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Abstract

Influence of Varying Analyte Concentration, Environment,

and Composition on Nanoshell-based SERS

By

Carly Sue Levin

This thesis describes a series of experiments designed to examine the use of Au
nanoshells as highly controllable surface enhanced Raman spectroscopy (SERS)
nanosensor substrates. Individual Au nanoshells provide simple, scalable substrates for
SERS with demonstrated strong electromagnetic field enhancements which exist near the
molecule-substrate interface. The SERS spectral response is explored as a function of
analyte concentration, environmental pH, and various analyte properties and composition.
As a function of analyte concentration, the SERS response is exploited for the
determination of packing density and molecular conformation of thiolated poly(ethylene
glycol) (PEG) adsorbates on Au nanoshells. By varying the environmental pH when a
pH-sensitive molecular adsorbate is attached to the Au nanoshells, the resultant SERS
spectra allow for local pH monitoring with an average accuracy of +0.10 pH units across
the operating range of the nanodevice. Changing analyte properties, such as carbon chain
.length for alkanethiol self-assembled monolayers (SAMs) on gold, produces a series of
sharp resonances in the SERS spectra, suggesting coupling of the gold-sulfur bond stretch
with the longitudinal acoustic, “accordion”, vibrations of the molecular alkane chain.
Further variation in chain termination or the addition of a phospholipid headgroup yields
observable SERS spectral differences, providing unique ﬁhgerprints for each molecule.

An associated phospholipid layer assembled onto an underlying alkanethiol SAM forms a
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hybrid bilayer on Au nanoshells, providing a way to spectrally monitor intercalation of
the nonsteroidal anti-inﬂammatory drug (NSAID), ibuprofen. Low frequency SERS
peaks for halogen, nitrogen, and oxygen containing molecules act as probes for metal-
adsorbate binding, with spectral evidence for carbon monoxide adsorption occurring in
the high frequency region. Finally, we demonstrate the synthesis and characterization of
nanbparticles composed of magnetic | cores with continuous Au shell layers that
simultaneously possess both magnetic and plasmonic properties. The work presented in this
thesis further demonstrates the emergence of Au nanoshells as versatile and valuable

tools for sensing applications.
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Figure 7.4: (A,B) Theoretical comparison of extinction spectra for nanoshells with cores
of different shapes: spherical (blue solid line), cubic (red dashed line), and concave cubic
(green dash-dotted line). The outer radius of the shell is r; = 50 nm and the effective



Xiv
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Chapter 1: Introduction to surface enhanced spectroscopies
and nanoshells

1.1: Raman scattering

When incident light excites a molecule, most of the light scattered by the
molecule consists of photons which have the same frequency and wavelength as those
incident photons. This form of scattering, known as elastic or Rayleigh scattering,
involves negligible energy transfer. However, a few of these photons will either gain or
lose energy and are inelastically scattered. When inelastic scattering was first
experimentally reported in a 1928 Nature paper by Raman and Krishnan, it was described
by its “feebleness in comparison with the ordinary scattering.”’ Today, the inelastic’
scattering process is referred to as Raman scattering, and the small fraction of scattered
photons with a frequency different from the incident photons is approximately 1 in 1
million.? Of this fraction, most of the photons are lower in frequency than those that are
incident. This results from an excitation from the ground state to a virtual energy state,
followed by a felaxation into an excited vibrational state known as Stokes scattering.
However, if the initial state is instead a vibrationally excited state, the molecule may then
relax to the ground state; causing the scattered photon to have a greater frequency and
appear at higher energy. This effect at room temperature is rare and known as anti-Stokes
scattering. A Rayleigh and Raman scattering energy level diagram is presented in Figure

1.1.
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Figure 1.1: Energy level diagram showing the states involved in Raman signal. The line
thickness is roughly proportional to the signal strength from the different transitions.?

Molecular vibrations can be detected by observing a shift in wavelength
compared to that of an excitation source. The different functional groups of a molecule
each have characteristic vibrational energies, so that every molecule presents a unique
Raman spectrum. This makes Raman spectroscopy a valuable and powerful technique as
it provides a molecular fingerprint rich in structural information.*> A molecular vibration
distorts the electron cloud around a molecule and displaces the constituent atoms from
their equilibrium positions. This distortion is known as polarizability, and the intensity of
Raman scattering is proportional to the amount of polarizability chénge.

In addition to high specificity, Raman spectroscopy has numerous advantages as
an analytical technique. The analyte does not need special sample preparation or
pretreatment, can be reused as it is not destroyed, and may remain in.aqueous solution.
Spectra are rapidly acquired and chemical reactions can be monitored in real time.
Changes in an analyte’s composition and structure, for example, due to oxidation under a

Raman laser®, can be examined. Near-instantaneous results, along with commercially



available libraries and modeling software, have provided advances in the evolution of
Raman spectroscopy. However, the normal Raman scattering process remains limited in
the absence of resonance or surface enhancement as the Raman cross sections of

molecules are very small (such as 2.6x10°! cm?® st at 514.5 nm for Ny).’

1.2: Surface enhanced Raman scattering (SERS)

By placing the analyte molecule or scatterer on or near a roughened noble-metal
substrate, the magnitude of the Raman scattering signal can be significantly enhanced.
This technique, known as surface enhanced Raman spectroscopy (SERS) and discovered
over 30 years ago®’, is a suitable application for studying small quantities of analytes and
low concentrations. It is generally accepted that SERS is the result of two main effects: a
chemical effect and an electromagnetic (EM) effect. The chemical effect, now thought to
contribute an average enhancement factor of 100, involves the creation of a charge
transfer state between the metal and adsorbate molecules.!® However, it is the EM effect
that provides the main contribution, where the local electromagnetic field close to a
roughened noble-metal surface is greatly enhanced due to the excitation of a localized
surface plasmon (LSP).

Surface plasmons are the collective oscillations of the conduction electrons
against the background of ionic metal cores.>*!""!* Since metals have a high density of
free electrons to move, they support plasmons. Localized plasmons arise when the
plasmon excitation occurs at an interface with dimensions comparable to or significantly
smaller than the wavelength of excitation. When metal nanoparticles are excited by
electromagnetic radiation, their conduction electrons c‘ollectively oscillate, eXhibiting

localized surface plasmons.!! The size, shape, and dielectric properties of the metal
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nanoparticles determine the wavelength (coﬁesponding to the extinction maximum, Amax)
of the localized surface plasmon resonance.'? Noble metal nanoparticles Au, Ag, and Cu
have the ability to support plasmon resonances at visible wavelengths.”> When the
incident photon energy is in resonance with the localized surface plasmons, large
electromagnetic fields are generated on the surface of the structure. The intense, optical
frequency evanescent field that is excited at the nanoparticle surface is known as the near
field. The strength of this enhanced near field decays off with distance away from the
metal surface.

SERS vexploit‘s the use of LSPs and their resultant large electromagnetic fields.
The process consists of five of significant stéps; First, an incoming photon interacts with
a metallic substrate, exciting a plasmon. Next, the plasmon polarizes a nearby molecule
which creates a large dipole moment. Following, the molecular polarization is altered
when the molecule changes its vibrational state. This resultant change in polarization
couples back into an emitted plasmon. Finally, the plasmon then couples to an outgoing
Raman scattered photon, completing the process.'*

Since both the excitation field and the Raman scattered field contribute to
enhancement, the SERS signal is pfoportional to the fourth power of the field
enhancement.'” For high enhancement to be obtained, it is desirable to have the laser
excitation wavelength near or within the linewidth of the plasmon resonance band.
Isolated, single, colloidal silver and gold have reported calculated maximum
electromagnetic field enhancements on the order of 10%-107 for excitation wavelengths at
the appropriate single-particle plasmon resonance (407 and 514 nm)."”” However, random

aggregates of these colloidal nanoparticles were used to provide the first clear



demonstration of single‘ molecule SERS (SM-SERS) detection.”>'® While these
aggregates and assemblies provide strong enhancements, they prove difficult to precisely
reproduce at predetermined locations. Nanoparticle arrays offer a more robust and
reliable alternative and have shown an average SERS enhancement factor of >10% under
near-infrared (785 nm) excitation.'®

As the field of nanotechnology rapidly develops, the application of SERS has
become more widespread in analytical, material, and Biochemical research. SERS is
being fueled by advances such as single molecule detection and new substrate
deVelopment as Simplé', écaléable substrates are in demand. One alternative is nanometer-
scale electromigrated gaps between extended electrodes, whiqh have proven to be reliable

and sensitive substrates for SERS.!”. Substrates are being plasmonically tailored'® as new

nanostructure geometries and their plasmonic properties are explored.

1.3: Surface enhanced infrared absorption (SEIRA)

Similar to Raman spectroscopy, conventional infrared (IR) spectroscopy has also
been established as roﬁtine molecular-specific technique for the characterization of
chemical species. However, this analytical technique has also been criticized in that it
lacks sufficient sensitivity for trace concentrations.'® The application of surface enhanced
infrared absorption (SEIRA) spectroscopy overcomes this limitation and in combination
with SERS, it unifies the field of surface enhanced vibration spectroscopy (SEVS).
SEIRA, typically observed on small (<< wavelength of light) metal islands®® and films of
metallic nanoparticleszl, is due to chemical and two important electromagnetic

mechanisms: the lightning rod effect and hybridized plasmons.
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The phenomenon known as the lightning rod effect is associated with geometric
factors and is distinct from plasmons. The incident electromagnetic field cannot
appreciably penetrate inside a metal and is instead compressed into the gap between two

 In the low frequency regime, the screening is efficient

adjaeent metal str‘uc'fures.l
because the real paft of the dielectric function of metals becomes large and negative. This
phenomenon results in a slow monotonic increase of the maximum field enhancement
over the midIR region (2 — 20 um). These large electric field enhancements in metallic
junctions at long wavelengths in not limited to nanoshells or nanoshell arrays.?
Crowding of the field can also téke place near a small radius of curvature or at sharp
points, and occurs for all metal objects in the IR and terahertz regions where metals are
essentially perfect conductors.

Hybridized plasmons occur when two individual nanostructures are brought
together so that their individual plasmons can couple. This interaction creates a new
“dimer” plasmon which results in a wavelength shift that depends sensitively on the
particle separation.”? Changing the local dielectric in their interparticle junction region by
loading it with molecules contributes to an additional red-shift.* These large plasmon
shifts along with the corresponding electromagnetic hot spots are suitable for SEIRA
spectroscopy, where the plasmon frequencies must overlap directly to the dipole-active
vibrational modes of the adsorbate molecule.

The combination of these two processes, along with chemical enhancements,
results in infrared absorption of 10 to 1,000 times more intense than would be expected

from conventional measurements without the metal. For SEIRA, enhancements are

determined by the square of the local field enha‘ncements25 while for SERS, it is



depéndent on the fourth power of the local field enhancements®. Also similar to SERS,
the enhancement is a near field effect and, therefore, occurs within a short distance from
the surface. This allows for the selective ‘detectioh of signals from the adsorbed
monolayer. Techniques such as SERS and SEIRA, which lower the detection limit of
conventional Raman and infrared spectroscopy, are of great interest, but in order to
systematically understand these processes the continued engineering and exploration of

new plasmonic substrates is required.

