential applications in sensing,’ catalysis,*® drug
delivery,”® and photonics.®!! Due to an external stimulus such as light, heat, or a change in pH,
a molecular switch is activated resulting in some physical structural change to an organic
functional material.*>** When plasmonic nanoparticles are complexed to such materials, the
structural transitions reversibly changes the interparticle distance.**®> The degree of plasmonic
coupling between two nanoparticles in proximity is interparticle distance-dependent, and can
easily be characterized by the redshift of the localized surface plasmon resonance (LSPR).1
Depending on the organic scaffold, the stimulus-induced transition between the two structural
states can either be a discrete, binary state jump!’ or a gradual change with the ability to access
intermediate structures.'® Poly(N-isopropylacrylamide) (PNIPAM) is one such polymeric scaffold
which has been the subject of intense focus for its temperature-dependent coil-to-globule transition

due to a hydrophilic-to-hydrophobic phase transition at its lower critical solution temperature

23



(LCST)®. Its popularity has been due to several factors favorable to different areas of study
including a simple monomer-to-polymer synthesis, thermal cycling stability, facile
copolymerization for a dual-stimulus response, and an LCST within a few degrees of physiological
temperature (37°C).20-22

In aqueous solution, the coil-to-globule transition of PNIPAM results in a drastic decrease in
the hydrodynamic diameter of the polymer above the LCST. This temperature-induced transition
proceeds as a sigmoidal deswelling of the polymer as it reorganizes to reduce its contact with water
molecules, with the ability to access intermediate hydrodynamic diameters at intermediate
temperatures.’®2! As such, PNIPAM/plasmonic nanoparticle composites were quickly identified
for stimulus-responsive composite materials with dynamically-controllable interparticle spacing.
It has been shown that the functionalization of gold nanoparticles with PNIPAM single-chain and
crosslinked structures yield a redshift of the LSPR due to both the 1.32 to 1.39 refractive index
increase?® and reversible aggregation of nanoparticles as the PNIPAM undergoes hydrophilic-to-
hydrophobic transitions. Baumberg and coworkers have extensively demonstrated PNIPAM-
functionalized nanoparticles on a gold mirror as powerful nanoactuators driven by both external
and plasmonic photothermal heating.?*?® PNIPAM can also be crosslinked into hydrogel
microspheres with sub-LCST diameters of several hundred nanometers and super-LCST
deswelling of over 50%. Such microspheres can then be decorated with plasmonic nanoparticles
at its surface, yielding strong thermally-driven and reversible plasmonic coupling between
particles without particle aggregation. In 2017, Qian et al.*® demonstrated even sparse loading of
only a few nanoparticles onto PNIPAM hydrogels could yield large shifts in the extinction spectra
of over 150 nm for PNIPAM-gold nanoparticle hybrids.?” In this work, they showed by a series of

finite-difference time-domain (FDTD) simulations that there was 1) redistribution of nanoparticles
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within the hydrosphere during the first thermal cycle, 2) plasmonic coupling with sparse loading
comparable to the experimentally observed LSPR shift, and 3) the redshift of the plasmon
resonance was due to plasmonic coupling and not the increase of refractive index alone.

While much work on hybrid composites has been performed using gold nanoparticles due to
gold’s stability and durability, particularly with fluctuating environmental conditions, Silver
nanoparticles, however, offer stronger plasmonic coupling,? refractive index sensitivity,? and a
broader range of vibrant scattered light in the visible region as the interband transition of silver
does not overlap the visible region as it does for gold, resulting in only the LSPR extinction to
influence the perceived color of solution.® Additionally, silver’s reactivity has enabled researchers
to readily design synthetic strategies for silver nanoparticles of varying shapes such as
nanoprisms,3! increasing electric field enhancement and nanoparticle coupling between sharper
features on a nanoparticle compared to the smooth curve of a nanosphere. Such properties make
silver nanoparticles, and in particular silver nanoprisms, an attractive target for combining with
the thermoresponsive functional materials for enhanced hybrid properties.

In this work, Samai et al. prepared PNIPAM-silver nanoprism hybrids using a PNIPAM
microsphere as the stimulus-responsive scaffold, yielding thermochromic shifts 5-10 times larger
than what had been reported in the literature.3?-3* Intriguingly, for the first time with PNIPAM-
nanoparticle hybrids, the redshift in extinction was so great in the super-LCST deswelled state that
infrared light scattering was observed, suggesting potential applications for infrared imaging or
climate control technologies.

In the work presented here, we perform a series of FDTD simulations of gold nanosphere and
silver nanoprism dimers, with the nanoprisms in varying orientations with respect to one another.

We then decrease the interparticle spacing, resulting in increased nanoparticle coupling and
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redshifted extinction, and compare these results with the simulations of Qian et al.*® to show that
this large >180 nm LSPR redshift was the result of decreased interparticle spacing between the

swelled and deswelled state of the PNIPAM microsphere.

2.3.2 RESULTS AND DISCUSSION

The redshift of plasmon resonances due to particle-particle coupling can be predictably
calculated as a function of particle size and interparticle spacing by the plasmon ruler equation as

described by Jain et al.'® and shown in Eqn. 2.3.2.1.:
Iy -
—=Axexp (=) (2.3.2.1)
lo T

Where AMAo is the fractional plasmon resonance shift, A is the amplitude related to the
refractive index, s is the surface-to-surface interparticle spacing, D is the nanoparticle diameter,
and 1 is the decay constant also related to the local refractive index. This model, however, is
optimal for isotropic nanoparticles and does not take into account the varying orientations with
respect to one another for anisotropic nanoparticle dimers by the individual dimer.

With average nanoparticle loading densities up to ~120 particles/microsphere, we chose not to
simulate a whole PNIPAM microsphere with silver nanorprisms as Qian et al. had for the sparsely-
loaded hybrids. Instead, using FDTD simulations as shown in Figure 2.3.2.1, we predict the
plasmon ruler model for gold nanosphere and silver nanoprisms in varying orientations under a
low refractive index (n =1), to show even under conditions which reduce particle-particle coupling,
silver nanoprisms at any given interparticle distance will exhibit a larger redshift of the plasmon

resonance.

26



In this study, we use two samples of nanoprisms. The first sample had an average edge length
of 30 £ 5 nm with a thickness of 8 + 2 nm with an LSPR in the range of 474-480 nm. The second
sample and an average edge length of 55 + 14 nm. Recalling Egn. 2.3.2.1, the plasmon ruler
equation, the fractional plasmon resonance redshift is exponentially inversely proportional to the
effective diameter of the nanoparticle. Therefore, the second sample with the larger nanoparticle
is expected to display a smaller fractional redshift in the plasmon resonance. This prediction is
consistent with the numerical simulations which reveal the smaller nanoparticles in the first sample
redshift almost twice as far at some distances compared to the second sample. This was consistent
as well with experimental observations that smaller nanoparticles resulted in a much larger redshift

than larger nanoparticles, even independent from loading density (Appendix A).
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Figure 2.3.2.1. Fractional redshift of a) silver nanoparticle sample 1 and b) silver nanoparticle
sample 2 as a function of surface-to-surface interparticle distance. Anisotropic silver nanoparticles
are shown with varying orientations with respect to one another including vertex to vertex (black
triangle), face to vertex (red triangle), and vertex to edge (blue triangle), and then compared to the
fractional shift of isotropic gold nanoparticles (green circles).

It is also important to take into consideration the geometric difference between isotropic
nanospheres and anisotropic nanoprisms. The magnitude of coupling between two nanoparticles

is both dependent on the shape of the nanoparticle and orientation of particles with respect to one
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another.>3" As such, we simulate a variety of interparticle geometries with consideration that
nanoparticles complexed to the surface of the PNIPAM microsphere are free to attach with random
rotation, and potential movement throughout the sphere as indicated in the previous study by Qian
et al. The three orientations chosen were a vertex-to-vertex, vertex-to-face, and vertex-to-edge of
the nanoprisms, with the total-field scatter field electric field polarization of light in the simulation
parallel to the first nanoprism vertex-to-opposite edge axis (Appendix A).

Comparing these simulations to those performed by Qian et al., we come to the same
conclusion that the >180 nm extinction spectrum redshift is due to plasmonic coupling as the result
of deswelling of the PNIPAM microsphere, and that a larger redshift is consistent for silver

nanoprisms compared to gold nanoparticles.

2.3.3 CONCLUSIONS

In this work, we simulated the plasmon redshift of several nanoparticle dimers with varying
interparticle distances including isotropic gold nanospheres and anisotropic silver nanoprisms with
various orientations. At any given interparticle separation, silver nanoprisms almost always display
a greater fractional plasmon resonance redshift than do gold nanoparticles. Furthermore, as the
interparticle separation decreases, silver nanoprisms display a greater relative redshift compared
to the larger distances than do gold nanoparticles. With these simulations, compared to the
simulations of Qian et al., we conclude the redshift observed in the experimental data in the main

text of Samai et al. is due to significant reversible interparticle coupling.
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2.3.4 METHODS

Synthesis of Silver Nanoprisms

Nanoprism-1 was prepared following previously reported methods.33° Nanoprism-2 was
prepared following methods reported by Xue and Mirkin®!, modified as follows. 2 mL of 5 mM
AgNO3 solution and 1 mL of 30 mM sodium citrate solution were added to 95 mL of water in a
250 mL round-bottom flask placed in ice. The mixture was purged with nitrogen and stirred with
a magnetic stirrer for 1 h. Then, 1.4 mL of freshly prepared ice-cold 50 mM NaBH4 solution was
added in a stepwise manner to yield a pale-yellow solution, indicating the formation of spherical
AgNPs. A few minutes later, a mixture containing 1 mL of 5 mM BSPP and 500 pL of the 50 mM
NaBHjs solution was gradually injected into the solution. After aging this precursor solution in the
dark for 15 h, the pH of the solution was adjusted to 11.0, and the spherical silver particles were
then photochemically converted into flat prisms by exposing the solution to a 590 nm LED (LED
Engin, Inc.) for 24 h, after which the solution turned blue. We followed the same purification
procedure as method 1 and redispersed the nanoprisms in a solution of 5 mM sodium citrate to
store at 4 °C for future use. The resulting nanoprisms had an average edge length of 55 + 14 nm
and a thickness of 10 = 2 nm and exhibited an absorbance of ~3.1 at the LSPR peak near 570 nm.
The absorbance value of the solution at 318 nm was measured to be in the range of 0.15-0.20.

Numerical Simulations

FDTD simulations were performed (Lumerical Solutions, Inc. — version 8.18) on nanoparticle
dimers of silver nanoprisms and gold nanospheres with varying interparticle distances and relative
orientations (Appendix A). The silver nanoprisms 1 and 2 were modeled as triangular prisms with
edge lengths:widths of 30 nm:8 nm and 55 nm:10 nm respectively using the Palik (0-2 pum)

dielectric fit for silver modeling*®“!; the gold nanospheres were modeled as an isotropic sphere
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with diameter of 50 nm using the Johnson and Christy dielectric fit for gold modeling.*? The dimers
were centered in a simulation box with an override mesh size of 0.6 nm for silver nanoprism-1 and
1 nm for silver nanoprism-2 and the gold nanosphere. The light source was a broadband total-field
scatter-field source, with the k-vector perpendicular to the nanoparticle dimer and the E-vector
parallel to the longitudinal axis of the dimer. The background index was set to 1 in order to avoid
overestimating n, resulting in greater nanoparticle coupling and LSPR redshifting. The simulation
box was build with perfectly matched layer boundaries to prevent back-scattering or reflection
from the boundary. Frequency-domain field and power monitors were placed on the inside and
outside of the source to determine the absorption and scattering, respectively. Fractional plasmon
resonance shifts were calculated by comparing the extinction spectra of nanoparticle dimers to the
simulated spectrum of a single nanoparticle. Interparticle separation was then varied for each dimer
pair.
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2.3.6 ABBREVIATIONS

FDTD, finite-difference time-domain; LCST, lower critical solution temperature; LSPR,

localized surface plasmon resonance; PNIPAM, poly(N-isopropylacrylamide)
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2.4 Theoretical Modeling of Size-Dependent Absorption and Scattering of Gold

Nanorods in Comparison with Photoacoustic Spectroscopy

This section is adapted with modification with permission from the original publication
“Molecular fingerprinting of nanoparticles in complex media with non-contact photoacoustics:
beyond the light scattering limit” Ivan Pelivanov, Elena Petrova, Soon Joon Yoon, Zhaoxia Qian,

Kathryn N. Guye, Matthew O’Donnell, Scientific Reports 2018, 8, 14425.

2.4.1 INTRODUCTION

Due to their nanoscale size, large extinction cross section,™? and, in the case of gold nanorods,
a plasmon resonance in the near-IR water window,? such nanoparticles provide an excellent
opportunity for in situ microscopic imaging and spectroscopy of cells and cellular functions.**!
The typical UV-Vis extinction experiment, however, while it would potentially yield valuable
information about nanoparticle spacing or local refractive indices to establish position or
functionalization of the nanoparticles, is often unable to accomplish such measurements due to the
large scattering cross section of not only the nanoparticles, but also of the complex aqueous media
of the cellular solution.'>** Because extinction is defined as the attenuation of light by all possible
mechanisms including absorption, scattering, and reflectance, the diagnostic information given by
the transmutation of the plasmonic signature is obscured by additional scattering. One such
solution to this dilemma is by photoacoustic absorption (PA) spectroscopy.® PA spectroscopy uses
an incident laser resonant with the gold nanoparticles, leading to photothermal heating of the
nanoparticle. A probe beam then passes through the solution, and the deflection of the probe beam
due to local temperature gradients is recorded.'®!’ The magnitude of the beam deflection can then

be correlated to the magnitude of light absorption by the nanoparticles. Only absorbed light leads
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to photothermal heating,*® and therefore, this system isolates the absorption signature and is
unperturbed by scattering or reflection. Traditional PA spectroscopy, however, does have its
limitations. Although scattering by the nanoparticles will not be measured by temperature-
dependent beam deflection, a highly scattering system (e.g. a concentrated solution of
nanoparticles) can scatter the probe beam and obscure the measurement. Therefore, usually only
very dilute samples of nanoparticles or low-scattering solutions can be effectively used with PA
spectroscopy for robust results. In the article, Molecular fingerprinting of nanoparticles in complex
media with non-contact photoacoustics: beyond the light scattering limit,'® Pelivanov and
coworkers developed a new method for non-contact PA spectroscopy which accurately measures
absorption of light between 700-900 nm. Here, we show this method accurately measures the
absorption of highly concentrated gold nanoparticles by contrasting the absorption signature of
gold nanorods of different lengths and comparing the spectral measurements to the absorption

cross sections predicted by FDTD simulations.

2.4.2 RESULTS AND DISCUSSION

The absorption and scattering cross sections of plasmonic particles are both size-dependent,
however the scattering cross section scales as r, where r is the effective particle radius, while the
absorption cross section scales only as r3.1° As a result, the ratio of scattering:absorption for
nanoparticles is notably different for particles of different sizes. For smaller particles, the scattering
contribution is very weak, and the extinction cross section is largely attributed to the absorption
cross section. For large particles, however, the scattering cross section is significantly larger, and

plays a more significant role in the overall extinction cross section.
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Figure 2.4.2.1 a,e) Electron micrographs of a) PEG-capped 40 nm gold nanorods and e) CTAB-
capped 100 nm gold nanorods. b, f) Numerical FDTD simulation of absorption (red trace) and
scattering (green trace) cross sections of the b) 40 nm and f) 100 nm gold nanorods. ¢, g) Gaussian-
broadened simulated absorption of the ¢) 40 nm and g) 100 nm gold nanorod longitudinal peak
(blue trace), experimental extinction curve of each sample (black trace), and experimental
photoacoustic absorption of each sample (red points).

First, two samples of gold nanorods were obtained as shown in Figure 2.4.2.1 a and e, of
dimensions ~40 x 11 nm and ~100 x 35 nm respectively. The size distribution for the 40 nm gold
nanorod sample was provided by the commercial source (Nanohybrids), while the 100 nm sample

was custom prepared following previously reported methods?® and characterized by UV-Vis

spectroscopy and scanning electron microscopy (SEM) (Appendix A).
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We then computed the scattering and absorption cross sections of these samples by FDTD
simulation using a single nanoparticle of the average dimension of each sample. Special attention
was given to the slight variation of nanorod geometry, with the 40 nm nanorods displaying a more
rounded edge than the 100 nm nanorods (see Methods and Appendix A for more information). The
simulated scattering and absorption spectra of a single gold nanorod are shown in Figure 2.4.2.1
b and f. As predicted, for the 40 nm gold nanorod, the absorption cross section at the longitudinal
localized surface plasmon resonance (I-LSPR) is significantly greater than the scattering cross
section. In contrast, the absorption and scattering cross sections for the 100 nm gold nanorod are
nearly the same at the I-LSPR, with the scattering cross section being even slightly greater than
the absorption cross section, and both greater in magnitude than the 40 nm gold nanorod.

Finally, as shown in Figure 2.4.2.1 ¢ and g, we homogenously broadened the simulated
absorption cross section for each nanorod to fit the gaussian distribution of the ensemble extinction
spectra in order to compare with the ensemble PA absorption spectra. We then overlay simulated
cross sections with the experimentally obtained extinction spectra and PA absorption spectra. For
both samples, the calculated optical absorption matched near perfectly to the measured PA
absorption, indicating the photoacoustic spectrometer indeed measured only the light absorbed by
the nanoparticles, despite the strongly scattering environment of a highly concentrated

nanoparticle solution.

2.4.3 CONCLUSIONS

In conclusion, we have simulated the optical cross section of two gold nanorods with varying
dimensions and geometries to support the experimental findings of a new non-contact
photoacoustic spectroscopy technique. By accurately modeling the geometry and environment of
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the nanoparticle as it would exist in solution, the numerical finite-difference time-domain
simulated cross sections can also be considered realistically accurate. By showing consistent
results between simulated optical absorption and measured optical absorption, we conclude the
non-contact photoacoustic spectroscopy method described in this article measures only the light

absorbed by the nanoparticle.

2.4.4 METHODS

Materials and Gold Nanorod Synthesis

Gold nanorods of about 40 nm in length and 11 nm in diameter were purchased from
Nanohybrids (Austin, TX), with an I-LSPR peak at 773 nm. CTAB-coated GNRs of ~100 nm
length were custom made in accordance with the protocol described by Ye et al.?’ Their parameters
were: length 101 + 9 nm, diameter 35 + 5 nm, (aspect ratio 2.9), and LSPR peak at 774 nm.

Numerical Simulations

FDTD simulations were performed (Lumerical Solutions, Inc. - version 8.19.1466) using a
partially rounded cylinder model for nanorods 42.9 nm long by 11.1 nm wide (~40 nm GNR) and
99.7 nm long by 35 nm wide (~100 nm GNR). The spheres used to model the ends of the rod had
a radius of 5.55 nm and 30 nm (for 40 nm and 100 nm correspondingly) and were positioned so
that the cross-sectional area matched the circular cross section of the cylinder. The rod was then
shaped using a dielectric material ring matching the background index. The permittivity of gold
was modeled by the Johnson and Christy gold dielectric function.?* A simulation box with
perfectly matched layer (PML) boundaries was used with a mesh size of 0.5 nm and 2 nm (for
40 nm and 100 nm correspondingly), with an override mesh refinement of 1 nm directly over the

nanoparticle to ensure convergence. A background refractive index of 1.33 was chosen to simulate
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an aqueous environment. A broadband total-field scatter-field with a range of 400—-1,000 nm with
linear 1 nm spacing was used as the illumination source.

To compare computed GNR optical spectra with experimentally measured ones (Fig 2.4.2.1)
simulated data were homogenously broadened to the linewidth of the experimental data while

conserving area, consistent with an ensemble distribution of particle sizes.
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2.4.6 ABBREVIATIONS

CTAB, cetyl trimethyl ammonium bromide; FDTD, finite-difference time-domain; GNR, gold
nanorod; I-LSPR, longitudinal localized surface plasmon resonance; PA, photoacoustic; PML,

perfectly matched layer; SEM, scanning electron microscopy
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2.5 THEORETICAL MODELING OF EXCITON-PHOTON FANO RESONANCES AND
RABI SPLITTING OF SINGLE SILVER NANOPRISMS COUPLED TO 2D PEROVSKITE
FiLMS

This section is adapted with modification with permission from the original publication “Tuning
Hybrid Exciton-Photon Fano Resonances in Two-Dimensional Organic-Inorganic Perovskite
Thin Films” Franziska Muckel, Kathryn N. Guye, Shaun M. Gallagher, Yun Liu, David S. Ginger,

which has been submitted to ACS Nano Letters.

2.5.1 INTRODUCTION

Plasmonic nanoparticles have the unique capability of focusing light beneath the diffraction
limit, generating strong local electric field enhancement when illuminated at the localized surface
plasmon resonance (LSPR) energy. When placed within a few nanometers of other materials like
chromophores or excitonic emitters the proximity to the nanoparticle and the overlap of absorbance
and emission spectra with the LSPR spectrum can quench the fluorescence of the material, enhance
absorption of light, or enhance the rate of emission from the excited state.’

Strong coupling occurs between a plasmonic cavity and an emitter if a resonant exchange of
energy occurs between the molecular transition and the focused electric field, resulting in a
reversible exchange of energy between light and matter.>® Characterizing and controlling such
light-matter interaction is necessary for the generation of new optoelectronic devices and
technologies such as polariton lasing or quantum computing,”® relying on effects like enhanced
absorption,® increased spontaneous emission,'!! and Rabi splitting.1%4

Due to the intense scattering resonance of plasmonic nanoparticles due to the attenuation of

the electric field, Fano resonances are commonly observed between composite materials due to
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the interference of scattering resonances, and observed as an asymmetric scattering spectrum.*>-%/

Materials with high refractive indices, such as lead halide perovskites (LHPs), can even generate
optical resonances with itself as a hybrid exciton-photon Fano resonance.*8'° This effect, however,
can often generate a complex scattering spectrum with multiple interactions and individual
components contributing to the overall spectrum of a plasmonic-coupled emitter.

Here, we study Fano resonances generated by a geometry-dependent exciton-photon
interference of 2D butylammonium lead iodide (BAPI) perovskite grains, and further explore
plasmonic coupling to this hybrid state. Finite-difference time-domain (FDTD) simulations are
employed in order to isolate specific interactions between different components of the system and
characterize both the self-contained Fano resonance and the coupling strength to silver nanoprisms.
Using the simulated scattering spectra to isolate the contribution of only the plasmonic silver

nanoprism, we identify Rabi splitting in the strong coupling regime.
2.5.2 RESULTS AND DISCUSSION

In this work, Muckel et al. demonstrated an asymmetric peak splitting in the scattering spectra
of both an excitonic, two-dimensional (2D) lead halide perovskite (LHP) thin film,
butylammonium lead iodide (BAPI) and silver nanoprism (AgNP)-coupled to the LHP film.
Intrigued by the asymmetric scattering spectra of the BAPI film even without the presence of a
plasmonic cavity, we simulated the scattering and absorbance spectra of a continuous BAPI film,
disk-like BAPI grains, and a disk-like dielectric grain, revealing a geometrically-defined scattering
resonance resulting in an exciton-photon Fano resonance and Rabi splitting of the AgNP localized
surface plasmon resonance (LSPR).

As shown in Figure 2.5.2.1, we modeled the dielectric properties of BAPI by ellipsometry

spectroscopy and from these measurements, obtained the wavelength-dependent refractive index,
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n, and extinction coefficient, k, values. The n and k values were then imported into the finite-
different time-domain (FDTD) simulation software, Lumerical, as a 2D-sampled material to model
the scattering of a BAPI grain with 150 nm diameter and a thickness of 20 nm. As seen in Fig.
2.5.2.1c., the BAPI grain scattering (green trace) demonstrates an asymmetric split peak at the
excitonic transition, whereas a grain of identical dimensions comprised of a high-refractive index
dielectric material only shows a monotonic decrease of scattering as wavelength increases, with
no resonance at the excitonic transition. We interpret this difference as evidence that the
asymmetric peak is not due to the geometric scattering of the BAPI grain alone, but rather as a
hybrid exciton-photon Fano resonance between the geometric resonance and the excitonic
transition. Furthermore, to account for a distribution of BAPI grain size in a given sample, we
simulated grains with a 20 nm thickness and 300, 500, and 700 nm diameters. For each increase
in diameter, the total scattering intensity increased, but the lineshape of the spectra otherwise did
not change, revealing any observed variation in lineshape of BAPI-AgNP composite samples is

due to factors other than local heterogeneity in the BAPI film.
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Figure 2.5.2.1. a) Spectroscopic ellipsometry data and globally fitted model (dashed lines) for
different incident angles of the light (55°, 65° and 75°), measured on a BAPI thin film on glass at
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room temperature. b) Refractive index, n, and extinction coefficient, k, of the 2D perovskite, as
extracted from the ellipsometry measurements. ¢) Simulated scattering spectrum (green line)
assuming a cylindrical 2D perovskite grain. The grey line represents the scattering of a dielectric
disk with the same dimensions and a constant refractive index of 2.15, providing a reference for
BAPI without the excitonic resonance. The inset depicts a schematic of the FDTD model used for
the simulations. The perovskite grains are modeled as a cylinder with a thickness of 20 nm and a
diameter of 150 nm embedded in a matrix of PMMA (refractive index of 1.4) on a glass substrate.
d) Simulated scattering spectra for 2D perovskite grains with a thickness of 20 nm and different
diameters of 300, 500 nm and 700 nm, all embedded in PMMA.