1.4: Electromagnetic properties of nanoshells and their use as surface

enhanced spectroscopic sensors

Nanoshells are core-shell nanostructures consisting of a dielectric core coated
with a thin, metallic shell.>"*® Their plasmon résonances can be tuned to specific
wavelengths from the visible to midIR region of the electromagnetic spectrum by varying
the nanoshell core and shell dimensions.”? For a given core radius, a decrease vin shell
thickness (or increase in the core to shell ratio) shifts the plasmon peak to longer
wavelengths (Figure 1.2). This optical tunability enables the use of nanoshells in a broad
range of biomedical applications, such as whole blood immunoassays,> optically

3538 all made possible by

triggerable drug delivery,>* and photothermal cancer therapy,
tuning the nanoshell plasmon resonance to absorb in the near-infrared region of the
electromagnetic spectrum, where blood and tissue are most transparent. Plasmon
resonances in the near-infrared region also make it possible to perform dual in vivo
imaging and therapeutic application.”® For example, Au nanoshells have been proven to

function as therapeutic agents for photothermal cancer treatment, where, by loading them

into monocytes, they can serve as “Trojan Horses”. Nanoshell-loaded monocytes are



recruited into hypoxic regions within tumors, which are virtually inaccessible to current
cancer therapies, and near-infrared light illumination then results in photoinduced cell

death of the monocytes/macrophages within the tumor spheroid.*’
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Figure 1.2: Theoretically calculated (Mie scattering) optical resonances demonstrating
plasmon tunability for nanoshells with an inner silica core radius r; = 60 nm and an
overall particle radius r, = 65, 67, 70, and 80 nm (corresponding to 5, 7, 10, and 20 nm
thick Au shells). The plasmon resonance (extinction) of the particles redshifts as ri/r»
increases. Modified from Oldenburg ef al.*® to exclude the broadening mechanism.

Au nanoshells have also been shown to provide highly controllable spectroscopic
substrates. The extinction spectra of nanoshells quantitatively agree with classical Mie
scattering theory,*' which allows for accurate nanoengineering of their optical response.
The core and shell dimensions can be designed to provide a high-intensity plasmon-
resonant local field at the nanoparticle surface to optimize the SERS response of
individual nanoshell substrates for a chosen pump laser wavelength.*>** SERS in the

near-infrared region of the spectrum is desirable since Raman scattering alone is much

weaker in this region compared to the visible region, and any unwanted background



fluorescence from molecules is drastically reduced in this wavelength range.** The
average SERS enhancements integrated over a nanoshell surface can be comparable to
thqse obtained in the much higher field, smaller sampling volume geometry of a junction
between two adjacent nanoparticles, also known as a “dimer” or “hot spot”.*> Analogous
to nanoparticle dimers, the formation of small aggregates or arrays of nanoshells also
allow one to resonantly engineer the large local electromagnetic field out into the mid-
infrared region of the spectrum, providing a high-quality substrate for surface enhanced
infrared absorption (SEIRA) spectroscopy.*®*” Plasmon resonance excitation in these twé
diverse frequency regions, visible and infrared, allows for the combined use of the tWo
complimentary vibrational spectroscopies, SERS and SEIRA, on a single substrate.
Furthermore, since similar surface selection rules operate for these two spectroscopie:s,48
which arise from the fact that the component of the transition dipole normal to the surface
is excited more strongly than the tangential compo’nent,49 it is preferable to combine the

use of SERS and SEIRA when possible to provide a complete analysis regarding surface

orientation and intermolecular interactions.

1.4: Silica-gold nanoshell fabrication, sample preparation, and

characterization

Silica-Au nanoshells were fabricated according to previously reported protocols.?®
The silica cores were synthesized using the Stober method®® of particle growth or
obtained from Precision Colloid (Cartersville, GA). In the Stober method, tetraethyl
orthosilicate (TEOS), ammonium hydroxide, and ethanol are combined as outlined in

Appendix A. Distillation of the TEOS before mixing results in a more monodisperse
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solution of silica particles. A general protocol for the purification of TEOS by simple
distillation along with a diagram for the apparatus setup can be found in Appendix A.

The nanoshells were designed to elicit a SERS response on individual nanoshell
surfaces. The nanoshell core and shell dimensions were adjusted so that the plasmon
resonance provided a far-field absorbance maximum near 785 nm in either air or water,
to provide SERS enhancement at the 785 nm pump laser wavelength. For SERS
measurements in air, Au nanoshells were fabricated with a 90 nm core radius and 17 nm
shell thickness, while for solution SERS measurements, Au nanoshells were fabricated
with either a 63 nm core radius and approximate 20 nm shell thickness or 55 nm core
radius and 16 nm shell thickness. The internal and overall dimensions of the
nanoparticles were confirmed using UV-visible extinction measurements, comparison
with Mie scattering theory, and scanning electron microscopy (SEM). A detailed
protocol describing SEM image processing and nanoshell sizing using the Scion Image
program can be found in Appendix B. For Mie scattering calculations, an empirically
determined dielectric' function was used for that of Au,>’ while a constant dielectric of & =
2.04 was used for that of the porous silica core®*™, Appendix C describes the use of Mie
theory and the Beer-Lambert Law to determiné nanoshéll concentration.

SERS substrates consisted of nanoshells deposited onto either glass or quartz
slides or silicon wafer supports (Addison Engineering, Inc.) coated with poly(4-
vinlypyridine) (PVP)* or functionalized with either (3-aminopropyl)triethoxysilane
(APTES, Aldrich) or poly-L-lysine (0.1% w/v in water, Sigma) for attachment of the
nanoparticles to the suppbrt. Before any coating or functionalization was performed, the

slides/wafers were cleaned in a piranha solution (7:3 y/v 98% H,S0,: 30% H,0,), rinsed
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with milliQ water, followed by rinsing with 200 prdof ethanol and dried in a stream of
N,. A detailed protocol describing SERS substrate development can be found in
Appendix D.

SERS spectra were obtained using a Renishaw inVia micro-Raman spectrometer
with a 785 nm excitation laser with a 30 pum by 3 pm spot size. The incident NIR laser
beam is focused through an objective lens and the sample spot is illuminated. The
reflected light is then collected in a backscattered geometry through the objective, where
it passes through a holographic notch filter which rejects any Rayleigh scattered light.
The backscattered light is then dispersed using a 1200 lines / mm graﬁng and detected on
a charge-coupled device (CCD) detector. This configuration allows for recorded spectra
with a spectral resolution of approximately 1 datapoint / cm™ in the spectral region
between 150 and 3200 cm™. Typically, measurements were performed with a 20 s
integration time and anywhere from 55 uW to 8 mW power across the sample. For SERS -
measurements in air a 50x objective was used, while for solution measurements a 63x
water immersion objective was used.

Scanning electron microscope (SEM) images were obtained on a FEI Quanta 400
environmental SEM at an accelerating voltage of 20 kV. SEM images of over 100
particles were processed with Scion Image to determine an average particle radius and
accompanying size distribution (standard deviation of particle radii). Transmission
electron microscope (TEM) micrographs were obtained using a JEOL 2010 TEM.

Extinction spectra were obtained using a Cary 5000 UV/Vis/NIR spectrophotometer.
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1.5: Thesis outline

In. this thesis, gold nanoshells are used as a stand-alone SERS nanosensor
substrate and their SERS response is explored as a function of analyte concentration,
environment, and composition. Chapter 2 discusses the surface-enhanced Raman
~ scattering response and concentration dependence of thiolated poly(ethylene glycol)
(PEG) adsorbates on Au nanoshells. By incorporating the linker molecule p-
mercaptoaniline (pMA), the number of 2000 MW and 5000 MW PEG molecules on each
nanoparticlé is determined by interpolation of the Langmuir isotherm for pMA. The
packing density and PEG adsorbate configuration on Au nanoshell surfaces is also
determined. Chapter 3 investigates changing the local environmental pH and its effects
on the SERS response of the pH-sensitive molecular adsorbate, p-mercaptobenzoic acid
(pMBA). Chapter 4 considers the resultant differences in the SERS response for
nanoshells functionalized with alkanethiols through modifying various analyte properties,
such as chain length, chain termination, and introduction of a phospholipid headgroup.
Chapter 5 e){plores hybrid bilayer formation on gold nanoshells and SERS detection and
characterization of the membrane-associated molecule ibuprofen. Chapter 6 examines the
SERS fesponse of non-thiolated moieties, where low frequency SERS spectra are
presented for analyte molecules containing halogens or oxygen and nitrogen functional
groups, and high frequency spectra present evidence for carbon monoxide adéorption on
Au nanoshells. Finally, the synthesis and plaSmonic properties of bifunctional nanoshells
containing a magnetic iron oxide core are demonstrated in Chapter 8. Chapter 9

summarizes the results and discusses possible future directions.
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Chapter 2: SERS response as a function of concentration:
Determining the conformation of thiolated poly(ethylene
glycol) on Au nanoshells

2.1: Introduction

It is highly valuable to obtain SERS spectra as a function of analyte concentration,
a parameter which can easily be experimentally altered. Due to the enhancement of
different modes of the molecule at different concentrations, SERS provides insight into
the behavior of the analyte and its preferred orientation. SERS also offers a low
molecular detection limit down to pico- to zeptomolar adsorbate concentrations and is
routinely used to characterize sub-monolayer coverage of surface-bound molecules.4 in :
this chapter, a quantitative, nondestructive assay based on surface-enhanced Raman
scattering (SERS) is presented for determining the number and, therefore, packing
density of PEG molecules bound to Au nanoshell surfaces.”® The conformation of the
PEG adsorbates on nanoshell surfaces is also determined. All SERS spectra were taken
by Carly Levin. Sandra W. Bishnoi and Nathaniel K. Grady contributed to spectral
analysis, interpretation, and discussion. Reproduced with permission from Levin, C. S.;
Bishnoi, S. W.; Grady, N. K.; Halas, N. J. Anal. Chém. 2006, 78, 3277-3281. Copyright
2006 American Chemical Society.

For the current discoveries in nanoscience to mature into useful technologies,
there is a critical need for accurate, quantitative characterization methods of nanoscale
structﬁre and composition. This is particularly important in biomedical applications,
where uncontrolled or unmonitored éhaﬁges in nanoscale structure, chemical
composition, or molecular conformation may dramaticélly affect physiological résponse

to a pharmaceutical or nanoscale device. In particular, precise quantiﬁcation of molecular
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densities and conformations in organic-inorganic functional nanostructures will greatly
advance our abilities to understand, optimize, and control their efficacy and distribution
in complex physiological environments.

Poly(ethylene glycol) (PEG) is a polymer of unusually widespread applicability in
biomedicine. The attachment of PEG oligomers to oncological pharmaceuticals, such as
interferon-o,, doxorubicin, or filgrastin, is currently used to lengthen the circulation time
of these molecules in the blqodstream, reducing the frequency that these drugs must be
administered, and increasing efficacy and tolerability.® The size, geometry, and
attachment site of the PEG moiéty play such a critical role in determining the
pharmacokinetics of the functionalized pharmaceutical that therapeutically optimized
agents must be designed oh a case-by-case basis.”’ Recent reports of photothermal cancer
therapy based on Au nanoshells, metallodielectric nanopafticles consisting of a spherical
dielectric core coated with a thin metallic shell, have utilized thiolated PEG coatings to
reduce unwanted protein adhesion under untargeted local or systemic deliv’ery.3 >38
Surface passivation of nanoshells using covalently bound thiolated PEG, in combination
with antibody conjugation, assisted in maintaining antibody activity in targeted
delivery.*®*” When bound to cylindrical Au nanorods, thiolated PEG disrupts the strong
interparticle interaction that leads to nanoparticle aggregation, allowing them to be
dispersed in aqueous media and making them amenable to biomedical applications.’®
There is no available information, however, about the molecular conformation of
thiolated PEG layers bound to Au nanoparticles of any geometry.

PEG has been shown to adopt two different molecular conformations when

grafted onto lipid membranes: “mushroom” and “brush”® In the mushroom
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conformation, the chains are randomly oriented and a low packing density is maintained.
In the brush conformation, the polymer chains are more extended and weakly aligned and
the molecular layer maintains an ~10-fold greater packing density than the mushroom
| configuration. Determining the number of ‘thiolated PEG molecules on a nanoshell
sﬁrface will allow us to infer a packing density and, thus, a preferred molecular
conformation, for PEG on the nanoparticle surface. Since no direct method currently
exists for quantifying the number of PEG molecules bound to a nanoparticle surface, the
conformation of PEG when bound to nanoparticle surfaces is unknown, as is any
pote'ntially conformation-dependent influence on nanoparticle biodistribution.