Next, as the experimental scattering of the low-energy branch of the coupled AgNP spectra
were often obscured by the intense scattering of the exciton-photon Fano resonance (except in the
case of very strongly-coupled nanoparticles with a significant redshift of the low-energy peak), we
simulated the scattering spectra of AgNP of varying sizes and AgNP coupled to a BAPI thin film
as shown in Figure 2.5.2.2. For the first simulations, we chose to model the BAPI film as a
continuous layer to isolate the exciton-plasmon coupling without the exciton-photon Fano
resonance scattering. The AgNP were modeled using silver optical coefficients by Palik?® with the
nanoparticle shape as disks, with a 14 nm thickness and 20 — 40 nm diameter, rather than triangular
prisms due to shape distribution in the nanoparticle sample after ligand exchange. As such, we
knowingly slightly underestimate the coupling strength due to a reduced electric field

enhancement, and avoid making false claims about the magnitude of the BAPI-AgNP coupling

strength.
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Figure 2.5.2.2. a,b) Simulated a) absorption and b) scattering by the Ag nanodisks within the
AgNP - 2D perovskite system: Ag nanodisks with different sizes (30 nm and 40 nm from bottom
to top) placed on a uniform layer of 2D perovskite embedded in PMMA. Grey dashed traces in a)
and b) depict the scattering and absorption spectra, respectively, of the uncoupled Ag nanodisks
embedded in a dielectric material with refractive index of 1.4 on glass. c) Isolated AgNP absorption
of Ag nanodisks with a 20 nm (bottom) and 30 nm (top) diameter on top of a 150 nm diameter
BAPI grain placed on glass and embedded in PMMA. d) Detuning plot extracted from the maxima
in the scattering and absorption spectra of Ag nanodisks with different sizes (as in a and b, among
others), placed on a uniform layer of 2D perovskite embedded in PMMA (see (a-b)). The detuning
value is determined as the difference between the medium peak position of the scattering of
uncoupled AgNP and the energetic position of the dip in the scattering of coupled particles
(2.401 eV). Dashed lines are guides to the eye.

First, we simulated a AgNP embedded in a dielectric material with a refractive index of 1.4 on
glass to show the LSPR of the uncoupled nanoparticle in the same sample orientation embedded
in a PMMA layer, only without a BAPI film underneath. The LSPR of the AgNP in both scattering
and absorption were singular peaks and only very slightly redshifted from their solution-sampled
resonance position due to the slight increase in refractive index from water to PMMA. We then
modeled the silver nanoprism on top of an infinitely wide, 20 nm thick BAPI film. The continuous
BAPI film did not significantly scatter light (Appendix A), as such, the scattering spectra obtained

from the simulation could be presumed to be purely from the AgNP. To obtain the absorbance of
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only the AgNP and not the BAPI film, a frequency-domain field and power monitor was placed
around the nanoparticle, not overlapping with the BAPI film. For all nanoparticle sizes, we
observed a split peak in both the scattering and absorption of the AgNP, with a dip centered
between 513-515 nm. This peak splitting of the plasmon resonance in both scattering and
absorption is indicative of plasmon-exciton strong coupling. We then placed the AgNP on top of
a simulated BAPI grain, which resulted in the dip blue-shifting to about 506 nm, similar to what
was observed in experimental data. This is evidence the plasmon resonance couples directly to the
hybrid exciton-photon resonance. Finally, we calculate the detuning values for a variety of
nanoparticle diameters, and calculate a Rabi splitting of 387 meV from the absorption resonances
and 350 meV from the scattering resonances. These values suggests the BAPI and AgNP are

strongly coupled.

2.5.3 CONCLUSIONS

In conclusion, we have used finite-difference time-domain simulations to identify geometric
scattering of a dielectric grain and a hybrid exciton-photon Fano resonance between the geometric
scattering and the excitonic transition of the 2D perovskite. We have shown coupling between both
the silver nanoparticle plasmon resonance by peak splitting of the scattering and absorbance
resonances of the nanoparticle, and coupling for the plasmon resonance to the hybrid exciton-
photon Fano resonance generated by the BAPI grain microstructure. Lastly, by calculating the
detuning energy of the system with nanoparticles of varying sizes, we provide simulated evidence
that silver nanoparticle strongly couple to the 2D perovskite BAPI film. The use of finite-
difference time-domain simulations shown here provide data complimentary to experimental data,

where spectra cannot be deconvolved to reveal the intricacies of multiple coupled materials.
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2.5.4 METHODS

Synthesis of AgNP. Silver nanoprisms were synthesized by slightly modifying the process as
previously described. 222 All glassware and stir bars were cleaned beforehand with aqua regia
(3:1 v:v HCI:HNO3) and rinsed thoroughly with Milli-Q purified water (18.2 MQ/cm). All
reagents were purchased from Millipore Sigma. In a 250 mL round bottom flask, 95 mL of water,
2 mL of 5mM AgNOg, and 1 mL of 30 mM sodium citrate were combined. The flask was wrapped
in foil and placed in ice. The solution was purged with N2 and stirred with a magnetic stirrer for 1
hour. At this time, 1 mL of 50 mM NaBHy, freshly prepared in cold water, was injected into the
reaction solution under rigorous stirring, yielding a transparent, pale yellow solution indicating the
formation of silver seeds. The solution was then allowed to equilibrate for 5 minutes. 400 uL of
the 50 mM NaBHjs solution was then slowly added to the solution over six minutes. In a separate
vial, 1 mL of 5 mM bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP)
was combined with 500 pL of the 50 mM NaBHj4 solution. 15 minutes after the first borohydride
injection, the BSPP/NaBHjs solution was slowly added to the reaction solution over 5 minutes. The
seed solution was then allowed to age in the dark for 15 hours in an ice bath without stirring. At
this time, if the extinction peak of the precursor solution was 393-394 nm, the pH of the solution
was adjusted to 11.0, monitored with a LabQuest 2 pH electrode. The spherical silver particles
were then photochemically converted to flattened nanoprisms by placing the solution under a 470
nm or 505 nm LED for smaller and larger prisms, respectively. Samples were exposed to the LED
until no significant change to the plasmon resonance was observed. During this time, the solution
changed from bright yellow to orange or purple, respectively. Nanoparticles were characterized
optically on an Agilent 8453 UV-Vis spectrometer and by electron microscopy on an FEI Sirion

scanning electron microscope with an accelerating voltage of 5 kV.
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FDTD simulations. To investigate the BAPI exciton-photon Fano resonance and estimate the
coupling strength between the AgNP and the BAPI 2D films, we conduct 3-dimensional finite-
difference time-domain (FDTD) calculations using a commercial software (Lumerical Solutions,
Inc. FDTD solver, version 8.18). The coupled structure is modeled as a silver nanodisk (14 nm
thickness with diameters between 20 and 40 nm) on top of the BAPI film, which is placed on top
of an infinite glass substrate. The AgNP is covered with an infinite PMMA layer (constant n=1.4).
The simulations of bare BAPI in Figure 2 were obtained omitting the AgNP. The BAPI was either
modeled as an infinite film of 20 nm thickness (compare schematic in Figure 4), or as a disk with
20 nm thickness and various diameters (see schematic in Figure 4d), with a gap of 1 nm between
the BAPI and the AgNP to represent the capping ligand layer. The dielectric function of the silver
was modeled using the Palik (0 — 2 um) Ag model?°, and the glass substrates was described as the
Palik SiO2 model. The BAPI dielectric function extracted via ellipsometry measurements was
implemented in the simulation with a single Lorentzian (see Figure S4). The system was
illuminated with a broadband total-field scattered-field light source. Scattering and absorption
cross sections are calculated by placing frequency-domain field and power monitors outside and
inside the source, respectively. The absorption of the AgNP within the coupled system is isolated

with a monitor surrounding only the particle.
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2.5.6 ABBREVIATIONS

2D, Two-dimensional; AFM, atomic force microscopy; AgNP, silver nanoparticles; BAPI,
butylammounium lead iodide (CsHoNH3)2Pbls; FDTD, finite-difference time-domain; FWHM,
full-width at half-maximum; LHPs, lead halide perovskites; PL, photoluminescence; PMMA,

poly(methyl methacrylate)
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CHAPTER 3. INVESTIGATION OF THE PHOTORESPONSIVE
AND PHOTOKINETIC PROPERTIES OF A
TETRAMETHOXYAZOBENZENE- AND B-CYCLODEXTRIN-
FUNCTIONALIZED POLYMER WITH SELF-FOLDING
BEHAVIOR

This section is adapted with modification with permission from the original publication “Dual-
stimuli  responsive single-chain  polymer folding via intra-chain complexation of
tetramethoxyazobenzene and f-cyclodextrin” Daniel, Lee, Kathryn N. Guye, Rajan Paraniji,
Kacper Lachowski, Lilo Pozzo, David S. Ginger, and Suzie H. Pun, which has been submitted to

Langmuir.
3.1 OVERVIEW

We synthesize and characterize a tri-block polymer with asymmetric tetramethoxyazobenzene
(TMAB) and B-cyclodextrin functionalization, taking advantage of the well-characterized
azobenzene derivative-cyclodextrin inclusion complex to pro-mote photo-responsive, self-
contained folding of the polymer in an aqueous system. Important for its potential use as a
functional material, we show the photoisomerization cyclability of the polymeric TMAB
chromophore and calculate isomerization quantum yields by extinction spectroscopy. The
observed decrease in photoisomerization quantum yield for the dual-functionalized polymer
compared to the isolated chromophore in an aqueous solution confirms TMAB and 3 -cyclodextrin

not only are in proximity to one another, but also form the inclusion complex.
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3.2 INTRODUCTION

Molecular switches, motifs that undergo chemical changes in response to external stimuli, have
been incorporated into nanoparticle and polymer systems to achieve functional materials. By
controlling molecular motion on the nanoscale, researchers have been able to design materials for
applications such as nanoactuation,' drug delivery,* catalysis,”® and sensing.”°

We were particularly interested in developing a synthetic polymer system that exhibits
photoresponsive folding behavior. Light is an attractive stimulus as it can be (1) applied
noninvasively from a distance, (2) temporally and spatially controlled, and (3) different
wavelengths can be used to selectively activate different chromophores.

Folding behavior has been explored in both biopolymer and synthetic systems, and can be
observed by changes in fluorescence between Forster resonance energy transfer pairs,'® resonant
frequencies between plasmonic dimers,**2 and electron spin resonance spectra between nitroxide
spin labels.'®* More macroscopic changes in the biopolymer have been measured without labeling
via circular dichroism!* and nuclear Overhauser effect (NOE) nuclear magnetic resonance (NMR)
experiments.®®

In synthetic polymer systems, folding behavior can be achieved by placing bonding or
complexing molecular pairs at different positions along the polymer main chain. For example,
folding polymers of different architectures have been achieved by placing alkynes in different
positions along the polymer main chain and covalently stapling them with azide-alkyne click
chemistry.*® In contrast, reversibly folding polymers can be realized by placing stimuli-responsive
molecular pairs on the a- and ®- ends of a polymer. One of the earliest reports of reversible folding
behavior involved the use of a short oligo(ethylene glycol) chain with anthracenes on the a- and

- ends that can photodimerize to lock the folded chain.!” Such o-/w- complexation has been
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further explored to make reversibly folding polymers using hydrogen donor-acceptor pairs,'8*°
metal-ligand complexes,? host-guest pairs including p-cyclodextrin (BCD).?1?

We set out to further develop these concepts further with a folding polymer that was of high
molecular weight and could reversibly fold in response to multiple stimuli. Because large polymers
in water often exhibit complicated solution phase behavior as a function of temperature, we wanted
to avoid heat as one of the stimuli. Of the many molecular recognition pairs in the literature, the
azobenzene-cyclodextrin pair offers attractive features of photoreversible complexation, relative
ease of synthesis and derivatization, and subsequent tunable properties.?>?> Azobenzenes have
gained significant attention due to their ability to undergo reversible (E)-to-(Z) isomerization in
response to temperature?® and different wavelengths of light,? and have even been used to control
polymer morphology?”2® and solution self-assembly.®2% (E)-Azobenzenes complex with
cyclodextrin in water to reduce the entropic penalty of water ordering around the hydrophobic (E)-
azobenzenes and the hydrophobic inner core of cyclodextrin. (Z)-azobenzenes, however, often
exhibit much lower equilibrium association constant (Ka) with cyclodextrins, due to the
hydrophilic dipole perpendicular to the azo bond and the steric interference between non-planar

(2)-azobenzene and the fixed diameter of the cyclodextrin inner core.  Azobenzene-

Scheme 3.2.1. Poly1 reversible photoinduced folding and unfolding and irreversible Bragnsted acid
induced unfolding. Schematic courtesy of Daniel Lee.
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cyclodextrin pairs have already been used in stimuli-responsive reversible hydrogels,*% drug
release,?>3"*8 material property modulation,*>*° and supramolecular assembly.3¢:4142

We identified tetramethoxyazobenzene (TMAB) and B-CD as our molecular recognition pair
of choice. BCD shows preferential binding of (E)-TMAB (Ka = 1546 M) over (Z2)-TMAB (Ka =
82.1 M1).% Although the azobenzene/aCD pair exhibits ~150-fold selectivity for (E)-azobenzene
(while TMAB/BCD exhibits ~20-fold selectivity), functionalization of aCD is notoriously difficult
and unfunctionalized azobenzenes are not multi-stimuli responsive. The ratio of (E)/(Z)-TMAB
can be modulated using multiple stimuli, including heat, light, and Bransted acids.*® In particular,
the presence of Bransted acids catalyzes the (Z)-to-(E) isomerization**“® and shifts the equilibrium
to (E)-TMAB via formation of an intramolecular hydrogen bonding 6-membered species.*?

Herein we the optical characterization of a multi-stimuli responsive high molecular weight
folding polymer (polyl). Polyl is a triblock copolymer with multiple TMAB and BCD moieties
and can be reversibly unfolded by photoinduced (Z)-to-(E) isomerization of TMAB. Polyl can
also be irreversibly unfolded under acidic conditions; even though introduction of acids favors (E)-
TMAB, the protonated (E)-TMAB is no longer hydrophobic and does not complex with BCD
(Scheme 1). Folding behavior was characterized by illumination-dependent extinction

spectroscopy.
3.3 RESULTS AND DISCUSSION

TMAB displays a characteristic double-peak extinction spectrum representing the ©-n* and n-
n* transitions. Unlike unmodified azobenzene which requires UV light for (E)-to-(2)
isomerization, TMAB undergoes photoisomerization with visible light in both directions as shown
in Figure 3.2.1 a. When exposed to 523 nm light, (E)-TMAB isomerizes to the less thermally

stable (Z)-TMAB which can be observed as a decreasing intensity and blueshift of the m-*
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extinction peak at 320 nm, as well as a blueshift of the n-n* peak at 446 nm. Rapid
photoisomerization from (Z)-to-(E) can be obtained by 470 nm illumination.*® We observe this

process by the red-shifting of both extinction peaks and an increased extinction intensity of the 7t-

* peak.
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Figure 3.3.1. Quantification of TMAB photoisomerization on polyl. a) Absorption spectrum of
polyl after irradiation with green or blue light. b) Absorption of polyl at 320 nm after multiple
cycles of irradiation with green and blue light. ¢) Determination of photoisomerization quantum
yield of polyl (red), TMAB-TEG(blue), and TMAB-HP-BCD (green).
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Alternating 523 nm and 470 nm LED illuminations revealed the photoisomerization of the
TMAB chromophore in polyl is reversible with no change in the extinction spectrum of the
chromophore with repeat cycling as shown in Figure 3.2.1 b. Additionally, we determined the
photoisomerization quantum yield on TMAB on polyl and TMAB-TEG. For studies with TMAB-
TEG, we used hydroxypropyl-BCD, a more soluble analog of BCD, to attempt to mimic the high
local concentration of BCD on polyl.

When comparing the extinction spectra of polyl to TMAB-TEG, a notable 24 nm redshift of
the TMAB-TEG n-n* peak is observed, which can be attributed to the formation of small
micellular aggregates*’® in solution (Appendix B). When TMAB-TEG is dissolved in excess (2-
hydroxypropyl)- B-cyclodextrin (HP-BCD), the extinction spectrum is blueshifted towards the
polyl spectrum as these aggregates are disrupted by the newly formed inclusion complexes. We
therefore conclude that TMAB-TEG readily includes BCD in aqueous solutions.

We next sought to confirm the occurrence of inclusion complexes between the TMAB and
BCD moieties tethered to the polyl backbone by determining the photoisomerization quantum
yield of (E)-to-(Z) TMAB and comparing to the quantum yields of free TMAB-TEG and TMAB-
TEG with soluble HP-BCD. Of the three solutions, folded poly1l would be expected to exhibit the
lowest quantum vyield for the photoinduced (E)-to-(Z) TMAB isomerization due to the high local
concentration of BCD at the polymer backbone, and resulting steric hindering of the (E)-to-(2)
isomerization of an included TMAB molecule. Isomerization of (Z)-to-(E) azobenzene is generally
believed to follow a sterically unhindered inversion mechanism*®-%*. (E)-to-(Z) isomerization on
the other hand, undergoes a sterically hindered rotation or hula twist, in which case the fraction of
azobenzene able to undergo a (E)-to-(Z) isomerization is dependent on the local environment of

the chromophore®*>*. A more sterically crowded environment, such as on the inside of a
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cyclodextrin molecule, will limit the rotation of TMAB and thereby reduce the yield of (E)-to-(Z)
isomerization, lowering the quantum yield of photoisomerization.

We then measured the extinction spectrum of polyl and TMAB-TEG over time, shown in
Figure 3.3.1 c, at low illumination fluence, 5 mW/cm?, with a 523 nm LED (LED Engin). Time
was converted to the integrated photokinetic factor (IPF) (Eqn 3.2.2) to account for the absorption
of 523 nm light with time while the extinction spectrum changes, effectively converting time to
photon dose. Using a modified method®? to determine the fraction of (Z)-TMAB with time, these
curves were then fit to an exponential curve as:

Ve = (Yo — Yoo) €Xp(—AX) + Yoo (3.3.1)
where y is the fraction of (Z)-TMAB at times t, t=0, and the final photostationary state, X is the
IPF, and A is the prefactor value, which is directly related to the (E)-to-(Z) quantum yield, @), at
523 nm.

Due to the lineshape differences of the TMAB extinction spectra between polyl, TMAB-TEG,
and TMAB-TEG with HP-BCD, the fraction TMAB chromophores in the cis vs. trans state at each
of the photostationary states, determined by *H NMR for TMAB-TEG, could not be extrapolated
to the other two solutions at a singular wavelength.

By integrating between isobestic points on the m-* and n-r*, region | and Il respectively in
Figure 3.3.2 a., we anticipated that the decrease in region | was proportional to the decrease in

[(E)-TMAB] and the increase in region Il was proportion to the increase in [(Z)-TMABcis].

60



12 1.2

o

1.04 1.0

0.84 0.8
0.64 0.6

0.4 0.4

Extinction (a.u.)
Extinction (a.u.) ©O

Extinction (a.u.)

0.24 0.24

0.04 0.04

300 400 500 600 300 400 500 600 300 400 500 600
Wavelegnth (nm) Wavelegnth (nm) Wavelegnth (nm)

Figure 3.3.2. a) The extinction spectra of (E)-TMAB (purple trace) and (Z)-TMAB (green trace)
in polyl with dotted lines at the isobestic points to depict region | and region Il. b,c) Integrated
region I (purple) and region Il (green) for b) (E)-TMAB and c) (Z)-TMAB.

For the known TMAB-TEG samples, the change in the area under each peak were equal to the
measured concentration changes within a 1% deviation. We therefore determined this method
could be expanded to the polyl and TMAB-TEG with HP-BCD samples to determine the
[TMAB:is] at the photostationary state, assuming all samples began with and equivalent ratio of
(2):(E) isomers.

For each sample, intermediate plots were fit as a linear combination of their starting (mostly
trans) and end (mostly cis) spectra. The variable defining the weight of the mostly cis state was
then normalized between the initial fraction of TMAB.is as measured by *H NMR and the final
fraction of TMABcis as determined by the change in peak integration.

Photoisomerization quantum yields were calculated by the methods described by Samai et al.>2

The photokinetic plots in Figure 3.3.1 c. were fit to Eqn 3.2.1, where y is the fraction of (Z)-
TMAB at time t, t=0, and the photostationary state. A is the prefactor, and x is the integrated
photokinetic factor (IPF).

The integrated photokinetic factor (IPF) was used in order to convert time to photon dose at

523 nm in order to take into account the lineshape changes at the incident wavelength. IPF was

calculated by integrating the following equation for the photokinetic factor (F):
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F, = (3.32)

In the above, abs* is the extinction value at the illumination wavelength (523 nm) at time, t.

Finally, the quantum yield, @), can be determined by the following:

AVYoo
A
1 Etrans

Where A is the prefactor, V is the solution volume, y. is the fraction of (Z)-TMAB at the
photostationary state, I* is the illumination intensity, * is the extinction coefficient.

From these results, we calculate a photostationary state of 83% (Z)- TMAB-TEG and 81% (Z)-
form for polyl. For TMAB-TEG, a ®) of 0.34 +/- 0.01 is observed while ® ) =0.28 +/- 0.01 for
polyl. Indeed, a decrease for @) is observed for poly1, indicating inclusion of TMAB. To confirm
inclusion as the source of a decreased @), we repeated this experiment with the TMAB-HP-BCD
solution (Figure 2c). An intermediate @) of 0.32 +/- 0.01 was observed. An intermediate value is
consistent with the previous extinction spectrum indicating incomplete inclusion of all TMAB
chromophores in the TMAB-HP-BCD solution. We rationalize this result by taking not only
solution concentration into account, but rather local concentration. As polyl tethers TMAB and
BCD within close proximity to one another, the two moieties are more likely to form an inclusion
complex than untethered, individual TMAB and BCD molecules in solution.

While some studies reveal a A®) as large as 50% due to local steric hindrance of azobenzene
isomerization, recent work by Royes et al.%® report Ad) of a similar magnitude for the inclusion

of unmodified azobenzene with cyclodextrins in a pure aqueous solution.
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3.4 CONCLUSIONS

We demonstrate the reversible folding of a high molecular weight polymer in aqueous
solution using only visible light. We also demonstrate the ability of our polymer system to respond
to a second, non-thermal stimulus as it can undergo irreversible unfolding in response to acidic
conditions. Folding behavior of polyl was determined by a combination of illumination-dependent

extinction spectroscopy experiments.
3.5 METHODS

All UV-Vis spectroscopy experiments were performed on an Agilent 8653 spectrometer using
a home-built cuvette holder designed with windows for photoisomerization excitation
perpendicular to the spectrometer source illumination path. Polymer and TMAB-TEG samples
were diluted to an optical density of ~1 at A =320 nm for the polymer and A = 344 nm for TMAB-
TEG. As freshly prepared solutions were often found in a mixed trans/cis state, all solutions were
photocycled between the cis and trans isomer through at least 3 cycles before measurements.

The intensity of the LEDs (470 nm Luxeon; 523 nm LED Engin) were measured by a a
calibrated silicon photodiode at the same distance as the LED to the cuvette. Room temperature
was confirmed prior to each run, and did not fluctuate more than 1 °C.
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3.7ABBREVIATIONS

BCD, beta-cyclodextrin; DCI, deuterium chloride; DOSY, diffusion ordered spectroscopy;
ECT, 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanyl pentanoic acid; IPF, integrated photokinetic
factor; GPC, gel permeation chromatography; NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; RAFT, reversible addition-

fragmentation chain-transfer polymerization; TMAB, tetramethoxyazobenzene.
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CHAPTER 4. IMPORTANCE OF SUBSTRATE-PARTICLE
REPULSION FOR PROTEIN-TEMPLATED ASSEMBLY OF
METAL NANOPARTICLES

This section is adapted with permission and minor modifications from “Importance of Substrate-
Particle Repulsion for Protein-Templated Assembly of Metal Nanoparticles” Kathryn N. Guye,
Hao Shen, Muammer Y. Yaman, Gerald Y. Liao, David Baker, and David S. Ginger, which has

been submitted to Langmuir.

4.1 OVERVIEW

We study the protein-directed assembly of colloidal gold nanoparticles on de novo
designed protein nanofiber templates. Using sequential assembly on glass substrates, we attach of
positively-charged gold nanoparticles to protein nanofibers engineered to have a high density of
negatively-charged surface residues. Using a combination of electron and optical microscopy, we
measure the density of particle attachment and characterize binding specificity. By varying
nanoparticle size and pH of the solution, we explore the importance of charge-dependent particle-
fiber and particle-substrate interactions. We find an inverse correlation between particle size and
attachment density to the protein nanofibers, attributed to the balance between size-dependent
electrostatic particle-fiber attraction and particle-substrate repulsion. We show pH-dependent
particle attachment density and binding specificity in relation to the protonation fraction of each
assembly layer. Finally, we employ hyperspectral scattering microscopy to draw conclusions about

particle density and interparticle spacings of optically-observable particle assemblies.
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4.2 INTRODUCTION

In recent years, the assembly of hybrid organic/inorganic nanostructures has drawn notable
interest as the result of many material designs with simple assembly strategies, yet highly
functional products.>? Such materials combine the optical and electronic functionality of inorganic
materials, like plasmonic metal nanoparticles®* or semiconductor quantum dots,>® with the
tailorable assembly of biologic’*! and biomimetic materials,*?™*° such as proteins,'®~*® peptides,*®-
23 peptoids,>*?> and DNA.?6-3! Using biomolecules to direct the local position and orientation of
such inorganic materials clears a pathway for tailorable and scalable nanoparticle assemblies for
functional purposes.®>-2°

While metal coordination complexes and covalent bonding of the inorganic material to its
biological template are common due to the vast library of capping ligands and tailorable
coordination sites**#? available for inorganic nanoparticles,®*%347 electrostatic-driven assembly
takes advantage of a similar collection of surface ligands to induce both attractive and repulsive
interactions between assembly elements to target specific binding sites.*®>2 In aqueous systems,
electrostatic interaction energies can be altered by increasing the ionic strength of the solution,
disrupting the electrical double layer and reducing the Debye screening length.*6°152 If assembly
elements contain labile protons, the surface potential of those elements can be tuned by controlling
the pH of the system, affecting both local and bulk material.1>5*% Lastly, electrostatic interaction
energies are geometrically-dependent, determined by the shapes and sizes of the interacting
surfaces.®® As the synthesis of both bioorganic and inorganic materials have achieved highly
tailorable designs, it becomes quite feasible to design a system that can electrostatically template

a specific nanoparticle with high binding specificity.
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Tailor-made biomolecules such as de novo designed proteins offer the opportunity to express
certain surface residues of a particular charge at specific locations for functional patterning of the
higher order protein structure.>” Shen and coworkers recently reported the de novo design of the
hierarchical synthesis of helical, high aspect ratio protein nanofibers with controllable length,
diameter, and charge density. Not only are these structures unique, the high density of glutamic
and aspartic acid residues at their surface yield a net negative surface charge under physiological
conditions, providing energetically favorable interactions for electrostatic nanoparticle
attachment.>® Understanding the attachment of inorganic particles to engineered proteins is
important both for understanding the fundamental design rules for hierarchical self-assembly, as
well as for beginning to use such structures to produce materials with interesting optical, electrical,

or chemical properties.