SERS measurements were utilized to acquiré a Langmuir isotherm for p-
mercaptoaniline (pMA) ‘on nanoshell substrates. This isotherm serves as our “standard”
since pMA possesses a known packing density on Au surfaces.*® The 2000 and 5000 MW
PEG polymer chains were conjugated to a pMA linker molecule and subsequently bound
to nanoshell substrates. The pMA signal intensities at saturation coverage of each of these
two “unknowns” were compared by interpolation with the pMA isotherm. From this
measurement, the packing density of the 2000 and 5000 MW PEG were determined. In
beach case, the measured adsorbate packing densities Wefe cohéistent with a “brush”

configuration of PEG on the nanoparticle surface.
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Figure 2.1: (a) Self-assembly of pMA on a Au-silica nanoshell. (b) Self-assembly of
PMA-PEG-FI on a Au-silica nanoshell. (¢) Schematic depicting (i) mushroom and (ii)
brush configurations of pMA-PEG-FI adsorbate molecule.

2.2: Experimental

Self-assembled monolayers (SAMs) of both pMA and the engineered molecule
PMA-PEG-fluorescein (Fl) formed on Au nanoshells are illustrated schematically in
Figure 2.1. A fluorescein tag was utilized on the PEG to provide independent quantitation
of PEG in solution based on fluorescein extinction and also to provide additional
assurance that the SERS signal from the PEG adsorbates was due to the presence of the
entire pMA-PEG-FI conjugate complex. Potentially, the fluorescein moiety could allow
for fluorescence monitoring in conjunction with SERS measurements to obtain additional
information about the packing density of the conjugate. However, as the conjugate
remains bound to the nanoshells, this type of measurement is problematic, due to likely
fluorophore quenching because of the proximity to the Au surface. This would yield
strong variations in the signal as a vfunction of distance between metal and fluorophore,®"”

53 which would make quantitation using fluorescence impossible since the fluorescence
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yield per molecule would not match the standard intensity of the free fluorophore. pMA-
PEG-fluorescein was synthesized using two different PEG linker lengths with a repeating
monomer unit of 45 and 114. N-Hydroxysuccinimide (NHS)-PEG-fluorescein with
molebular weights 2410 and 5546 (Nektar Therapeutics, Huntsville, AL) was dissolved in
a 1 mM borate buffer solution (pH 9.1). pMA was first solubilized in dimethy] sulfoxide
and then dissolved in the borate buffer solution. The NHS-PEG-fluorescein and pMA in
2-fold excess were combined and dialyzed for ~10 h to allow for amide bond formation
of the pMA-PEG-fluorescein.%* The solvent was changed‘ during dialysis to allow for
rémoval of N-hydroXysuccinimide and to allow for a more complete conjugation. Excess
uribOund PMA was removed by membrane dialysibs. After incubation, both pMA-PEG-FI
conjugates were quantified by UV-visible extinction, based on an absorbance value at

! to determine solution

494 nm and an extinction coefficient of 78 000 M'cm’
concentrations following dialysis.65 Au nanoshells of core radius 90 nm and shell
thickness 17 nm were fabricated as previously describéd, where the internal and overall
dimensions of the nanoparticles were confirmed by consistent determination using UV-
visible extinction measurements, comparison with Mie scattering theory, and scanning
electrbn microscopy (SEM).2® For nanoshells with an outer radius of 107 nm, the
corresponding surface area is 3.6 x 10 nm? per nanoparticle.

SERS substrates consisted of nanoshells deposited onto glass slides coated with
either poly(4-vinlypyridine) (PVP)* or functionalized with  (3-
aminopropyl)triethoxysilane for attachment of the nanoparticle to the glass support. The

average number of nanoshells per laser spot was 188 + 28 as determined by counting the

nanoshells in 60 SEM micrographs of sample substrates. ‘The SERS spectra were
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obtained ﬁsing a Renishaw inVia micro-Raman spectrometer with a 785-nm excitation
laser at 8 mW power across the sample with a 30 pm by 3 um spot size and 20-s

integration time. All spectra were acquired in ambient air.

2.3: Results and discussion

The SERS spectra in Figure 2.2 for Au nanoshells coated with pMA (a) and the
2000 MW énd 5000 MW pMA-PEG-F1 conjugates (b, c¢), were obtained from a 1 pM
solution anci allowed to dry. The spectra show predominant Stokes features (1590 and
1077 cm™) arising from the Raman active bending and stretching modes of the benzene
moiety in the p-mercaptoanaline molecule,’® which dominate the SERS spectra and are
assigned to vg, and v, aromatic ring vibrations, respectively.67’68 Traces b and ¢ in Figure
2.2 show the same prominent pMA modes as in Figure 2.2a with a noticeable additional
peak at ~1330 cm’’, attributed to the xanthene ring of the fluorescein moiety.® The 2000
MW PEG conjugate exhibits more disﬁnct fluorescein Stokes features than the 5000 MW
PEG conjugafe, most likely because of the greater number of molecules on a nanoshell
surface (smaller molecular footprint) and the possibility that the fluorescein moiety is
closer to the surface for this smaller oligonier‘-based conjugate. The observation of both
PMA and fluorescein peaks in the SERS spectra provides evidence of the successful
conjugation of the pMA-PEG-FI and its attachment via the thiol moiety to the nanoshell

surface.
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Figure 2.2: SERS spectra for Au-silica nanoshells coated with (a) pMA-PEGS5000-FI, (b)
PMA-PEG2000-F1, and (c) pMA (offset for clarity).

By acquiring SERS spectra of a substrate (nanoshells) exposed to adsorbate
solutions (pMA) of a range of concentrations (Figure 2.3), an adsorption isotherm can be
constructed.””' The spectra shown at each concentration are the average of 12 spectra
obtained from 3 prepared samples. At low concentrations, the intensity of the spectral
features increase rapidly with increasing concentration and asymptotically approach

“saturation coverage at high pMA concentrations.
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Figure 2.3: SERS spectra of pMA on Au-silica nanoshells at various concentrations.

Construction of a Langmuir isotherm, shown in Figure 2.4, of unconjugated pMA
on Au nanoshell surfaces provides a standard curve from which the surface coverages of
the pMA-PEG-fluorescein can be interpolated. The 1080-cm™ mode was chosen for
analysis because, as an a; in-plane mode of the benzene ring, it is orientation
independent.72 Here, the error bars indicate the standard deviation in SERS intensity for
three prepared samples at each concentration. The data follow the well-known equation

for a Langmuir isotherm:™

_ Akx
— 1+kx

Equation 1

"' mode, 4 is a scaling factor between

where y is the Stokes intensity of the 1080-cm
SERS intensity and fractional surface coverage, k is the adsorption coefficient indicating
the affinity of pMA for the Au nanoshell surface, and x is the total concentration of

bound and free pMA. The parameters obtained from a least-squares fit to the data were A
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= 11.41 £ 0.33 (dimensionless) and k = 9.48x10° + 884 (1/M), where the errors represent
a 95% confidence level from the curve fit and R* = 0.9925. Similar values for binding
constants were observed by Gearheart ef al., who found that for straight, bent, and kinked
duplex DNA adsorbed onto small gold nanoparticies, the respective binding constants
were 11 000 + 1300, 13 000 + 1400, and 14 000 + 350 M™.” The ability to quantify these
data with a Langmuir isotherm shows that a single monolayer of pMA is probed even at

high concentrations.
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Figure 2.4: (a) SERS intensity at 1080 cm™ as a function of pMA concentrations
(diamonds) and best-fit Langmuir isotherm (line). The inset shows the linear regime. (b)
SERS intensity for various amounts of pMA molecules per Au-silica nanoshell.
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From the isotherm in Figure 2.4, the number of pMA molecules per nanoshell at
each concentration can be determined, based on 188 + 28 nanoshells/laser spot and a 0.3
nm?/molecule packing density of pMA.® The concentration-dependent SERS intensity
plotted as a function of pMA molecules per nanoshell is shown in Figure 2.4b and clearly
follows a linear response (I = 0.2001a + 0.0277 with R? = 0.9947). Error in the y-axis
indicates the ‘standard deviation from the measurement of three samples. Error in the x-
axis (not shown) is a result of the error in the pipet, the error in the fit in Figure 2.4a, the
error in the calculated surface area of the nanoshell, and the error in the number of
nanoshells per laser spot. The linear relationship in Figure 2.4b provides a standard to
quantitatively assay the number of PEG molecules present on a nanoshell;

Having calibrated the SERS response. of PMA molecules adsorbed on Au
nanoshells, the packi'ng density of pMA-PEG-F] can now be measured. Three sambles
each of 1 pM pMA-PEG2000-fluorescein and pMA-PEG5000-fluorescein were
deposited on the PVP-nanoshell SERS substrates previously described. This
concentration was chosen to ensure the formation of a complete SAM. After an 8-h
incubation, the Au nanoshells were rinsed twice with MilliQ water (pH 9.1) to remove
any unbound rﬁolecules. The water-based solvent, borate buffer, was utilized to maintain
the pH of the fluorescein and thus keep it in the dianion form.* Local conformation of
the PEG chain can depend on fragment concentration. When the polymer fragment
concentration is increased, water becomes a “poorer solvent”, making the polymer act
more hydroph(')bic.74 The substrates were allowed to dry, and the SERS spectra were
measured. The SERS intensity at 1080 cm™ evaluated by interpolation of the plot in

Figure 2.4b indicates a surface coverage of 40 500 molecules/nanoshell for pMA-
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PEG2000-fluorescein and 13 300 molecules/nanoshell for the pMA-PEG5000-
fluorescein. Based on th_e known surface area of the nanoshells used in this experiment,
the packing density of the 2000 MW pMA-PEG-fluorescein is 46.7 + 20.8 pmol/cm? and

15.3 + 7.9 pmol/cm? for the 5000 MW pMA-PEG-fluorescein.

Table 2.1: Mushroom and Brush Regime Estimates from Lipid Membrane Studies and
Experimental Values of the Number of Molecules Per Nanoshell for a 2000 MW and
5000 MW PEG Linkers”

PEG linker PEG:2000 PEG:5000
' (pmol/cm?) (pmol/cm?)
estimated packing density 366 - 1.18
for mushroom
estimated packing density 34.6 17.3
for brush
SERS measurement 46.7 £20.8 153+7.9

“The estimates are based on a nanoshell with an outer radius of 107 nm.

To determine whether the packing densities for PEG on nanoshells obtained in
this manner infer either the brush or mushroom conformation, we estimate the theoretical
packing densities for PEG on nanoshells based on the previously reported packing
densities of PEG grafted onto flat lipid membranes.” Assuming a mushroom
conformation for a 2000 MW PEG, the Flory radius is 3.8 nm and height is 5.6 nm,
whereas for a 5000 MW PEG, the Flory radius is 6.7 nm and height is 11.2 nm.
Therefore, in the mushroom conformation, 2000 MW and 5000 MW PEG occupy areas
of 45.3 and 141 nnm?, respectively, and for the brush conformation, 2000 MW and 5000
MW PEG occupy areas of 4.8 and 9.6 nm>. Scaling these to the 3.6 x 10* nm® surface
area of the nanoshélls used in this experiment, we can compare these estimates directly

with the values obtained from our SERS measurements (Table 2.1). From this
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comparison we can infer that both the 2000 MW énd the 5000 MW PEG adsorbates
cover surface areas consistent with the more compact brush conformation, when bound to
a nanoshell surface, within experimental error. Interestingly, this is the same
conformation reported for these two PEG molecules when grafted onto 2D lipid
membranes, a quite different chemical and gedmetrical environment.” Utilizing
transmission electron microscopy and thermogravimetric analysis, Wuelfing et al.
reported that, on a monolayer-protected gold cluster of 2.8 nm, PEG-SH (MW 5000) has
a molecular footprint of 0.35 nm?>.” Here, we report a footprint of 10.8 nm? (MW SOOO);

this value lies between the measurements made on small colloid and lipid membranes.