4.3 RESULTS AND DISCUSSION

Herein, we study the templating of spherical gold nanoparticles on such protein nanofibers at
the substrate interface. We identify an inverse relationship between particle size and attachment
density, we tune the particle density and specific binding by varying pH, and use hyperspectral
darkfield scattering microscopy to reveal both ensemble and local spectral differences for
plasmonic nanoparticles assembled under varying pH conditions and attribute these line shape
differences to particle binding specificity trends - showing that the assembly conditions can have

a direct impact on the resulting optical properties.
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Figure 4.3.1. a) Schematic of the electrostatic layer-by-layer assembly. Step 1) A silica substrate
with a thin layer of ITO is silanized with (3-aminopropyl)triethoxysilane (APTES). Step 2) Under
aqueous conditions, net-negative protein nanofibers are drop cast onto the net-positive silane layer.
Step 3) The protein-functionalized substrate is then exposed to a solution of net-positive, CTAB-
capped gold nanoparticles, yielding b) 10 nm gold nanoparticle-protein nanofiber composites
characterized by scanning electron microscopy, and c) a labeled micrograph of gold nanoparticles
bound specifically to protein fibers (yellow dots), with limited nonspecific binding of particles to
the silanized substrate (purple dots).

To study the assembly of protein nanofiber-templated gold nanoparticles, we propose a layer-
by-layer assembly approach with alternating attractive charges to promote composite assembly
and highly specific nanoparticle-to-nanofiber attachment. These structures were then observed by
scanning electron microscopy (SEM). Figure 4.3.1a. shows the assembly schematic of the layer-
by-layer approach. In step 1, we functionalize an ITO-coated silica substrate with (3-
aminopropyl)triethoxysilane (APTES) by vapor deposition yielding a net positive charge at the
surface of the substrate in aqueous solution. In step 2, an aliquot of 3 uM protein nanofiber solution
was drop cast onto the silanized substrate. A combination of glutamic acid and aspartic acid
residues at the surface of the helical fibers are deprotonated in the pH 8/25 mM Tris/75 mM NacCl

buffer solution. Protein nanofibers were anchored randomly to the surface of the substrate through

attractive van der Waals and electrostatic interactions. Excess protein solution was gently rinsed
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from the substrate surface. Separately, a PDMS spacer was placed on a cleaned glass coverslip,
creating a well atop the coverslip. Just before use, excess cetyltrimethlyammonium bromide
(CTAB) was removed from the CTAB-capped gold nanoparticle solution by centrifugation and
redispersal in Milli-Q Nanopure distilled water (18.2 MQ.cm). The PDMS well was filled with the
nanoparticle solution and placed on a flat surface. In step 3, the protein-functionalized substrate
was then placed protein-side-down over the nanoparticle solution. The CTAB capping of the gold
nanoparticles yield a net-positive surface potential (Supporting Information), generating van der
Waals and electrostatic attraction between the nanoparticle and protein nanofiber, and strong
electrostatic repulsion between the nanoparticle and silanized substrate, leading to specific binding
of the particles to the protein surface. After incubation, the composite-assembled slide was
removed from the excess nanoparticle solution, rinsed with a small amount of Milli-Q distilled
water, and gently dried by flowing N2 over the surface. Samples were analyzed by scanning
electron microscopy, with consideration toward the large number of particles attached specifically
to the protein fibers, as well as to the few nonspecifically bound gold nanoparticles to the silanized
slides. Figure 4.3.1b. shows an electron micrograph of the assembled hybrid structure and
nanoparticles color-coded in Figure 4.3.1c. as on-fiber (yellow dots) or off-fiber (purple dots).
Following standard Derjaguin-Landau-Verwey-Overbeek (DLVO) theory®®, the two physical
forces driving the formation of the protein-nanoparticle composites are van der Waals attraction
and electrostatic double layer attraction between oppositely-charged moieties and repulsion
between those like-charged. As such, the CTAB-capped gold nanoparticles are energetically more
likely to bind to the negatively-charged nanofibers with both DLVO elements in the attractive
regime, and less likely to nonspecifically bind to the substrate with only one attractive (van der

Waals) force and one repulsive (electrostatic) force. However, it is possible for nonspecific binding
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to occur if there are small regions of incomplete silanization on the ITO substrate or a nanoparticle
has a lower capping ligand density, reducing the electrostatic repulsion and permitting binding

through van der Waals attraction.
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Figure 4.3.2. Gold nanoparticle electrostatic attachment density is size-dependent. Composites
comprising a) 10 nm gold nanoparticles, b) 50 nm gold nanoparticles, and ¢) 100 nm gold
nanoparticles were prepared and imaged by SEM. Yellow markers represent particles attached to
the protein fibers and purple markers are particles attached to the substrate. d) Particle density in
number of particles/um2 by the diameter of the gold nanoparticles. Error bars represent Poisson
counting distributions.

To examine the effect this substrate-particle repulsion has on nanoparticle attachment, we
assembled the protein-particle composites with spherical gold nanoparticle of varying diameters.
As shown in Figure 4.3.2, we assembled structures with 10 nm (Fig. 4.3.2a.), 50 nm (Fig. 4.3.2b.),
and 100 nm (Fig. 4.3.2c.) CTAB-capped gold nanoparticles and show a representative, labeled

electron micrograph for each sample. Gold nanoparticle attachment is notably qualitatively greater
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for 10 nm gold nanoparticles, compared to 50 and 100 nm gold nanoparticles, with 10 nm gold
nanoparticles outlining each nanofiber. In the 50 nm gold nanoparticle composites, at least one
particle attaches to each nanofiber. In the 100 nm gold nanoparticle composites, however, most
nanofibers remain bare. To quantify these results, we assume the protein fiber density is consistent
between samples and record the areal attachment density as number of particles/um?. In Fig.
4.3.2d, we plot nanoparticle attachment density by the gold nanoparticle diameter to enumerate
the significant difference in particle attachment. We observe 38 + 6 10 nm gold nanoparticles/pum?,
0.9 + 0.9 50 nm gold nanoparticles/um?, and 0.03 + 0.2 100 nm gold nanoparticles/um?, yielding
a 10 nm:50 nm:100 nm gold nanoparticle ratio attachment of 1267:30:1. When Dyarticle~Dprotein, the
particle-substrate repulsion is more effectively screened by the negatively-charged protein,
allowing the nanoparticles to electrostatically bind to the protein. As particle diameter increases to
several times larger than the diameter of the protein fiber (50 nm), a larger surface area of the gold
nanoparticle is no longer screened by the attractive force and repelled by the like-charged substrate,
counteracting the attraction of the nanoparticle and protein, resulting in sparse nanoparticle
attachment. Gold nanoparticles with a diameter nearly an order of magnitude larger than the
protein (100 nm) are expected to experience only insignificant charge-screening from the protein,
but significant repulsion from the like-charged substrate, yielding extremely sparse gold
nanoparticle attachment to the nanofiber. As the gold nanoparticle must be able to approach the
protein-functionalized substrate in order to attach to the substrate-anchored protein without being
repelled away, and the diameter of the nanoparticle is the variable defining the substrate-gold
nanoparticle repulsion, the size of the gold nanoparticle plays a significant role in the nanoparticle

attachment density.
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Figure 4.3.3. Particle density and specific binding of 10 nm diameter gold nanoparticles as a
function of pH. a) Gold nanoparticle density on proteins (particles/um?) at pH 4 (red), 7 (green),
and 10 (blue) compared to the calculated fraction of negatively-charged protein (dark green dashed
line) as defined by its isoelectric point. b) Gold nanoparticle specific binding fraction at pH 4 (red),
7 (green), and 10 (blue) compared to the calculated fraction of protonated APTES (dark blue
dashed line) as defined by its monolayer pKa.

To achieve a “fine-tuning” of nanoparticle attachment in terms of both gold nanoparticle
density as well as specific binding of gold nanoparticles to protein nanofibers, we varied the pH
of the gold nanoparticle solution during step 3 of the assembly process, between anchoring the

protein nanofibers to the silanized substrate and depositing gold nanoparticles. Here, the specific

binding fraction is defined as:

# GNP on protein (4 1)
# GNP on protein+#GNP of f protein '

Specific Binding Fraction =

Figure 4.3.3a. shows the areal density of 10 nm gold nanoparticles specifically-bound to the
protein nanofibers at pH 4, 7, and 10. We find that the density of specifically-bound gold
nanoparticles increases as the pH increases from pH 4 to pH 7, then decreases slightly as the pH
increases from pH 7 to pH 10. Similarly, Figure 4.3.3b. shows the fraction of nanoparticles that
are specifically attached at pH 4, 7, and 10. Comparing Fig. 4.3.3a and Fig. 4.3.3b we see that, as
we increase the pH, the number of specifically-bound particles per square micron increases,

however, the number of nonspecifically bound particles increases even more rapidly (Supporting
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Information) meaning that the fraction of particles that are bound to the nanofibers, relative to
those bound to the substrate decrease continuously as pH increases.

We explain this increase in attachment density and concomitant decrease in the specific
binding fraction in the context of a competition between repulsion of the positively-charged gold
nanoparticles from the positively-charged APTES-functionalized glass, and their attraction to the
negatively-charged, carboxy-functionalized protein nanofibers, and the varying relative charge
states of the APTES and protein nanofibers due to changing pH.

In Fig. 4.3.3a, we compare the attachment density of particles to the theoretical charge potential
magnitude of the protein as defined by the protein isoelectric point, 5.66°°. At low pH values, the
carboxylic acid surface residues are nearly fully protonated, thus reducing the electrostatic
attraction between the particles and protein, and even generating some particle-protein repulsion
as the charge state of amino-functionalized residues remain positive. The small amount of
attachment that does occur under acidic conditions is likely due to small local variations in pH and
the incomplete protonation of the carboxy-surface residues. As the pH rises, the carboxy-surface
residues become negatively-charged, providing more energetically-favorable binding sites for gold
nanoparticles. This is consistent with the aforementioned observations that particle attachment
increases with increasing pH.

In Fig. 4.3.3b, we compare the specific binding fraction of particles to the theoretical fraction
of protonated APTES. At low pH values, the monolayer of APTES is completely protonated,
generating a greater positive charge at the substrate surface. As such, the limited number of
particles that did attach at low pH were almost all bound specifically to protein nanofibers. As pH
increases, the amino group of APTES becomes deprotonated with a pKa = 7.6.° As the amino

group is deprotonated, the substrate becomes neutral, greatly reducing substrate-particle repulsion.
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While the substrate does not become electrostatically attractive, the pre-existing interplay between
dominant electrostatic repulsion and van der Waals attraction is no longer balanced, and
attachment by van der Waals attraction becomes energetically favorable.

Having characterized the critical balance between electrostatic attraction and repulsion in the
protein-templated nanoparticle assembly with attention to only the final composite product, we
note the ability to observe the self-assembly process in real time provides more nuanced
information about kinetic processes and critical timepoints of the assembly process.®62 As such,
optical darkfield scattering microscopy is an enticing option for observing the self-assembly of
gold nanoparticles, as a noninvasive, nondestructive method of observation, while taking
advantage of the plasmonic optical properties of gold nanoparticles.?”% Although the 10 nm gold
nanoparticle composites are densely concentrated on the protein nanofibers and likely show some
collective scattering, the individual particles do not scatter strongly enough to be observable by
darkfield microscopy for potential in situ measurements. Therefore, we turn to the larger 50 nm
gold nanoparticle composites. Single 50 nm gold nanoparticles are just large enough to sufficiently
scatter a measurable amount of light. While the nanoparticles are not highly concentrated on the
protein nanofibers, we set out to determine if these particles followed similar trends to the 10 nm
particles, with regard to pH, and whether these trends could be observed by their single-particle or
multimer spectra. We prepared samples at pH 5, and 9, choosing pH conditions with the same
ionic strength, yet a likelihood of attachment in both cases, and investigated the nanoparticle
distribution by comparing the frequency of plasmon coupling observed via hyperspectral scattering

microscopy.
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Figure 4.3.4. Hyperspectral darkfield scattering measurements of protein-templated 50 nm gold
nanoparticles. a) Hyperspectral microscope schematic. (b, ¢) Average (grey) and single-spot
(blue/green traces) scattering spectra for composite samples prepared at b) pH 5 and c) pH 9. (d,
e) The distribution of center-to-center interparticle, nearest-neighbor distances for d) pH 5 and e)
pH 9 as determined by electron micrograph image analysis.

In Figure 4.3.4a. we show a simplified schematic of the hyperspectral darkfield microscope.
In the hyperspectral scattering experiment, the pre-assembled sample was illuminated with a
halogen white light, and the scattered light was collected through a 40x objective lens. The
scattered light was then passed through a volume Bragg tunable filter which, at a particular angle,
meets the Bragg condition to only diffract a single wavelength of light (= 2 nm) which is collected
as a monochromatic image by a CCD camera. As the filter turns, the incident angle of light
changes, satisfying the Bragg condition for different wavelengths of light across the whole white
light spectrum to build the hyperspectral data cube.®

In Figure 4.3.4b. and Figure 4.3.4c. the average spectrum of 50 nm gold nanoparticle-protein
composites assembled at pH 5 and pH 9, respectively, are shown in grey. Individual spectra were

identified from the data cube as described in the Experimental Methods section and averaged

together while filtering out massive aggregates or dust particles that were particularly bright and
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having an undue influence on the averaged spectra. In both samples, the average ensemble spectra
are fairly broad, indicating a large variation of single gold nanoparticles and multimers of varying
geometries. Both samples also had a large variety of single-spot spectra as show by the single-
particle traces for each sample. Finally, a set of SEM micrographs of each sample were labeled to
obtain the nanoparticle positions, and the distance to the two nearest-neighbors for each
nanoparticle was identified. The distribution of the distances is shown in Figure 4.3.4d and Figure
4.3.4e for pH 5 and pH 9, respectively. Each particle was assigned two nearest-neighbors, as the
best theoretical composite outcome would be 100% binding specificity of particles on fibers, in
which case each particle would have another particle on either side of the one-dimensional protein
nanofiber. True composites, however, have a combination of specifically- and nonspecifically-
bound particles, and since particles’ binding specificity could not be labeled in the hyperspectral
dataset alone, we did not limit nearest-neighbors to either on or off the protein nanofiber.

The pH 5 sample was prepared in order to prevent nonspecific binding due to a fully-protonated
silane monolayer, while the surface protein residues were deprotonated to some degree to allow
for electrostatic particle attachment. Image analysis reveals a specific binding fraction of 0.90 for
this sample. Notably, the single-particle peak around 550 nm appears only as a shoulder in the
broad scattering across the entire white light spectrum. Although single-particle spectra are
observed, a comparatively large population of various dimers and trimers are also observed. We
attribute this to the reduced surface area the gold nanoparticles can occupy, confined to only the
negatively-charged protein nanofibers and reduced nonspecific attachment to the substrate.
Therefore, it is more likely a gold nanoparticle will attach within coupling distance of another gold
nanoparticle. We see this confirmed by the nearest-neighbor distributions in the pH 5 sample in

Fig. 4.3.4d, that the largest population of nearest-neighbors are within coupling distance, and then
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experience a steady decrease for particles with far-away neighbors, which would have a spectral
signature of a single particle. It is worth mentioning, however, this also indicates particle
attachment energies may not be isotropic across the protein nanofiber and substrate.
Heterogeneous silanization of the substrate may create larger energy barriers in certain regions,
driving nanoparticles to attach in a further reduced area of the protein, increasing the likelihood of
gold nanoparticle coupling. Additionally, the curvature of an entropically anchored protein
nanofiber or its proximity to another nanofiber may also act to reduce the energy barrier and
provide a more accessible binding site for multiple gold nanoparticles.

The pH 9 sample, which was predicted to have the greatest particle attachment density due to
a deprotonated, neutral substrate and negatively-charged protein nanofiber, indeed exhibited a
specific binding fraction of only 0.65, and the highest overall average pixel intensity at 550 nm,
due to a large population of uncoupled, single particles both specifically-attached to the protein
and nonspecifically to the silanized substrate, consistent with the 10 nm gold nanoparticle
observations in alkaline conditions. In addition to the intense peak at 550 nm, a secondary peak is
observed around 700 nm. This shoulder is attributed to the smaller population of coupled dimers
and trimers which exhibit a strongly scattering, redshifted peak due to the additional plasmon mode
along the longitudinal axis of the multimer. Since the longitudinal peak of multimers tends to
scatter several times more intensely than the shorter, transverse plasmon mode, we can conclude
that since this 700 nm shoulder is less intense than the 550 nm peak, the number of single particles
far exceeds the number of coupled multimers. This is consistent with the distribution of nearest-
neighbor distances in Fig. 4.3.4e, showing that while there is a population of nanoparticles within
close proximity to one another, there is also a consistently large population of isolated, single

particles.
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We believe these observations are encouraging for further in situ assembly studies to
investigate electrostatic, protein-driven nanoparticle assemblies, utilizing hyperspectral
microscopy to probe gold nanoparticle attachment and interparticle orientations in real time. Due
to the rapid acquisition of a large volume of data, however, parallel advancements in real time data

analysis are needed.

4.4 CONCLUSIONS

Protein-templated gold nanoparticle assemblies were realized via a layer-by-layer assembly
process using elements with alternating surface potentials. Size-dependent gold nanoparticle
attachment density reveals particle-substrate repulsion is a dominating interaction, the magnitude
of which determines whether particles are able to attach to the protein near the substrate interface.
By varying the pH, we show control over the assembly parameters via the tunability of the fraction
of protonated or deprotonated surface functional groups of each assembly component. Finally, we
show hyperspectral scattering microscopy can be a powerful tool for optically analyzing such

assemblies, potentially allowing for noninvasive in situ observation of the assembly process.

4.5 METHODS

Preparation of CTAB-Coated Gold Nanoparticles. A sample of citrate-capped gold
nanoparticles (BBI Solutions Inc.) was centrifuged at 14,5000 rpm for 10 minutes. The supernatant
of excess citrate was removed, and the particles were redispersed in Milli-Q Nanopure distilled
water (18.2 MQ.cm). A 0.3% w/w aqueous solution of cetyltrimethylammonium bromide (CTAB,

TCI America), was added to the gold nanoparticles under rigorous stirring until the final
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concentration of CTAB reached 0.15%. The solution was incubated while stirring overnight.
Particles were stored in this 0.15% CTAB solution until use. Ligand exchange was confirmed by
UV-Vis on an Agilent 8453 and zeta potential measured on a Malvern Zetasizer.

Preparation of de novo Designed Protein Nanofibers. Protein nanofibers were prepared
following previously reported literature methods.>®

Silane Functionalization of ITO Substrates. Silica substrates with a thin layer of indium tin
oxide (ITO, Thin Film Devices) were cleaned by sonication in Micro-90 detergent, acetone, and
isopropyl alcohol consecutively for ~15 minutes each to remove bulk contaminants. The substrates
were then rinsed with ethanol and dried with N2. To remove any lingering organic contaminants
at the substrate surface, substrates were oxygen plasma cleaned for 1 minute. Substrates were then
placed in a vacuum oven to be functionalized with (3-aminopropyl)triethoxysilane (APTES,
Millipore Sigma) by vapor deposition at 100°C for 1 hour. After 1 hour, substrates were sonicated
for 5 minutes in isopropyl alcohol to remove excess silane.

Layer-by-Layer Protein-Directed Assembly of Gold Nanoparticles. A small aliquot of the
stock solution of protein nanofibers was diluted to 3 uM with pH 8/25 mM Tris/75mM NaCl buffer
solution. The diluted aliquot was then drop cast onto the silane-functionalized 1TO substrate and
rinsed with 1 mL of the buffer solution, and subsequently by a minimal amount of Milli-Q
Nanopure water to remove excess salt, leaving a layer of randomly-positioned protein nanofibers
anchored to the silane surface. Separately, a PDMS spacer (Grace BiolLabs) was placed on a
cleaned glass substrate, creating a well atop the coverslip. This well was filled with 36 pL of
nanoparticle solution and 4 pL of Milli-Q Nanopure water or 4 pL of the variable solution for
observation (e.g. the pH 10 sample, 36 uL of nanoparticles and 4 pL of 1x10° M NaOH in Milli-

Q Nanopure water so that the final [NaOH] was 1x10* M). For the pH 7 sample, 4 pL of a 1x10"
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3 M NaCl solution was used to keep the ionic strength of the system consistent with the pH 4 and
pH 10 samples. The protein-functionalized slide was then placed protein-side-down onto the well
to eliminate gravimetric sedimentation of the nanoparticles. Protein-functionalized substrates were
incubated in the nanoparticle solution for 10 minutes for all samples. Slides were rinsed with a
minimal amount of Milli-Q Nanopure water and very gently dried with No.

Scanning Electron Microscopy Imaging and Analysis. Composite samples were imaged by
SEM on an FEI Sirion XL30 with an accelerating voltage of 5.0 V. From each sample, images
were obtained at random, arbitrary locations across the deposited protein area. Number of particles
attached to protein nanofibers and number of particles bound nonspecifically to the substrate
surface were counted using ImagelJ. Particles were considered bound to the protein if any part of
the bright white nanoparticle appeared to overlap the dark nanofiber. If particles appeared
aggregated, that is a clear boundary could not be identified, the aggregate was considered a single
particle as it could not be determined if the particle aggregated in solution or after attaching to the
protein. For average interparticle distances of the 50 nm gold nanoparticle composites, coordinate
positions were identified using ImageJ particle analysis and their centroid positions were stored as
the center-of-particle location. Using Python 3.7 programming, the center-to-center distance of the
two nearest nanoparticle neighbors for each nanoparticle were identified.

Hyperspectral Darkfield Scattering Microscopy. Hyperspectral darkfield scattering data
sets were obtained on a Photon Etc. IMA system, using a Nikon Ni-U upright microscope and a
40x objective lens (Nikon, NA 0.6). Full-field scattered light was passed through the tunable
volume Bragg grating filter with a step size of 5 nm and integration time of 5 seconds/step. The
scattered light at each wavelength step was collected by a CCD camera (Thorlabs, 1501M-US-

TE), building the hyperspectral data cube by accumulating each wavelength slice. Scattering
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spectra were normalized by dividing by a white light reference spectra and background corrected.
Single-particle spectra were obtained using the Photon Etc. PHySpec software. The average
particle spectra were obtained using a clustering algorithm using Google Colab programming to
identify the central pixel of a diffraction-limited spot, and then average the pixel spectra of a given
pixel neighborhood around the central pixel to be counted as one particle spectrum. All particle

spectra were then averaged to obtain the ensemble average spectrum.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 CONCLUSIONS

This dissertation presents work on the optical characterization of metal nanoparticles, bio-
inspired organic materials, and their combined composite structures, with particular focus on the
simulated optical properties of nanoparticles of varying geometries interacting with their local
environment, the photokinetics and photoisomerization quantum yield of a photoresponsive, host-
guest polymer with self-folding behavior, and electrostatic assembly of protein-templated gold
nanoparticles.

In Chapter 2, we presented finite-difference time-domain simulations for three different
systems including orientation- and intersurface distance-dependent silver nanoprism dimers, gold
nanorods of varying sizes, and silver nanoprisms coupled to a two-dimensional lead halide
perovskite film. In the first section, nanoparticle dimers comprising of either two gold nanospheres
or two silver nanorprisms were modeled to simulate the redshift of the localized surface plasmon
resonance (LSPR) as a function of interparticle distance. For the anisotropic silver nanoprisms, we
varied the orientation of one nanoprism with respect to the other, demonstrating a range of
fractional redshifts dependent on the geometry of interactions. The redshift of all silver nanoprism
dimers, however, were greater than for the 50 nm gold nanospheres at the same surface-to-surface
distance. These simulations therefore showed the incredible redshift with novel infrared scattering
of nanorpisms tethered to the thermoresponsive microsphere at temperatures above the transition
temperature, in comparison to previous simulations, was due to plasmonic coupling between
particles. We then simulated two nanorods with similar LSPR energies, but a notably different

scattering contribution to the extinction coefficient. Calculated absorption and extinction cross-
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sections were compared to a new method for obtaining photoacoustic absorption spectra, showing
incredible accuracy of the spectrometer to measure purely the absorption of light by the
nanoparticles, even in a high-scattering environment. Finally, we simulated silver nanoprisms
coupled to a 2D lead halide perovskite thin film. From these simulations, we were able to
deconvolve contributions of geometric scattering, a hybrid exciton-photon Fano resonance, and
the strongly-coupled plasmon resonance from the experimental spectra. We were also able to
calculate the Rabi splitting of the coupled nanoparticles to reveal a strongly-coupled system, when
these values were otherwise unattainable due to the strong scattering contribution of the exciton-
photon Fano resonance. In general, finite-difference time-domain simulations provide an excellent,
reliable mechanism for supporting experimental results and providing insight into optical
properties which are unattainable from experiments directly.