2.4: Conclusions

A method for determining molecular conformation of molecules on nanoparticle
surfaces, based on quantifying adsorbate coverage on the nanoshell surface using SERS,
is demonstrated. It is important to note that the some of the largest sources of error are
due to (1) Variation in the number of nanoshells sampled per laser spot sizer (roughly
15%) and (2) the fact that the nanoshells themselves are bound to a substrate, limiting the
available surface area per nanoshell, and (3) any discrepancies that may exist between the
literature value for pMA packing density, evaluated on a crystalline Au surface, and the
PMA coverage on a multicrystalline Au nanoshell surface. Controlled substrate
preparation and redundancy with other analytical techniques may be used to address and
quite possibly reduce the error in this measurement approach even further. More

specifically, the quantiﬁcation of PEG layers on nanoparticle surfaces may have wide

application in biological analysis, nanostructure architecture, and nanodevice
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construction and may assist further experimentalists in the optimization of nanoparticle

pegylation protocols for in vivo applications.

Chapter 3: SERS response as a function of pH: An all-optical
nanoscale pH meter |

3.1: Introduction

The local environment of the arialyte can be altered by changing pH, which results
in variations in the SERS spectral response. This chapter demonstrates that Au nanoshells
with a pH-sensitive molecular adsorbate, p-mercaptobenzoic acid (pMBA), can function

® The local environment of the

és‘ a standalone, all optical nanoscale pH meter.’
nanosensor is monitored by the4 pH-dependent SERS spectra of the pMBA molecules.
SERS spectra were taken by Sandra W. Bishnoi and Muhammed K. Gheith, application
of the locally linear manifold approximation algorithm was performed by Christopher
Rozell and Dr. Don Johnson, and Gaussian calculations were performed in collaboration
with Dr. Bruce Johnson. Carly Levin participated in sample preparation, spectral
analysis, interpretation, and discussion. Reproduced with permission from Bishnoi, S.
W.; Rozell, C. J.; Levin, C. S.; Gheith, M. K.; Johnson, B. R.; Johnson, D. H.; Halas, N.
J. Nano Lett. 2006, 6, 1687-1692. Copyright 2006 American Chemical Society.

- The development of active nanostructures, capable of performing a function or
executing a specific task, is currently a’inajor focus of research efforts in nanotéchnblogy.
One already highly successful nanodevice paradigm is the nanosensor: a designed
nanostructure, which, when addressed either optically or electrically, responds by

providing information about its local environment through its optical or electrical

response. All-optical nanosensors hold exceptional promise as embeddable nanodevices
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that could potentially be used to probe a variety of es(ceedingly complex environments,
such as individual living cells or the human body, in a virtually noninvasive manner.
Early examples of optically addfessable nanosensors are quantum dots and fluorescent
nanoparticles, which have been used as passive, beaconlike reporters for marking specific
biological structures in imaging applications that can potentially assist medical

282 phanocubes,” and

procedures.””””® Metallic nanoparticles, such as nanoshells,
nanorods,*® have also been successfully demonstrated as contrast agents in bioimaging.
When designed to elicit an optical resonant response at near-infrared wavelengths, the
bspectral region of greatesf physiological transmissivity, :they provide image contrast by
inereasing the scattered light from their immediate location without the strong absorption
and fluorescence encountered when using visible light. Metallic nanoparticles have also
been shown to provide a highly localized photothermal heating response sufficient to
induce cell death and to induce complete, longterm tumor remission in animal studies.”®
In addition to passive and active functions, there is a third, “informative” role, for
which metallic nanoparticles are particularly well suited, and which enables nanosensor
development. Metal nanostructures, when excited on their plasmon resonance, give rise
to high-intensity electromagnetic fields at their surfaces, which can be hamessed for
chemically specific sensing functionalities. Metallic nanoparticles can be designed to
enhance the spectroscopic response of molecules bound to, or in close proximity of, their
surfaces, an effect known as surface-enhanced Raman scattering (SERS).%* Detailed
local chemical information can be retrieved from the spectrum of the inelastically

scattered light from the nanoparticle complex.®' A more general all optical nanosensing

device can be envisioned based on a plasmon-resonant nanoparticle and a physieally or
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chemically responsive layer of adsorbate molecules, where the local environment of the
nanodevice ‘is probed by incident light and the device output is the spectrum of Raman
scattered light.

Here, an all-optical nanosensor capable of measuring pH in its local vicinity
continuously over the range of 5.80 to 7.60 pH units is reported. The device consists of
an Au nanoshell designed to elicit a high-enhancement SERS response as a standalone

4243 at near-infrared wavelengths. The

nanostructure from a layer of adsorbate molecules
molecular adsorbate layer consists of para-mercaptobenzoic acid (pMBA), previously
shown to be a molecule with a pH sensitive SERS response.®"#28 The fact that the SERS
signal of an individual adsorbate-coated nanoshell can be of the same order of magnitude
intensity as the SERS signal from an individual nanosphere junction, or “hot spot™ is
explored so that individual nanostructures can function as standalone nanosensors. It can
be shown that the designed structure can function as an optically addressable, robust
nanbdevicé, providing complex yet highly reproducible pH-dependent SERS Spectra as
the optical output. Because the nanosensor is designed for optirﬁal use with near-infrared
excitation and Raman-emission wavelengths, the input and output optical signals of this
nanosensor are transmissible through blood and tissue and enabling their potentiél use in
diagnostic applications in livihg systems. By comparison, pH-sensitive dyes, which also
have been pursued as optical sensors, require excitation and emission wavelengths in the
visible region of the spectrum greatly restricting their use in living systems, exhibit cell
leakage and diffusion which prevents their use for local nanoscale pH measurements, and

are unable to provide a continuous signal across a broad pH range.84 A highly practical

and general method was developed for converting the complex pH-dependent SERS
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spectral output into a Qtr‘eamlined pH readout while maximally preserving its information
content, and thereby the resolution and accuracy, of the nanodevice. By adapting an
approach from statistical learning theory (which infers simple statistical structure from
large and complex data sets)®’ that reduces the dimensionality of the multispectral data
set to a simple device characteristic, the accuracy and resolution of the nanoscale pH
“meter” can be assessed. An average accuracy of (0.10 pH units across the working pH
range of the device is obtained. In the study reported here, both the working nanodevice
and its performance analysis illustrate general approaches that should be broadly
appliCable in the dbeVelropme'nt of other SERS-based functional nanodevices and in
evaluating SERS-based device performahce relative to an analogous micro- or

macroscopic device.

3.2: Experimental

The nanosensor is illustrated in Figure 3.1. To construct this device, Au
nanoshells were fabricated according to protocols reported previously.?® The nanoshell
core and shell dimensions were adjusted so that the plésmon resonance provided a
farfield absorbance maximum near 785 nm in H,O, [}, 2] = [55, 71] nm, to provide
surface-enhanced Raman scattering enhancement at the 785 nm pump laser wavelength.
Au nanoshells were immobilized by depositing a drop of aqueous nanoshells solution
onto 3-aminopropyltriethoxysilane (APTES, Aldrich) coated silicon wafer supports
(Addison Engineering, Inc.) and allowing the water to evaporate. The electrostatic
interaction between the nanoshells and the amine group resulted in dispersed nanoshells
bound to the silicon substrate. The anchored nanoshells were exposed to solutions of

PMBA (Sigma-Aldrich) presolubilized in ethanol then diluted in Milli-Q water
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(Millipore) for 1 h, then thoroughly rinsed with Milli-Q water. To measure the pH
response, SERS spectra were measured from acidic to basic pH levels. Before acquiring
Raman spectra at each pH, the sample was immersed in phosphate-buffered saline (PBS)
of pH adjusted to the desired value for 10 min. A Fisher Scientific accumet AP63
portable pH meter was used to adjust the pH of the buffer to an accuracy of 0.01 pH -
units. Raman spectra were then recorded while the entire substrafe was immersed in
ambient buffer solution using a Renishaw inVia Raman microscope (Renishaw, U.K.)
with 785 nm wavelength excitation and 55 uW power at the sample. Backscattered light
was collected using a 63x water immersion lens (Leica, Germany), and high-resolution
spectra were acquired using a 30-s integration time. Scans were collected from various
spots on each silicon wafer, at each pH value. Between the Raman scans at different pH
levels, samples were rinsed with Milli-Q water and incubated, for 10 min, in fresh buffer

at the new pH.
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Figure 3.1: Schematic diagram of the Au nanoshell pH sensor, consisting of nanoshells
with core radius r;=55 nm and total nanoparticle radius r,=71 nm and an adsorbed
monolayer of para-mercaptobenzoic acid. The pMBA molecules yield a pH dependent
SERS spectrum.
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3.2: Results and discussion

Varying the pH of the nanodevice causes reproducible changes in the SERS
spectra. SERS spectra were obtained as a function of pH, ranging from pH 4.00 to pH
9.00 (Figure 3.2A). The prominent Stokes features, appearing at 1077 cm™ and 1590 cm™
! are assigned to the ring breathing and axial deformation modes of pMBA,
respectively.®’ As the pH of the nanoenvironment is changed from pH 4.0 to 9.0, highly
reproducible spectral changes are observed in the SERS spectra. The most significant of
these changes occurs at 1702 and 1394 cm™, attributable to the C=0 and COO stretching
modes of pMBA, respectively. By monitoring the ratio of these two peaks, we illustrate
that this nanodevice can be cycled repeatedly from pH 4 to 9, where the ratio of the 1702
and 1394 cm’! peaks provides a simple optical readout for low-resolution changes in local
pH (Figure 3.2B).

The highly complex changes in the SERS spectrum of this molecule that occur
over this large pH range not only provide a great deal of information that can be used in
assessing the device resolution but are themselves of intrinsic fundamental interest.
PMBA is a weak acid,**®" and because a reduction in the pK, of acid molecules typically

88.89 it is expected that PMBA may still

occurs upon covalent attachment to metal surfaces,
be partially protonated under significantly acidic conditions. The presence of dissociated
carboxylate groups at low pH is indicated by the appearance of the broad COO" band at
1393 cm™, appearing much weaker than the C=0 band at 1702 cm’’. With increasing pH,
the number of dissociated carboxylate groups increases, enhancing the vibrational

stretching mode of COO’, resulting in an increase in mode intensity and a shift of the

1393 cm™ mode to higher wavenumbers. However, even at pH 9, the COO" band remains
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broad, suggesting that some pMBA melecules may still be involved in hydrogen bonding
in .addition to the possible interaction between COO" groups and the ring hydrogens. The
low-energy shoulder of the carbonyl mode at 1702 cm™, occurring most strongly at low
pH, indicates that some pMBA molecules might be participating in intramonolayer
hydrogen bonding between adjacent pMBA molecules and/or between pMBA and the
solution ambient.