Next, in Chapter 3, we studied a photoresponsive, self-folding triblock copolymer driven by a
host-guest  cyclodextrin-azobenzene  derivative  pair. The azobenzene  derivative,
tetramethoxyazobenzene (TMAB), is nonpolar in its trans-state and therefore includes the
cyclodextrin to mediate hydrophobic interactions in the aqueous solution. However, after
undergoing photoisomerization to the cis-state, TMAB excludes cyclodextrin. This
photoisomerization, however, is sterically hindered by the surrounding cyclodextrin walls, thereby
lowering its photoisomerization quantum yield. In this chapter, we show the light-induced
reversibility and cyclability of the TMAB chromophore both tethered and untethered to the
polymer, propose a modified method for quantifying the fraction of cis-state TMAB when the
extinction coefficient is not obtainable by NMR for the polymer system, and confirm a reduction
in the quantum yield of the TMAB in the polymer, confirming self-inclusion and therefore self-

folding.
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Finally, in Chapter 4, we study the electrostatically-driven protein-templating of small gold
nanoparticles near the surface of a charged substrate. Guided by the long-studied Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory, we identify a critical balance between electrostatic
attraction and repulsion to offset nonspecific van der Waals attraction while still permitting
specific attachment for nanoparticle assembly. We show nanoparticle size directs substrate-particle
repulsion, resulting in larger nanoparticles being driven away from the protein-functionalized
substrate while the substrate-particle repulsion of small nanoparticles is better screened by the
protein-particle attraction, therefore attach at a much higher density. Local surface potentials can
also be tuned by varying the pH of solution. As pH increases, the protein nanofibers become more
negatively charged yielding an increase in protein-particle attraction, however the silane layer on
the substrate concomitantly becomes deprotonated, yielding a larger degree of nonspecific binding
of particles, thus a balance must be identified between strong protein-particle attraction and
substrate-particle repulsion. Finally, using larger nanoparticles, we measure the scattering spectra
of nanoparticle-protein composites, yielding results comparable to those observed by electron
microscopy. This suggests optical microscopy, even with poorly-attaching nanoparticles, may

yield critical insight into the assembly dynamics by in situ observation.

5.2 FUTURE DIRECTIONS

Stimulus-Responsive Self-Folding Polymers

In Chapter 3, we discussed the analysis of a self-folding polymer driven by a photoresponsive
host-guest complex. Moving forward, such a functional material which demonstrates stimulus-
responsive, reversible volume actuation is an attractive target for preparing nanoparticle dimers

with the ability to vary the interparticle distance, such as in the work by Samai et al. in 2018 using
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azobenzene-modified DNA hairpin loops. Polymers, compared to DNA, tend to be more stable
in various solution conditions and benefit from the ability to economically produce large quantities
with specialized designs and functionalities. In order to employ this self-folding polymer to
manufacture photoreversible nanoparticle dimer actuators, a gold-binding functional group, such
as a thiol, would need to be added to each end of the copolymer. Due to the strong surface charge
of typical citrate-capped nanoparticles after synthesis (typically -30 meV), ligand exchange on the
nanoparticle surface may be needed in order to passivate such repulsive charges, allowing the
nanoparticles to dimerize via a short-distance tether. One neutralizing capping ligand would be a
thiolated polyethylene glycol chain which readily binds to the surface of the nanoparticle and
nearly neutralizes the surface charge. We had previously also proposed capping the nanoparticle
with a thiolated photoinduced ring-opening spiropyran which under one wavelength of light is
neutral and by excitation of another becomes ionized?. Such a controllable neutral-to-charged
capping ligand is a strong contender for achieving maximum actuation by aiding the entropy of
diffusion of the unfolding of the polymer with nanoparticle surface-to-surface repulsion. However,
careful consideration of this system would need to be taken to avoid undesirable absorbance
overlap between the azobenzene and spiropyran. The spiropyran is also known to function as a
photoacid, releasing a proton via the ring-opening step. Consequently, too significant of a drop in
pH results in a locked “super-trans” state in which the azo bond of tetramethoxyazobenzene
(TMAB) becomes protonated and due to the formal charge, can no longer include cyclodextrin. In
order to generate discrete dimers, a layer-by-layer self-assembly approach would likely yield best
results, drop casting one set of nanoparticles, then drop casting the thiolated self-folding polymer
under green light illumination to drive the TMAB into a majority cis-state resulting in unfolding

and reducing the opportunity for the polymer to chelate the first nanoparticle, and finally an
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incubation set of more gold nanoparticles to generate nanoparticle dimers. The actuation of dimers
could then be studied in solution by hyperspectral darkfield microscopy, with an obvious redshift
and split peak of nanoparticle dimers form in the folded state of the polymer following known
plasmon ruler modeling. Dimers would also be characterized by scanning electron microscopy. A
layer-by-layer approach would also benefit the ability to replace the second nanoparticle with a
semiconductor quantum dot, resulting in fluorescence quenching in the folded state, and quantum
dot fluorescence in the unfolded state. Composites formed in solution would also be of interest,
however it is less likely to form an abundance of discrete two-particle dimers rather than large
aggregates, however such large aggregates may also demonstrate interesting photoresponsive
behavior, and could also increase the likelihood of photothermal heating driving the cis-to-trans
transition of TMAB or other azobenzene-derivative with a greater sensitivity to temperature.

Finally, another synthetic design which has recently generated interest, is the tethering of a
fluorophore and guenching molecule, both organic, to either end of an actuatable polymer chain,
resulting in observable fluorescence in the unfolded state and quenched fluorescence in the folded
state, similar to the plasmonic particle-semiconductor quantum dot design. Using an all-organic
system however, prevents potential complications of surface-surface repulsion reducing
dimerization yield and can be incorporated directly during the synthetic preparation. Finally, such
a system could be blended into an elastic hydrogel matrix and investigated for mechanical, stress-
induced actuation®.

Bio-Templated Assembly of Nanoparticles and Photomediated pH Control

In Chapter 4 we discussed the electrostatically-driven templating of small gold nanoparticles
by protein nanofibers and characterized the balance between electrostatic attraction and repulsion

as the main driving force of assembly. In this chapter we showed preliminary data that assembly
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could be monitored via hyperspectral darkfield microscopy, with conclusions relating to
interparticle spacing, attachment density, and binding specificity being drawn from the ensemble
average scattering spectra of the sample. Currently, efforts are being done to use machine learning
to automate a rapid prediction of nanoparticle position, geometry, and orientation from the
individual scattering spectra (much like the information obtainable from the plasmon ruler model
or finite-difference time-domain simulations). Moving forward, in 2019, Boyken and coworkers
designed de novo protein structures with an embedded pH-responsive histidine network which
engages in hydrogen bonding at high solution pH values allowing the protein to assemble in
various structures such as a nanofiber®. However, when the pH is dropped, the histidine becomes
protonated, and the steric hindrance between residues breaks apart the protein. If the pH is
increased, the histidine will deprotonate again, and the protein microstructure will reform. Taking
what we have learned from the project described in Chapter 4, we plan to tag such pH-responsive
protein nanofibers with gold nanoparticles and observe in situ the formation, denaturation, and
reformation of the fiber structure as a response to solution pH. Furthermore, we have the
opportunity to combine our knowledge of photoresponsive materials such as described in Chapter
3 by introducing a photoacid to the protein-nanoparticle composite solution. Photoacids are
chromophores which, in their photoinduced excited state, results in a weakened chromophore-
labile proton bond and a pKa drop of usually several pH units. Photoacids can be irreversible (often
used in acid-catalyzed free radical polymer syntheses) or reversible by diffusion of the proton back
to the host chromophore in the dark. The benefits of using a photoacid compared to manual titration
of an acid or base into the composite buffer are 1) the solution does not become over diluted, as
the proteins require a Goldilocks-zone of monomer concentration in order to form the nanofiber

microstructures; 2) the ionic strength does not monotonically increase with each acid-base cycling
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reducing the rapidity of cycling fatigue of the system; 3) whereas manual titration of solution must
affect the entire solution, light can be focused to the nanoscale, triggering pH actuation over a
small, local area, allowing for nanoscale control over assembly and disassembly of protein
structures; and finally 4) a wide range of photoacid exists commercially and synthetically allowing
for selection of illumination wavelength and pH-drop including the ground state and excited state
pKa values. As many biomolecules assemble via a combination of hydrophobic and electrostatic
interactions, the ability to trigger assembly and disassembly via a non-contact stimulus would be
extendable to many systems including proteins, peptides, peptoids, and even bio-inspired
polymers.

Lastly, as the organization of nanoparticle arrays is highly desirable due to the many
optoelectronic functionalities of such structures, the de novo design of the proteins may be further
adjusted to selectively bind a secondary particle, such as a semiconductor quantum dot, in between
gold particles or as a Janus material with two discrete functionalities on either end in order to
benefit from plasmonic-enhanced absorption, emission, or even strong coupling between emitter
and plasmonic cavity. Alternatively, the templated nanoparticles, if sufficiently close to one
another to create rows of nanoantennae, could be used as nanosensors or have a material with a
strong excitonic transition such as butylammonium lead iodide or a J-aggregate dye spin cast over
top of the templated particles for further investigation of plasmonic materials coupled to two-

dimensional excitonic emitters.
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APPENDIX A.

2.3 Theoretical Modeling of Plasmonic Coupling of Anisotropic Silver
Nanoprisms with Varying Interparticle Distances and Orientations

3D geometric design of gold nanorods for FDTD simulations

(a) (b)
Gold Spheres Vertex-to-Vertex
(c) (d) |
Vertex-to-Edge Vertex-to-Face

Figure Al. Depiction of a) gold nanosphere and b-d) silver nanoprism dimers with varying
interparticle orientations for the anisotropic nanoparticles including b) vertex-to-vertex, c) vertex-
to-edge, and d) vertex-to-face. The dashed line between each particle indicates the distance
interparticle spacing was measured.

Varying the Size and LSPR of Silver Nanoprisms in PNIPAM Composites
vol:vol
AgNP: PNIPAM

1:1
2:1
4:1
8:1

16:1

Figure A2. Silver nanoprisms of varying sizes (left-to-right, small-to-large) synthesized by
synthesis method 2 as discussed in the main text, and combined with PNIPAM microspheres at
varying ratios The temperature of solutions, all at once, were raised above the LCST to show a
dramatic color change for each sample, with the most noticeable changes with the smaller
nanoparticles.
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2.4 Theoretical Modeling o Size-Dependent Absorption and Scattering of Gold
Nanorods in Comparison with Photoacoustic Spectroscopy

Synthesis of gold nanorods

The synthesis of gold nanorods followed a modified method described by Ye et al.l All
reagents were obtained from Sigma Aldrich unless otherwise specified.

Seed Solution. 5 mL of 0.5 mM HAuCIs was added to a solution of 0.2 M CTAB (TCI
America) while stirring (600 rpm) using MilliQ Nanopure water for all solutions. A fresh solution
of 0.01 M NaBHjs (Stream Chemicals) was then prepared. 600 pL was diluted to 1 mL and added
to the Au-CTAB solution. The solution quickly turned from pale yellow to brown while it stirred
for two minutes. At this time, the stirring was stopped and the seed solution aged for 30 minutes
while the growth solution was prepared.

Growth Solution. 0.7 g of CTAB and 0.1234 g of sodium oleate were added to a centrifuge
tube with 25 mL of MilliQ water and heated to ~70°C with occasional shaking. When the CTAB
and sodium oleate were completely dissolved, the solution was moved to an Erlenmeyer flask and
the temperature reduced to 30°C. 1.8 mL of 4 mM AgNO3 while stirring to obtain a homogenous
mixture, and then left undisturbed without stirring for 15 minutes. Then 25 mL of 1 mM HAuUCl.
was added under rigorous stirring (600-700 rpm). The solution aged while stirring, and over this
time, the color faded from pale yellow to colorless. After 90 minutes, the pH was adjusted by
adding 150 pL of concentrated HCI (12.1M) and the solution was left stirring at 400 rpm for 15
minutes. 125 pL of 0.064 M ascorbic acid was then added and stirred vigorously (700 rpm) for 30
seconds.

With the seed solution and growth solution finishing aging at the same time, 35 pL of seed

solution was injected into the growth solution. The reaction mixture was stirred for 30 seconds and
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then left undisturbed at 30°C for twelve hours. The final product of gold nanorods were
characterized by UV-Vis spectroscopy on an Agilent 8453 UV-Vis spectrometer and scanning
electron microscopy on an FEI Sirion with a 5 kV accelerating voltage. Gold nanorods were
purified from the reaction mixture by centrifugation at 12,500 rpm for 10 minutes and then
redispersed in a 50 mM CTAB solution until use.

Characterization of gold nanorods

()
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Wavelength (nm)

Figure A3. a) Histogram of the distribution of nanoparticle lengths. b) Histogram of the
distribution of nanoparticle widths. ¢) Histogram of the average aspect ratio. d) Representative
electron micrograph of the gold nanorods on an ITO substrate. e) Normalized UV-Vis extinction
curve of the nanoparticle solution.

The length and width of 75 nanoparticles were measured using ImageJ image analysis
software. The average length of the nanorods was 99.7 + 9 nm, the average width was 35 £ 5 nm,
and the average aspect ratio was 2.9 £ 0.4. The average length divided by the average width was

2.9 in good agreement with the average of individual particle aspect ratios. With a gaussian

distribution on each histogram and an agreement between the calculated aspect ratios, it can be
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determined this sample of gold nanorods is monodisperse with regard to shape and size. The UV-
Vis extinction spectrum also indicates a monodisperse sample with a fairly narrow longitudinal
peak centered at 774 nm and a low intensity transverse peak at 514 nm indicating a low or

nonexistent population of contaminant gold nanospheres.