Multiple overlapping features in the broad 1393 cm™ COO" band are evident at
low pH, which may possibly be attributable to hydrogen bonding between protonated and
deprotonated carboxylate grroups.90 From Gaussian calculations (DFT/B3LYP level), it
can be inferred that such broadening could be caused by possible interactions between the
carboxylate groups and the ring hydrogens. Interactions involving the COO", COOH, and
the ring hydrogens may be responsible for altering the COO™ and C=0 modes, resulting
in the spectral broadening of this mode observed at acidic pH.”! Other spectral features in )
the pMBA SERS spectrum that also show pH-dependency include the nominally 1137
cm” Stokes mode, predicted to be a CH in—pléme bending mode, which undergoes
noticeable spectral changes in intensity with increasing pH.”? The intensity of this weak
mode increases wifh vincreasing pH, as does the mode appearing at 845 cm’’. This latter

6792 and its spectral behavior closely

spectral feature is assigned to COO™ bending,
resembles that of the COO" stretching mode at 1393 cm™. The‘spectral features at 696,
718, and 800 cm'll also show pH-dependent changes in intensity. With increasing pH, the
intensity of the 696 cm™ band gradually decreases and that of the 718 cm™ band

increases. The 696 cm™ mode was assigned in neutral pMBA (acidic limit) to a mixture

of OCO bending, in-plane ring compression, and C-S stretching. The mode at ’718 cm™
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was assigned to out-of-plane ring hydrogen wagging. In the basic limit, the deprotonated
PpMBA anion was found to have corresponding modes, only reversed in energy from the
case of the protonated molecule. The 800 cm™ band appears to have a mixed vibrational
nature of in-plane ring deformation motion, C-COOH stretching, and coo bending,
decreasing with increasing pH. Because the intensity of in-plane ring vibrational modes,
such as that of the 1137 cm™ and 718 cm™ bands, was seen to increase with increasing
pH, it is proposed that the 800 cm™ band is dominated mainly by the C-COOH stretching
vibration.?**> Because the 696, 718, and 1137 cm’’ features are all related to the benzene
ring of the pMBA molecule, the pH-dependent change in the intensity of these bands may
be related to the orientation of pMBA on the Au nanoshell surface.®® However, because
saturation coverage of pMBA was present on the nanoshells, it is expected that the
pMBA molecules are packéd densely on the nanoshell surface in an upright configuration
and undergo onlyv minor reorientations with respect to surface normal over the pH range

investigated.
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Figure 3.2: (A) SERS spectra of pMBA on NSs at various pH values ranging from pH
4.00 to pH 9.00 in steps of 0.50 pH units. (B) Repetitive cycling of the Raman pH
nanosensor measured by monitoring the change in the [(COO')/I(C=0) (1702 cm™/1393
cm’™') Stokes modes. The intensities were measured with respect to that of the 1077 cm™
band to which spectra (at each pH) were normalized. Error bars represent the standard
deviation for the measurements.



34

Transforming a complex data set of pH-dependent SERS spectra into a device
whose accuracy can be assessed quantitatively presents an interesting challenge. Cléarly,
the accuracy of the nanodevice will depend critically on how much pH-dependent
information inherently available in the SERS spectra can be accommodated in device
analysis. The data displayed in Figure 3.2A demonstrates a large pH range (4.00-9.00) in
increments of 0.5 units where the SERS signal is clearly dependent on local pH.
However, to test the validity and accuracy of the nanodevice, a finer data set was
collected in increments of 0.2 pH units over a narrower pH range (5.80-7.60). This pH
range was chosen because of its biological rélevance; for example‘,‘ within this pH range a
distinction can be made between acidic cancer cells and healthy tissue.”* A simple ratio
of pH-dependent SERS peaks extracted from the spectral output of the nanodevice
(Figure 3.2B) may be used to monitor large changes in pH, buf in order to determine the
usefulness of such a nanodevice in real applications, it is crucial to obtain a quantitative
understanding of the accuracy of its pH measurements across the working pH range of
the device.

It is observed that the changes in pH elicit smooth changes in the measured SERS
spectrum over this pH range. Each measured spectrum is considered as a point in an N-
dimensional space (R"), where N is the number of discrete points taken to acquire each
SERS spectrum. Each axis in this abstract space indicates Raman frequency, with the
value along each axis expressing the spectral energy at that frequency. Varying pH
induces spectral changes that trace out a well behaved one-dimensional trajectory in RY
(parametrized by the pH value) that defines the relationship between the pH and the

SERS spectra (Figure 3.3a). If we could exactly parametrize this pH-dependent Raman
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curve (more generally known as a manifold), then for a given test sample we could
estimate the pH by simply finding the point on the curve closest to the test sample’s
spectrum. It is very difficult to exactly characterize manifolds in high-dimensional spaces
using limited data. Instead, we built a locally linear approximation to the pH-Raman
manifold by finding the best collection of straight line segments to fit a collection of

training data samples (similar to the locally linear embedding algorithm®).
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Figure 3.3: (a) Spectral changes form a manifold (one-dimensional curve) in R” that is
indexed by pH, where N is the number of spectral bands measured. The best piecewise
linear fit to the training samples is found using two segments, and that local linear
approximation forms a model of the pH manifold. (b) The spectrum of a testing sample is
projected onto the model described in a to find the point on the manifold that is closest to
the spectrum of the test data. The index of this projected point forms the pH estimate.
Cross validation was used to judge the quality of the model (leave one scan out of the
model building and then estimate using that scan). The points are the average of the cross
validation estimates, and the error bars represent one standard deviation in the cross
validation estimates. (c) Magnitude of the average error of the cross validation estimation

procedure shown in b. The average error magnitude across the pH range of the device is .
0.10 pH.
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A éeries bof pH-dependent SERS spectra serves as our “training” data with which
we test this parametrization. Each spectrum in this figure was constructed from an
average of five SERS spectra taken at the same pH and at different regions on the wafer
saniple. Because the analysis depends only on the relative intensity at many different
Raman frequencies ranging from 600 to 1800 cm™, each SERS spectrum is normalized to
its value at a specific frequency (1400 cm™). Because the relative changes in peak heights
is being examined, it does not matter where the baseline is chosen as long as there is no
known contributing signal from the molecule or possible contribution from the silicon
substrate. To:modei the pH-Raman manifold, we then found the piecewise linear curve in
RY with & segménts that minimizes the mean-squared error over this collection of ‘ti'aining
data. The k-1 breakpbints were found by exhaustively searching all possible gaps
between the training data pH values to find the breakpoints that produce the minimum
mean-squared error fit. The best-fitting linear segments were found using a standard
least-squares method applied in R". For fhis device output, a two-segment piecewise
linear curve was found to ﬁt the pH manifold with high accuracy and minimal
complexity. We then used crossvalidation® to judge the variation of our estimation
procedure by testing each SERS spectrum against the parametrized manifold (Figure
3.3b). This was accémplished by constructing the pH-Raman manifold model using four
of the five available spectra at each pH and testing fhe Variation between the fifth
spectrum and the parametrized model. This procedure was repeated five times (leaving
each scan out once), and the resulting pH estimates were used to judge the accuracy and
precision of the procedure. The magnitude of the average efror over the pH range of the

device was obtained in this manner (Figure 3.3c). The average error magnitude across the
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workih'g pH réﬁge is 0.10. However, this varies significantly aéross the pH range of the
device, with a much larger error occurring around pH 6.0 than elsewhere in the pH range
being evaluated. The increaséd error in this specific range is due to an observed increase
in spectral fluctuations for the SERS spectra for this specific pH, which is likely to be
near the effective‘ pK, of the pMBA adsorbate molecules. It is quite possible that
molecular ﬂuctuatibns occurring at this pH due to protonation-deprotonation dynamics
may give rise to the increased spectral noise observed, which translate to a lower
accuracy for our nanodevice at this specific region of its pH range.

The ultimate resolving power of this nanosensor 'deperids g‘partially on the
resolution of the training data used to model the pH-Raman manifold. To further eXplore
the resolving power of the nanosensor built with training data at 0.20 pH intervals, the
manifold approximation technique is used to estimate the pH of two test samples taken
between the tfaining data pH values (having pH values of 6.10 and 7.15). The nanosensor
estimated the pH values of these test samples to be 6.47 and 7.01, respectively. For the
pH'6.1‘0 test sample, We see an error slightly larger than that predicted by the cross-
validation study. As we saw with the training data, the larger error appears in the pH

range where increased SERS spectral fluctuations are observed.

3.4: Conclusions

The all-optical nanoscale pH “meter” reported here is likely to be highly useful in
a wide range of applications within biology and biQmedicine where such a probe may
prove to be a useful new tool for research, diagnosis, or monitoring. Embedding the pH
sensor inside plant or animal cells or tissues would allow a new way to monitor the

complex changes that can occur within living systems at the single-cell or subcellular
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level. Examples may include studying the response of plant cells to stress, early-stage
monitoring of transplant rejection, or the “optical biopsy” of possibly cancerous lesions
or tumors.”’ The‘ analysis method demonstrated here to assess the accuracy of the
nanodevices may also be broadly applicable across a family of chemically functional,
SERS-based nanodevices that, in principle, could be fabricated on a ever-increasing
variéty of plasmon-resonant nanoparticle substrates with large local field enhancements

at their surfaces.

Chapter‘4: SERS response as a function of chain length,
terminus, and headgroup: SERS of thiolated aliphatic moieties

4.1: Alkanethiois

4.1.1: Introduction

Alkanethiolé ére an analyte system with several parameters which can be varied
for spectroscopic investigation. The analyte consists of an aliphatic chain, a chain
terminus, and a headgroup portion; all of which can be chemically modified. Here, the
use of Au nanoshell substrates to examine the SERS spectra of SAMs of alkanethiols
frpm decanethiol to hexadecanethiol (HS-(CHz),-H, n = 10-16) is discussed.”® These
results are significant in fhat there have been both relatively few analyses on SAMs in the
low frequency region and the fact that they demonstrate coupling between the Au-S
stretch and higher-order longitudinal acoustic modes of the alkanethiol molecules. All
SERS spectra were taken by Carly Levin and theoretical modeling was performed by Dr.
Benjamin G. Janesko and Dr. Gustavo Scuseria. Reproduced with permission from
Levin, C. S.; Janesko, B. G.; Bardhan, R.; Scuseria, G. E.; Hartgerink, J. D.; Halas, N. J.

Nano Lett. 2006, 6, 2617-2621. Copyright 2006 American Chemical Society.
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Alkanethiols on gold surfaces are the prototypical self-assembled monolayer
(SAM) system,99 utilized extensively in nanoscale science and applications. The structure
and energetics of the gold-sulfur interaction has been studied extensively, both

100102 and  theoretically.!®'%®  Surface-enhanced Raman spectroscopy

experimentally
(SERS) is an excellent method for probing this interaction because of the strong field
enhancements that can be excited at the molecule-substrate interface. However, despite

19 there have been relatively

extensive work on the SERS spectra of alkanethiol SAMs,
few analyses in the low frequency region (<500 cm’') where the Au-S stretch occurs.!'
12 Recent advances in optical filter technology improving suppression of the Rayleigh
line, combined with the development of controllable SERS substrates,. have presented an:
opportunity to observe the vibrational modes of alkanethiol SAMs in this low frequency
regime.

Au nanoshells have been shown to provide highly controllable SERS substrates.
Their plasmon resonances can be tuned to specific wavelengths by varying the nanoshell
core and shell dimensions.”*?! The high-intensity electromagﬁetic fields at the nanoshell
surface that give rise to SERS can also, therefore, be optimized for specific pump laser
wavelengths of interest.*>* The integfated SERS signal enhancements ﬁom nonresonant
molecules bound to nanoshells are very large, comparable to those of solid nanoparticle

dimers.'%

4.1.2: Experimental
Au nanoshells of core radius 90 nm and shell thickness 17 nm were fabricated
according to protocols described previously,28 and the dimensions were confirmed by

scanning electron microscopy (SEM). The nanoshell core and shell dimensions were
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adjusted so that the plasmon resonance provided a far-field absorbance maximum near
785 nm in air, to provide ‘surface-enhanced Raman scattering enhancement at the 785 nm
pump laser wavelength. Solutions (1 M) of 1-decanethiol (Aldrich 96%), 1-undecanethiol
(Aidrich 98%), 1-dodecanethiol (Aldrich > 98%), 1-tetradecanethiol (Fluka > 98%), 1-
pentadecanethiol (Aldrich 98%), and 1-hexadecanethiol (Aldrich 92%) were prepared in
absolute ethanol (200 proof, AAPER Alcohol and Chemical Co.), diluted to 100 uM
solutions with Au nanoshells in Milli-Q water (Millipore), and allowed to incubate
overnight for covalent attachment. The functionalized Au nanoshells were then
immobilized onto pbly-L-lysine (0.1% w/v in water, Sigma) coated silicon wafer
supports (Addison Engineering, Inc.), resulting in dispersed nanoshells bound to the
silicon substrate. Ag deposition ohto Au nanoshells was achieved following the method
of Liu et al.,'"® and the samples were immediately capped with 100 pM dodecanethiol to
prevent further oxidation of Ag.”4

SERS spectra were obtained using‘a Renishaw inVia micro-Raman spectrometer
with a 785 nm excitation laser at 8 mW power across the sample with a 30 pm by 3 pm
spot size and 20 s integration time. All spectra were acquired in ambient air. Low-

frequency SERS spectra from dodecanethiol on Au nanoshells and Ag coated Au

nanoshells are presented in Figure 4.5.

4.1.3: Results and discussion

It has long been es‘gablished that the vibrational spectra of substituted alkanes in
solution éhow a series of low frequency peaks whose frequency varies inversely with
chain length.'"> In Figure 4.1A, bulk Raman spectra of liquid alkanethiols are shown,

clearly exhibiting this carbon-chain-length dependence in the broad Stokes mode
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appearing in the 200-300 cm’ range. These spectral features are typically assigned as
longitudinal acoustic modes, analogous to the longitudinal vibrations of an elastic rod.''®
They are denoted LAM-k, with & designating the number of internal vibrational nodes.
These features are described well by simple Bond polarizability models that treat the »-
carbon molecule as a one-dimensional chain of » masses.''®''” For homogeneous alkane

116

chains, only odd-k modes have a nonzero Raman intensity, ~ a selection rule that is lifted

for chains with two different end groups.''”!'* Bulk Raman spectra are dominated by the
LAM-1 “accordion” mode: the broad peak in the bulk alkanethiol Raman spectra shown

in Figure 4.1A is characteristic of the LAM-1 for liquid substituted alkanes.'"’
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Figure 4.1: Experimental unenhanced liquid Raman (A) and SERS (B-C) spectra on Au
nanoshells for alkanethiols HS-(CH>),-H, where n = 10-16 (offset for clarity).
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In ‘contrast to the ARa'man spectra, the low frequency SERS spectra of alkanethiol
SAMs, shown in Figure 4.1B, contain two narrow, well-deﬁnéd peaks that shift to lower
frequencies with increasing chain length. Their inténsities are characteristic of a
molecule-surface bond, and their frequency shifts are characteristic vof the longitudinal
acoustic modes of the alkane chain. However, the more intense peak that shifts from 367
to 278 cm™ is at a significantly higher frequency than either the LAM-1 mode (Figure
4.1A) or previous assignments for the Au-S stretch.''"'? We propose that these peaks
result from coupling between the Au-S stretch and higher-order longitudinal acoustic *
modes of the alkanéthiol molecules c0mposing the SAMs. (The spect'ra' shown here also
contain a weak, broad shoulder at 300-350 cm™ appearing only for the shorter alkane
chain lengths. This feature may possibly result from incomplete surface coverage, but
definitive asvsignment is beyond the scope of the present work.)

The alkanethiol SERS spectra above 500 cm™ (Figure 4.1C) concur with previous
assignments for alkanethiol SAMs.'” The SERS spectra lack the S-H bond stretch at
2580 cm™' and the H-S-C bending mode at 850 cm™, confirming the presence of a SAM
on the Au nanoshell surface. The reduced intensities of the C-H stretching peaks (2800
cm™ to 3000 cm™)'® can be attributed to the decrease in SERS enhancement with
increasing Raman shift because of the finite width of the plasmon resonance of SERS
substrates.'*! These spectra appear quite similar, with notable differences appearing only
in the low frequency regién (Figure 4.1B).

To our knowledge, the only previous report of LAM-k modes in SERS of

molecules on surfaces involved monocarboxylic acids on Ag surfaces.'” A low
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frequency SERS spectrum of palmitic acid (HOOC-(CH,);5-H) on Ag does posséss a
peak at 288 cm’, assigned to a LAM overtone.'” Coupling to the substrate was not

invoked to explain this observation, indeed, the suggested molecular orientation in that

system, with the chain axis parallel to the surface,'?2 may in fact preclude such'coupling.

“AHS “SC “CC
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Au (DD ;
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Figure 4.2: Schematic of the 1D model of (Au surface)-S-(CHz),»-H self-assembled
monolayer. k and a are the harmonic force constant and polarizability derivative of each
bond.

We modeled the alkanethiol SERS spectra using an extension of the simple bond
polarizability picture,''*'!’ treating the [Au surface]-S-(CH,),-H as a 1D chain of n +1
atoms attached at one end to an infinitely massive surface site. The model is shown

schematically in Figure 4.2. Figure 4.3A presents the theoretical predictioh of this model

for the alkanethiol SERS spectrum.
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Figure 4.3: (A) 1D model results for SERS spectra of (Au surface)-S-(CH;),-H, for n =
10 (decanethiol, bottom) to n = 16 (hexadecanethiol, top). Simulated spectra are plotted
with a uniform Gaussian broadening of 10 cm™. (B) Frequencies of the two narrow,
intense peaks in the Au-S-(CHa),-H spectra of Figure 4.1B, plotted as a function of chain

length (where for the LAM-k peak frequencies, A is k = 1 and 8 is £k = 2 from
experiment, and — is k=1 and — is k = 2 obtained from the 1D model in A).

Despite its simplicity, the 1D model gives remarkably good agreement with
experiment. The model gives reasonable qualitative agreement for the predicted SERS
intensities (Figure 4.3A) and quantitatively reproduces the freqﬁencies of the two intense
low frequency peaks in the experimental SERS spectra (Figure 4.3B). The model also
predicts significant intensity in the & = 0 peak, which is near the frequency cutoff of the

SERS experiment (150 cm’™") but may be accessible using other experimental techniques.
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Figure 4.4: (A) SERS spectra of (Au surface)-S-(CH;)12-H, as predicted by the 1D
model. The x axis begins at 0 cm in order to include the k = 0 mode. (B) Normal-mode
eigenvectors for the four vibrational modes shown in part A. The longitudinal
displacement of each atom is plotted on the y axis. The k=0, k=1, k=2, and k=3
modes occur at 74, 226, 373, and 519 cm'l, respectively. The Au-S bond stretch is

maximized for the modes withk =2 and k = 3 internal nodes (D isk=0,misk=1A isk
=2 ®isk=3).

The 1D model predicts that the low frequency peaks in the alkanethiol SERS
spectra result from coupling between the low frequency, highly polarizable Au-S bond
and the LAM-k modes of the alkane chain. Figure 4.4 shows the vibrational modes

predicted by the 1D model for a dodecanethiol SAM (n = 12). The largest Au-S stretches

(displacements of the sulfur site 1) occur in the modes with 1 and 2 internal nodes (205
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and 333 cm’, respectively). These vibrational modes will dominate the low frequency
SERS spectra when Au-S is the most polarizable bond in the system. This qualitative
conclusion is quite robust with respect to the model’s parametrization. We note that the
LAM-0 mode in Figure 4.4B would have zero intensity for a homogeneous chain with
two free ends; indeed, it would merely be a zero-frequency translation of the entire

molecule. Fixing one end of the chain gives it both nonzero frequency and intensity.
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Figure 4.5: Experimental low frequency SERS spectra for dodecanethiol on (A) Ag
coated Au and (B) Au nanoshells (offset for clarity) with line indicating the peak position
shift from 316 cm ' on Ag coated Au nanoshells to 326 cm ™' for Au nanoshells.

We tested our hypothesis that the experimental SERS peaks include a significant
Au-S stretch component by preparing alkanethiol SAMs on Ag versus Au surfaces of
nanoshells. The peaks would be expected to have smaller Raman shifts on Ag because of
the smaller force constant of the S-Ag bond [methanethiol on Ag (Au) gives a metal-S

stretch frequency of 200 (279) cm’, for a predicted force constant of 0.75 (1.46)

mdyn/A].110 In the experimental SERS spectrum of dodecanethiol on Au nanoshells, the
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most intense low frequency peak appears at 326 cm’’. This peak indeed shifts to 316 cm’
for nanoshells with an Ag surface (Figure 4.5). Our 1D model predicts corresponding
shifts for SAMs from 333 cm™ on Au to 312 cm™ on Ag. The model qualitatively agrees
with experiment:-the peaks shift to lower frequencies on Ag, and the shift is much smaller

than the 80 cm™' shift seen in the metal-S stretch itself.
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Figure 4.6: Results of ab initio electronic structure calculations on Auz-S-(CH»).-H (see
the text). Frequencies of the two narrow, intense peaks in the Au-S-(CH,),-H spectra
(Figure 4.1B), plotted as a function of chain length n (where for the LAM-k peak

frequencies, A is k=1 and ® is k = 2 from experiment, and Ais k=1 and O is k = 2
obtained from the ab initio calculations). '

We also verified the predictions of the semiempirical 1D model with ab initio
electronic structure calculations on adatom models of the alkanethiol SAMST Adatom
models treat the Au surface as a cluster of 1-10 Au atoms. Although ab initio calcﬁiations
generally cannot reproduce experimental vSERS intensities, they provide fairly rc;liable

predictions of vibrational frequency shifts.'**'%’ ‘We performed PBE1PBE/Lanl2DZ

calculations on Au;-S-(CH»),-H, a single alkanethiol chain attached to a triangle of Au
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atoms designed to model the Au(111) surface. Figure 4.6 shows the LAM-1 and LAM-2
vibrational frequencies obtained from the ab initio calculations. The predicted LAM-k
frequencies agree quite well with experiment, providing further support for this picture.
The ab initio calculations also correct the dispersion relation of the 1D model, giving all
of the LAM-k modes below 520 cm™. The ab initiq calculations predict some spurious
coupling to the higher LAM-£, seen in the splitting of the LAM-l_ mode for n = 15. More
sophisticated médels, including finite temperature, vibrational anharmonicity, and/or

interactions between adjacent chains, would be needed to address these discrepancies.

4.1.4: Conclusions
Our observation of coupling between molecule-surface and intramolecular (LAM)
vibrational modes in alkanethiol SERS spectra presents a number of interesting avenues

for further research. Although such coupling has been reported previously as a source of

frequency shifts in SERS of simple molecules,!?*12812

the example presented here is
both novel and strikingly well-resolved. The resulting intense peaks are sensitive to the
details of the gold-sulfur headgroup interaction and the local geometry of the group (-S-
CH,-) mediating the vibrational coupling. SERS measurements of these modes may
provide nev;r insight into longstanding controversies over the geometry and energetics of
the headgroup interaction.'* The simple physical model we report here clearly illustrates
a mechanism that may be important in the analysis of the SERS spectra of more complex
adsorbates, including biomolecules or biologically relevant systems.’ This previously

unreported coupling between the longitudinal acoustic modes and substrate-adsorbate

vibrational modes of the molecules of an alkanethiol SAM may be exploitable in
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applications, possibly providing a signal transduction mechanism for nanomechanical

sensors and actuators.

4.2: o-terminated alkanethiols: acids, alcohols, and dithiols

4.2.1: Introduction

Monolayers formed using w-terminated alkanethiols (HS-(CHz),,-X) rather than
traditional alkanethiols (HS-(CH;),-CH3) may offer advantages provided by their
additional functional group (X). These types of organic monolayers allow for more
precise engineering of the monolayer properties for various purposes. Asymmetric
fﬁncﬁonaliiatibn of gold nanoparticles using m-terrninatecvlb alkanethiols (where X was
either NH, or COOH) has been used for dimer formation via EDAC coupling.'!
Furthermore, functionalization with NHz or COOH terminated alkanethiols is used in the

adsorption of proteins.’

4.2.2: Results and discussion

Varying the chain ‘termination from a simple methyl group (as iﬁ alkanethiols) to
a carboxylic acid functional group results in slight changes in the Raman spectral
respohse. There are additional peaks at 1412 and 1437, 1631, and 2725 cm’!, attributable
to a syminetric and> asymmetric CO," stretch, a C=0 stretch? and the CHO group,
respectjvely in the unenhanced Raman spectrum of 11-mercaptoundecanoic -acid (Figure
4.7A). In the SERS spectrum (Figure 4.7B), the C=0 stretch appears weakly at 1657 cm’
!, The weak spectral feature of this peak is not surprising since the nanoshell near-field
plasmon bandwidth drops off at higher wavenumber and, while the C=0 bond is known
to produce strong IR bands (seen ih the 1691 - 1710 cm™ region of Figure 4.7C), it

generally shows weak Raman scattering. It should also be noted that the lower order Au-
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S/LAM-k modes for 1l1-mercaptoundecanoic acid appear at 225 and 322 cm’.
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Figure 4.7: (A) Unenhanced Raman spectrum (powder, average of 5 scans), (B) SERS
spectrum (1 mM, average of 5 scans), and (C) IR spectrum (powder, coaddition of 256
scans, 4 cm’! resolution) of 11-mercaptoundecanoic acid.