3D geometric design of gold nanorods for FDTD simulations

Finite-difference time-domain simulations are capable of calculating scattering and absorption
spectra of plasmonic nanoparticles with an astounding accuracy if the material optical properties
are well-characterized, and if the refractive index of the environment and geometry of the
nanoparticle are accurate.

The 40 nm nanorod has a more traditional geometry from gold nanorods with spherically
rounded ends. Therefore, the 40 nm nanorod was constructed in the Lumerical software by
overlapping two gold spheres of an 11.1 nm diameter at the edges of a gold cylinder with a
diameter of 11.1 nm and a length of 31.8 nm, yielding a final length of the nanorod of 42.9 nm. In
order for this structure to behave as a single rod-like nanoparticle during the simulations, a mesh
order must be set for the two spheres and cylinder. In Lumerical, when objects overlap, the object
with a lower mesh order will take priority, and the software will ignore the overlapping portion of
the object with the higher mesh order. Therefore, each sphere was given a mesh order of 3 and the
cylinder a mesh order of 2, yielding a final rod-like nanoparticle as a cylindrical structure with

hemisphere caps at each end as shown below:
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(a) (b)
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42.9 nm

Figure A4. a) Design of the 40 nm gold nanorod with independent objects. b) Final simulated
object after mesh order is considered (images not drawn to scale).

For the 100 nm gold nanorod, however, the edges were flatter and less spherical. To construct
such a nanoparticle, we made the spheres larger and positioned them closer to the center of the
cylinder to where the cross section of the cylinder matched the cross section of the sphere. Because
the actual curvature of the nanoparticle edges was not measured, this was done by trial and error
until the peak position of the nanoparticle was consistent with the peak in the extinction spectrum

with a spherical diameter of 60 nm.

(@) (b)

(

Figure A5. a) Design of the 100 nm gold nanorod with independent objects, including larger
spheres at the edges. b) A barbell-shaped nanoparticle after considering the mesh order of the gold
objects alone. ¢) The barbell-shaped nanoparticle in a ring with inner diameter of 35 nm and a
refractive index of 1.33. d) Final simulated object after mesh order of the gold and dielectric ring
are considered (images not drawn to scale).

ISSnm

99.7 nm

Enlarging the spheres, however, yields a barbell-shaped nanoparticle that is not consisten with
the nanorod structure. To remove the extra parts of the sphere around the cylinder, a ring with an
inner diameter of 35 nm and an outer diameter of 60 nm was placed over the nanoparticle with the
same central axis. We set the material of the ring as a dielectric material with a refractive index of

1.33 to match the water background, and the lowest mesh order. Therefore, the excess gold around
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the edges from the enlarged spheres would be discarded, leaving only the gold inside the inner
diameter of the ring to be accounted for. The final mesh orders of each object was 4 for the spheres,
3 for the cylinder, and 2 for the ring. The shape of the nanoparticle was confirmed with a refractive

index monitor to ensure proper meshing.

Finally, a background index of 1.33 was set to simulate the refractive index of an aqueous

solution at room temperature.
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2.5 Theoretical Modeling of Exciton-Photon Fano Resonance and Rabi
Splitting of Single Silver Nanoprisms Coupled to 2D Perovskite Films
Effect of grain diameter on BAPI scattering
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Figure A6. FDTD simulations of the scattering cross section of 2D BAPI nanodisks with 20 nm
thickness und different diameters of a) 40 nm - 90 nm and b) 300 nm - 900 nm). The inset in a)
depicts the scattering of a continuous BAPI film.

To account for variations of the scattering contribution of BAPI due to a distribution of BAPI
grain sizes in the actual film, we simulated the scattering coefficient of small and large BAPI
grains. Even a few tens of nanometers difference in grain diameter increases the scattering
coefficient by an order of magnitude for the smaller grains. The larger grains, which have very
high scattering coefficients comparatively, do not increase scattering with size as rapidly. Based
on the size of grain or grains the nanoparticle overlaps in the coupled sample, the BAPI scattering

contribution may vary, and therefore cannot be background corrected from the nanoparticle

spectra.
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Silver Nanoprism Characterization

Extinction (arb. u.)

400 600 800 1000

Wavelength (nm)

Figure A7. Silver nanoparticles. a) Normalized extinction spectra of two different batches of
AgNP in aqueous solution. B) SEM images of AgNP on an indium tin oxide substrate

Silver nanoparticles were prepared by modified methods as previously described by Mirkin an

coworkers?? and described in the main text.
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APPENDIX B.
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Figure Bla. pH-dependent extinction spectra of polyl from pH 1 (red) to pH 11 (blue).

Under very acidic conditions, the azo group in TMAB is protonated. This proton then forms

an additional hydrogen bond with the nearest methoxy group to form a psuedo third ring as shown

below.
\ \ \ G
0 / 0 y 0 y
o : o o
i—0 N & «— 0 =N i—0 =N
Ly b N
0--- O--- O---
/ H o / H o / ' o
\ \ \

Figure B1lb. Resonance structures of the protonated TMAB moiety.

The formation of this additional psuedo ring is observed in the extinction spectrum as the
growth of a peak at 465 nm and decrease of the n-n* peak at 320 nm, consistent with previous
reports?. The formation of the hydrogen bond stabilizes the azo group in the trans isomer. It also,
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however, results in a formal charge on the previous apolar TMAB group, thereby inhibiting
inclusion as discussed in the main text.

Aggregation behavior of TMAB in solution
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Figure B2a. Normalized extinction spectra of poly(1) (blue), TMAB-TEG (red), and TMAB-TEG
in excess HP-BCD. All dissolved in 9:1 H20:D2O. Inset is an enlarged view of the ©- 7* extinction
peak positions, showing a blueshift of the peak position with respect to the local concentration of
BCD.

We observed a redshift of the n- ©* extinction peak for TMAB-TEG (red trace) compared to
the spectrum of poly(1) (blue trace) and reported literature spectra for the TMAB chromophore.
Redshifting of chromophore spectra is indicative of intermolecular dipole alignment as the result
of aggregation. When in the presence of excess HP-BCD, this peak blueshifts towards the poly(1)
position, indicating the inclusion complex disrupts aggregate formation. By tethering both TMAB

and BCD together by polymerization, we increase the local concentration of BBD, preventing the

significant formation of chromophore aggregation via the inclusion complex.
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Figure B2b. Dynamic light scattering spectra of a sample of TMAB-TEG in 9:1 H>0:D,0 (red),
and a sample of TMAB-TEG in excess HP-BCD in 9:1 H.0:D0 (green).

We further used dynamic light scattering (DLS) spectroscopy to confirm the presence of
aggregates and the deaggregation by cyclodextrin inclusion complexation. Without HP-BCD,
larger aggregates form in solution. With the addition of HP-BCD, the aggregates dissociate almost
completely. It is consistent with the extinction spectra, however, that the aggregates do not

dissociate entirely to single molecules.
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Figure B3. Representative photokinetic plots of polyl (blue), TMAB-TEG (red), and TMAB-TEG
with HP-BCD. Photokinetic fits, as described in the main text, are shown as a black trace.

Yo Ye A Prrans
poly1 0.385 + 0.001 0.806 + 0.0004 | 4.95E-3 + 4E-5 0.28 £ 0.01
TMAB-TEG 0.386 £ 0.002 0.827 + 0.0004 | 5.85E-3 + 6E-5 0.34 £ 0.01
TMAB-TEG+CD | 0.386 +0.002 0.803 + 0.0004 | 5.66E-3 + 5E-5 0.32 £ 0.01

Table B1. Average values for fit-extracted constants an variable of photokinetic traces and the
calculated quantum yield for the trans-to-cis isomerization. Errors on the extracted variables are
calculated by the standard deviation of the fits from three samples. Error on the quantum vyield is
measured by the variance observed in the quantification of trans vs. cis ratios by the integration
method.

Each sample was photocycled three times before photokinetic measurements. Sampling

frequency vs. illumination intensity were balanced in order to avoid lamp-induced
photoconversion and allow for sufficient sampling time. Photokinetic plots were fit as described
in the main text and by Samai et al.® Quantum vyield values were consistent with previously

reported results for cyclodextrin-included azobenzene in an aqueous solution.*
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APPENDIX C.

Supporting Information 1 — Extinction and Zeta

Nanoparticles

Potential Measurements of Gold

Diameter Amax, citrate Amax, CTAB Ceitrate CcTaB
10 nm 518 nm 524 nm -33 mV +31 mV
50 nm 530 nm 533 nm -45 mV +42 mV
100 nm 574 nm 577 nm -51 mV +34 mV

Table C1. Table showing the localized surface plasmon resonance (LSPR, Amax) and average zeta
potential ({) for all nanoparticle solutions before and after the citrate-to-CTAB ligand exchange
for each nanoparticle solution. A slight redshift in the LSPR is expected when the replacement
ligand has a higher refractive index than the original ligand.* The zeta potential of the nanoparticles
changes from negative-to-positive with the ligand exchange, consistent with a citrate-to-CTAB
ligand exchange. We note that zeta potential of the CTAB-capped nanoparticles do not trend with
nanoparticle size. Therefore, increased repulsion due to an increasing zeta potential magnitude is
not the cause of the reduced attachment of larger nanoparticles, rather the size-dependent substrate-
particle repulsion determines attachment density.
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Figure C1. Normalized extinction plots of the 10 nm (red), 50 nm (green), and 100 nm (blue) gold
nanoparticles as citrate-capped (darker traces) and after the citrate-to-CTAB ligand exchange
(lighter traces). As discussed above, a slight redshift due to the CTAB capping is observed for each
sample, however the line shape of the extinction traces do not drastically change, indicating
nanoparticles remain monodisperse after ligand exchange.
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Supporting Information 2 — Description of Intersurface Forces During Step 3 of the

Assembly Process

JELRITRN
t t t

Figure C2. Free body diagram of the relative electrostatic forces acting on gold nanoparticles of
varying sizes in the assembly geometry. There are three main elements to take into consideration
in this system — the planar, positively-charged substrate; the cylindrical, negatively-charged
protein nanofibers; and the spherical, positively-charged gold nanoparticles. Here, gold
nanoparticles (yellow circles) approach a cross-section of the protein nanofiber (blue circles)
anchored to the silane monolayer (beige plane) on the glass substrate (grey plane).

The protein-particle interaction is characterized as an attractive force (converging blue-red
arrows) due to their opposite surface charges. The substrate-particle interaction, however, is
characterized as an electrostatic repulsive force (diverging red-red arrows). While this repulsive

force drives specific binding and prevents aggregation of the particles, it may also repel the

particles from the substrate and therefore the protein nanofiber, preventing nanoparticle assembly.
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In addition to the electrostatic forces, according to DLVO theory?, all elements experience van
der Waals attraction between them, which is presumed to be the driving force behind nonspecific
attachment.

Furthermore, the nanoparticles in solution are subject to a downward gravitational force. By
placing the protein-functionalized substrate face-down in the nanoparticle solution, gravitational

sedimentation of gold nanoparticles does not contribute to the overall attachment of nanoparticles.
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Supporting Information 3 — Representative Images of Composites at pH 4, 7, and 10

HY

Figure C3a. Representative images from three samples of composites assembled at pH 4.
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Figure C3b. Representative images from three samples of composites assembled at pH 7.
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Figure C3c. Representative images from three samples of composites assembled at pH 10.
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Supporting Information 4 — Calculation of Theoretical Protonation of APTES and
Protein Nanofibers as a Function of pH
For a monolayer of APTES, the pKa has been measured at 7.6. The ratio of protonated APTES,

abbreviated as H:APTES(+) to neutral APTES was then calculated as:

Ka
H:APTES(+) _ T
APTES = Ka
F‘f‘l

Unlike the silane monolayer, the protein nanofibers do not only go from charged-to-neutral,
but rather negatively-charged, to neutral, to positively-charged as the protein behaves as a
collection of pH-responsive residues and therefore pH-responsive functional groups. Therefore,
rather than using a single functional group’s pKa, we calculated the isoelectric point* of the protein
to be 5.66. At a pH below the isoelectric point, the net charge of the protein is positive; at pH 5.66,
the average charge of the protein is assumed to be neutral; and above pH 5.66, the protein is net
negative. Heterogeneity of residue positioning, however, means electrostatic interactions with the
nanoparticles can occur as soon as the carboxylic acid residues begin deprotonating. To visualize

the fraction of negatively-charged residues to residues of all charge states, we calculated:

, KI
Protein(—) _H
Total Protein % 41
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Supporting Information 5 — Example of Particle Identification and Nearest Neighbors

Labeling

Figure C5. Nanoparticle labeling of a 50 nm gold nanoparticle composite sample for coordinate
identification and nearest neighbors calculations. (left) SEM micrograph, (center) nanoparticle
positions, (right) example of a nanoparticle (blue) and its labeled two nearest neighbors (red).
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