Changing the terminal functional group from a methyl to an alcohol fails to
significantly affect the SERS spectrum, since similarly to the C=0 peak, the —O-H stretch
is IR active and very weak in Raman. In IR, the presence of an —OH group is indicated by
a strong, broad band between 3200 and 3400 cm™. The SERS spectrum for 11-mercapto-
1-undecanol on Au nanoshells did not yield any additional peaks attributable to an —O-H
stretch, although SAM formation was conﬁﬁned by the appearance of the low order Au-
S/LAM-k modes at 221 and 325 cm’™.

In the SERS spectra of aliphatic dithiols on Au nanoshells (Figure 4.8A), there
exists a weak peak at 2575 cm™ attributed to the —SH stretch from unreacted, free thiols
in solution. Since the spectra were obtained on quartz substrates, ruling out any
attribution from a silicon phonon mode at 520 cm™, the doublet at 510 and 525 cm' is
assigned to gauche-gauche and trans-gauche conformations about the C-S bond, which
exhibit S-S stretching frequencies between 500 and 520 em? or at 525 cm’,

respectively.*>'3* These peaks indicate the presence of disulfides and confirm that not all

of the S-S bonds dissociate to form Au-S. In fact, at these chain lengths, it is feasible for
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either the molecules to assume an ex_ténded chain configuration with one end binding to
)the gold or for the thiols on both ends to coordinate to the gold surface (Figure 4.8B i,ii).
Oxidation of the dithiols to disulfides increases the complexity of their adsorption, since
for disulfides, either the lone pair on one or both sulfur atoms can coordinaté to the gold
surface (Figure 4. 8B‘ iii,iv). This complexity is shown by the two low frequency peaks
_that arise at 287 and 295 cm’ ' for 1,8 octanedlthlol and 1,9 nonanedithiol, respectively.
Compared to their monothiol counterparts (where for octanethiol and nonanethiol the Au-
S/LAM-k modes appear at 386 cm™ and 384 cm'kl, respectively) the frequencies of these
peaks are lower and broader, such thatw at low frequency there aré no identifiable

individual LAM-£ modes.
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Figure 4.8: (A) SERS spectra of (i) 1,9 nonanedithiol (black) and (ii) 1,8 octanedithiol
(red) (10 mM, offset for clarity, average of 5 scans). (B) Schematic diagram of the self-
assembly process of (1,8) octanedithiol on Au. Different dithiol and disulfide
conformations include: (i, iii) an extended chain configuration with one thlol end binding,
and (ii, iv) coordination of two or more thiols with the Au surface.

4.3: Alkanethiols with a phospholipid headgroup

4.3.1: Introduction
Liposome encapsulation of solid particles is of recent interest for drug delivery,”»5

device fabrication,"® local pH sensing,'*” and trapping of membrane bound molecules.
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Compared to polymeric systems, lipids provide the advan’tavlgevof low toxicity as a result
of ‘their physiological lipid composition.'*® Encapsulation of Au nanoparticles inside
liposomes allows for é tracer of liposome-cell interactions since Au is an electron dense
metal and can be easily seen by microspopic techniques.139 Additionally, the proximity of
the Au metal surface to the membrane and any membrane-bound molecules allows for
enhanced detection via the SERS phenomenon.

Previously reported techniques for the encapsulation of hollow gold nanoshells

dl40

(HGN) within liposomes include an interdigitation-fusion method™™ or by tethering to the

' In the former method,

liposome membrane with a Au-SH-PEG-lipid linker."*
interdigitated DPPC sheets were mixed with a solution of HGN and heated at 50 °C‘ for 2
hours under vortex mixing, driving the sheets to close around the HGN to form
interdigitation-fusion vesicles.'"*! In the latter method, DSPE-PEG-NH, (MW 2000) was
| converted to thiol by mixing with 100% excess 2-iminothiolane solution so that the lipid
linker could bind to the Au covalently. Liposome encapsulated Au nanoshells have also
been synthesized with DPPE-PEG, where, under NIR light, they induce hyperthermia in
human mammary carcinoma cells.'* However, this method for attachment requires

centrifuging to separate out any unencapsulated nanoshells and subsequent extrusion

through a'polycarbonate filter to yield liposomes with a defined pore size.

4.3.2: Results and discussion

Hefe, the thiolated phospholipid (PL) (1,2-dipalmitoyl-sn-glycero-3-phosphothio-
ethanol) (PTE) (Avanti Polar Lipids, Inc., Alabama) is chosen to stabilize the Au
nanoshell suspension because of its previoﬁs success in coating small coHoidal gold

143

nanoparticles - through self-assembly without any additional required steps. The
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chemical structure of PTE and schematic of nanoshell encapsulation can be found in
Figure 4.9. Since the shift in the surface plasmon resonance (SPR) is a function of the
refractive index (n) at the particle surface, it provides a way to characterize local
environment of a nanoparticle. Figure 4.10 shows that when the nanoshells are in an
ethanolic solvent (n = 1.36) as opposed to water (» = 1.22), the SPR redshifts 11 nm.
When PTE is added to a solution of Au nanoshells suspended in ethanol and allowed to
incubate for covalent attachment, the absorbance spectrum shows a further redshift of 10

nm, indicating functionalization of the nanoshells.
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Figure 4.9: Schematic of liposome encapsulated nanoshells and chemical structure of
1,2-dipalmitoyl-sn-glycero-3-phosphothio-ethanol (PTE).
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Figure 4.10: Extinction spectra of nanoshells [r}, r;] = [60, 83] nm suspended in (i) water
n = 1.22, (ii) ethanol » = 1.36 and (iii) functionalized with PTE lipids and suspended in
ethanol (spectra offset for clarity).

There are a few observable spectroscopic differences between the thiolated lipid
PTE and an alkanethiol such as hexadecanethiol. The unenhanced Raman spectra of PTE
powder and neat hexadecanethiol and their respective SERS spectra on Au nanoshells can
be seen in Figure 4.11A,B. For example, the normal Raman of PTE (Fig. 4.11A, ii)
shows a C=O stretch found in lipids'** at 1733 cm’' that is not present in the
hexadecanethiol spectrum (Fig. 4.11A, i). Also, the shoulder around 800-950 cm’ in
PTE SERS spectrum (Fig. 4.11B, iv) may be attributed to the phosphate O-P-O
symmetric and antisymmetric stretch modes from the phospholipid headgroup,'*® as it is
known that bands in the 800 to 900 cm™' region in Raman spectra of phospholipids are
due to the headgroup and acyl linkage moieties and are typically weaker than those from

the hydrocarbon side chain.'*®
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Figure 4.11: (A) unenhanced Raman spectra of (i) neat hexadecanethiol and (ii) PTE

powder, and (B) SERS spectra of 100 uM solutions of (iii) hexadecanethiol and (iv) PTE
conjugated to Au nanoshells (spectra offset for clarity, average of 5 scans).
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The S-H stretches at 2579 cm™ and 2582 cm™ in the unenhanced Raman of

19 (Figure 4.11A) are not present in the SERS spectra

hexadecanethiol and PTE spectra
(Figure 4.11B). Instead the Au-S/LAM-2 modes appear in the SERS spectra of
hexadecanethiol and PTE at 275 cm™ and 286 cm™ respectively. As expected, the
loﬂgitudinal acoustic modes (LAM-k) observed in SERS spectra are weaker and

1%, since the lipids

broadened in the lipid spectrum when compared to hexadecanethio
have a [-C;H4-O-PO,-0-C;H;-O-] linker group between the Au-S and (CHy)6 groups
which almost completely decouples the C;¢ LAM-£ from the molecule-surface vibration.
The SERS spectra (Figilre 4;11]3) also indicate that while the hexadecanethiol sample is
highly ordered on nanoshells, the >PTE sample is less ordered due to the gauche to trans
ratios of both the C-S and C-C modes. The ratio of the (C-S)t to (C-S)g (which appear at
710 and 654 cm’ respectively) and of the (C-C)r to (C-C)g (at 1127 and 1097 cm™) in
the SERS spectra give values of 1.04 and 1.07 for PTE and 1.21 and 1.28 for

hexadecanethiol.

Chapter 5: Interactions of ibuprofen with hybrid lipid bilayers
probed by complementary surface-enhanced vibrational
spectroscopies | |

5.1: Introduction

Analyte composition can be further modified by forming a phospholipid layer on
top of an underlying SAM of alkanethiols. The phospholipid layer can be utilized to
capture and spectroscopically examine intercalant molecules without direct attachment of
the molecule to the nanoshell substrate. The work presented in this chapter discusses the

formation of hybrid lipid bilayers on nanoshell substrates probed by two surface
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enhanced vibrational spectroscopies: SERS and SEIRA.'" These experimental
observations have resulted in the first demonstratioh of hybrid bilayers on nanoparticle
surfaces. Spectroscopic measurements were performed in collaboration with Janardan
Kundu. All SERS measurements and analysis were performed by Carly Levin, while the
SEIRA measurements and analysis were obtained by J anardan Kundu. Reproduced with
permission from Levin, C. S.; Kundu, J.; Janesko, B. G.; Scuseria, G. E.; Raphael, R. M.;
Halas, N. J. J. Phys. Chem. B 2008, 112, 14168-14175. Copyright 2008. American
Chemical Society. ”

The interactions of amphiphilic molecules, svuch‘ as nonsteroidal anti- -
inflammatory drug (NSAIDs), with cellular membraneé are biologically important. The
clinical use of NSAIDs for their analgesic, antipyretic and anti-inflammatory properties is
extremely widespread; however, these compounds cause serious side effects such as
gastrdintestinal bleeding and peptic ulcer disease.!*® It has been postulated that these side - |
effects occur due to the interaction of amphiphiles with phospholipid lrayers covering the
gastrointestinal mucosa.'**'* In support of this hypothesis, salicylate has been shown to
interact Wifh and change the physicochemical properties of lipid membranes in a way that
enhances the formation of membrane pores.151 ‘Ibuprofen, one of the most heavily
prescribed NSAIDs'%, is known to partition into synthetic and biological membranes and
cause changes in the permeability, fluidity, mechanical, and structural properties‘ of the
membrane.'*>'** It has been shown using optical-trapping confocal Raman microscopy
that ibuprofen causes a high level of disorganizatioh in lipid phosphatidylcholine (PC)

acyl chains in a dose-dependent manner.'**
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Recently there has been growing interest in probing biological membrané function
by coupling the properties of nanostructured materials with lipid membranes or
mémbrahe mimics.'*>!*® Hybrid lipid bilayers pro§ide a very important materials system
for this approach. They typically consist of an alkanethiol self-assembled monolayer
(SAM)'®, bound to a noble metal substrate, with an associated outer layer of
phosphatidylcholine (PC) lipids.'®® Phospholipids with phosphocholine headgroups are
known to exist in high abundance within the plasma and intracellular membranes of
eukaryotic cells.'®" In a hybrid lipid bilayer, the phospholipid layer assembles onto the
SAM with its hydrdphdbic‘ tail groups directly adj acenf to the alkane chains of the SAM,
forming a structural analog to the natural lipid bilayer structures found in bibldgical
systems.'®? Hybrid bilayers are a good composite system for investigation because they
mimic the composition of biological membranes'*® with the additional advantages that
they are robust, stable, and can be dried and rehydrated.!®* Additionally, they can be
fabricated to cover large surface areas, are eésy to form through self-assembly
techniques, and have been characterized by a variety of analytical methods.'®

In this work, hybrid bilayers are assembled onto Au nanoshells, whose plasmon-
derived properties allow them to sérve as strohgly enhanciﬂg substrates for both surface
enhanced vibrationai spectroscopies,'® surface enhanced Raman scattering (SERS) and
surface enhanced infrared absorption spectroséopy (SEIRA). Au nanoshells are spherical
nanoparticles consisting of a dielectric (silica) core and a thin metallic (gold) shell.
Nanoshells have the unique property that their plasmon resonance can be tuned across a

broad region of the optical spectrum by varying the relative dimensions of the core and

shell layers of the nanoparticle.**'® Surface enhanced spectroscopies require large local
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electrémagnetic fields at thel substrate éurface, which are an.important characteristic of
blasmon—res’onant nanoparticles. With nanoshells, the large local electromagnetic field
can be resonantly engineered in a frequency range of choice by controlling the internal
nanoshellv geometry,”® and by forming small aggregates or arrays.***’ For SERS, the
single particle plasmon resonance of the substrate is tuned near the frequency of the
excitation lasef, while for SEIRA, the local fields in the interparticle junctions must be
intense across the entire infrared wavelength range over which the molecules will be
probed. SERS and SEIRA enhancements observed with nanoshells as the plasmonic
substrate are both stfbng and highly r'ep'ro‘ducy:ible. By utilizing geometries with closely
adjacent nanoshells, both Raman and infrared spectr‘oscopies have been shown to be
enhanced simultaneously on the same nanoshell-based substrate.”*’

Due to the complementary nature of these vibrational spectroscopies, the
combination of both SERS and SEIRA provides a uniquely information-rich method for
probing rholecular systems at the nanoscale. SpeciﬁCally, ibuprofen’s aromatic ring
structure is known to have strong Raman-active modeslﬁ‘6 whereas the polar headgroups
of the lipidrlayer have strong IR-active vibrational modes. By ufilizing both SERS and
SEIRA, we can spectroscopically monitor both Raman and IR active functional groups of
both the intercalant molecules and the hybrid bilayer. These two combined spectroscopies
could be potentially used to chemically differentiate between similar analogs of an
analyte molecule with high specificity.

Two different effects are thought to contribute to the total enhancement in both

SERS and SEIRA: electromagnetic and chemical effects. The electromagnetic

contribution consists of the enhancement associated with the local surface plasmon
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excitation'®” while the chemical contribution is due to the electronic coupling interactions
between the adsorbate molecules and the substrate'®®. These interactions lead to the
observed changes in frequency of Stokes modes in SERS when compared to unenhanced
Raman spectroscopy.169 It is interesting to note that in addition to their relevance as a
biological mimic, hybrid bilayers and their intercalant species also provide a simple

approach for isolating electromagnetic from chemical effects in SERS'’*'7

, since the
bilayer-intercalated molecules are adjacent to, but not directly interacting with, the
substrate surface.

A schematic diagram of the nanoparticle-hybrid bilayer complex is shown in
Figure 5.1. The sample geometries consist of (A) ibuprofenate adsorbed onto bare
nanoshells for SERS, (B) ibuprofen intercalated in hybrid bilayers for SERS (where the
single particle plasmons are utilized), and (C) ibuprofen intercalated in hybrid bilayers on

nanoshell aggregates for SEIRA. (Ibuprofenate adsorbed onto nanoshell aggregates for

SEIRA is not shown for simplicity).

ORI

= |buprofen

Y@ = 1,2-Dimyristoyl
-sn-Glycero-3-
Phosphocholine
(DMPC)

_NWWW = podecanethiol
*not to scale

BRI

Figure 5.1: Schematic illustration of (A) an ibuprofenate functionalized nanoshell and
- (B) a hybrid bilayer with ibuprofen intercalation on a nanoshell for SERS measurements.
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(C) The interparticle junction of two hybrid bilayer nanoshells with ibuprofen
intercalation (dimer shown for simplicity) used for SEIRA measurements.

5.2: Experimental
Au nanoshells of core radius 60 nm with shell thickness 20 nm and core radius
190 nm with shell thickness 35 nm were fabricated for SERS and SEIRA measurements

2 The core and shell

respectively, according to previously described protocols.
dimensions of the nanoshells used for SERS were adjusted so that the plasmon resonance
provided a near-field enhancement maximum near 785 nm in water, to provide
enhancement at the 785 nm pump laser wavelength. The dimensions of the nanoshells
used for SEIRA measurements were adjusted to provide a plasmon resonance absorbance
maximum in air in the mid-infrared (mid-IR) region: the full SEIRA bandwidth originates
from both plasmon-resonant and lightning rod effects.?? The nanoshell diménsions were
then confirmed by scanning electron microscopy (SEM).

The formation of a SAM on Au nanoshells requires the nanoshells to be dispersed
in an ethanolic solution of dodecanethiol. The aqueous solutions of [r},r2] = [60, 80] nm
and [ry,r2] = [190, 125] nm nanoshells were centrifuged at 350 RCF for 30 minutes and
90 RCF for 20 minutes, respectively. The particles were then resuspended in absolute
ethanol (200 proof, AAPER Alcohol and Chemical Co.).

Alkanethiol monolayers were first prepared on the nanoshells by separately
making a solution of 10 mM 1-dodecanethiol (Aldrich > 98%) in absolute ethanol. This
was diluted to 30 puM solutions with the Au nanoshells in ethanol, and allowed to

incubate overnight in the dark for covalent attachment. 30 MM solutions were chosen

based on the nanoshell surface area and concentration, and based on the size of the
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dodecanethiol molecule'” to provide monolayerb coverage in ten times excess. After
incubation, the nanoshells had settled and the supernatant was removed, so that the
nanoshells were redispersed in fresh ethanol and any unreacted thiol was removed from
solution. The dodecanethiol functionalized nanoshells were then allowed to dry
completely.

For in solution measurements, an initial stock solution of ibuprofen sodium salt
was prepared according to Du et al.'™ by dissolving ibuprofen (Sigma, USA) in sodium
hydroxide (1N, Fisher Scientific) and then adjusting the pH with hydrochloric acid (lN,
Fisher Scientific). Since the pKa of ibuprofen is about 4.6, the molecule is
predominantly in the ionized form under basic conditions. For the unenhanced powder
measurements, the ibuprofen sodium salt utilized was purchased from Sigma.

Lipid solutions of either 1,2-dimyristoy1-sﬁ-glycero-3-phospho'choline (DMPC) or
1,2-Dimyristoyl-D54-sn-Glycerol-3-Phosphocholine-1,1,2,2-D4-N,N,N-trimethyl-D9
(DMPC-D54) (Avanti Polar Lipids, Inc., Alabaster, AL) were prepared by solubilizing
the lipids in isopropyl alcohol (Fisher Scientific) (50 pL per 2 pmol of lipid).'®? The
DMPC-D54 lipids and ibuprofen stock solution were added to alkanethiol functionalized
nanoshells to give a final concentration of 100 uM DMPC lipids and final concentrations
0of 0.01 mM, 0.1 mM, 1 mM, 10 mM, and 100 mM ibuprofen respectively. The solutions
were placed in an ultrasonicator bath (VWR Model 150D) for 30 minutes at 30 °C, above
the main phase transition temperature of the DMPC lipid (T = 24 °C)'™ and DMPC-
D54 lipid (Ty, = 18.7 °C)'7® where the lipid is in the liquid crystalline phase and the
hydr'ocarbori chains are more compfessible and fluid.'” All measurements were then

performed at room temperature around 22 °C.
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The hybrid bilayer phase behavior was characterized using the fluorescent probe
Laurdan, following the techniques of Parasassi et al.'™1" Bagatolli et al."**'® and Zhou
et al."®. For these measurements, an appropriate amount of hybrid bilayers formed with
either DMPC-D54 or DMPC were mixed with a methanolic solution of Laurdan (Sigma
Aldrich) to achieve a lipid/probe ratio of 300:1. The emission spectrarbetween 400 nm
and 600 nm were obtained at a fixed excitation chosen between 320 nm and 390 nm.

SERS substrates consisted of fused quartz (Technical Glass Products, Inc.,
Painesville Twp., OH), while SEIRA substrates consisted of silicon (Sumco Oregon
Corp., Salem, OR). Both SubStfates Weré coated with poly(4-vvinylpyridine)' (PVP).
Substrates of this compoéition combine the advantages of colloidal susp'ensions and the
stability of solid substrates.>* Cut fused quartz or silicon substrates were first treated with
a piranha soiution (a concehtrated solution of sulfuric écid and hydrogén peroxide) for
two hours‘followed by rinsing with ethanol and drying with nitrogen. Films of poly(4-
vinylpyridine) (Aldrich Chemical Company) were deposited by immersing in dilute
(0.1%) solutions in absolute ethanol (AAPER Alcohol, Shelbyville, KY) for two hours
followed by rinsing with ethanol, drying with nitrogen and were then allowed to cure
overnight.” The hybrid bilayer ibuprofen solutidns were drop dried on the functionalized
fused quartz or silicon substrates and then examined with either an inVia Raman
microscdpe (Renishaw) with va 63x water immersion objecfive after rehydrating the
sample at the appropriate pH, or a normal incidence transmission FTIR system (Thermo
Nicolet) in air using a liquid nitrogen cooled MCT detector (4 cm’ resolution, 256
scans). All IR and SEIRA spectra were background corrected using the Omni software

package. Water purified by a Milli-Q water system was used throughout the experiments.
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The transmission electron microscopy (TEM) images presented in Figure 5.2 were
dbtained with a JEM 2010 Cryo-TEM. Excitation generalized polarization spectra were

obtained using a JOBIN YVON UV-vis Fluorolog.

5.3: Results and discussion

Representative TEM images for both a bare nanoshell and a hybrid bilayer
functionalized nanoshell are shown in Figure 5.2A and 5.2B, respectively. Additional
evidence for the formation of hybrid bilayers on nanoshells is demonstrated by the optical
image (Figure 5.2C), which shows nanoparticle solubility at various stages of hybrid
bilayer fdrmation. Unfunctionalized nanoshells easily disperse in aqueous solyent (Figure
5.2C, i), however, nanoshells functionalized with an alkanethiol are hydrophobic and
preferentially disperse in an organic carbon disulfide phase, rather than a water phase
(Figure 5.2C, ii). Once a lipid layer self-assembles atop of the alkanethiol, the nanoshells

are readily dispersed back into water (Figure 5.2C, iii).
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Figure 5.2: TEM images of (A) a bare Au nanoshell and (B) hybrid bilayer
functionalized Au nanoshells deposited on TEM grids (as shown by the line and contrast
in B). (C) Optical images of Au nanoshells (i) dispersed in water, (ii) functionalized with
an alkanethiol (which preferentially disperse in an organic carbon disulfide layer on the
bottom, rather than the top water layer), and (iii) functionalized with a hybrid lipid
bilayer dispersed in water. The scale bars in A, B are 20 nm.

A phase-sensitive fluorescent probe, Laurdan, was utilized to examine possible

hybrid bilayer gel-phase characteristics at both pH 3 and 10. Excitation generalized

polarization is defined as

GP = 1444 _1484

Equation 2
I saa T I 484

where l444 and Iyg4 are fluorescence intensities at 444 and 484 nm, respectively. The
excitation generalized polarization spectra (GPex) can be utilized to indicate phase

behavior below, near, and above the main phase transition temperatures.182 The GPe
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spectra for hybrid bilayers with both deuterated DMPC-D54 and nondeuterated DMPC
lipids are presented in Figure 5.3. Both deuterated and nondeuterated systems were
probed because it has been experimentally observed that deuterating the lipid can lead to
an approximate 4-5 degree decrease in the main phase transition temperature'®’. For
hybrid bilayers formed using nondeuterated DMPC, the GPe spectra show no
appreciable tilt either downward or upward, indicating that they are not affected by the
excitation wavelength. This evidence suggests that hybrid bilayers formed with
nondeuterated DMPC are below the main phase transition temperature and have gel
phase characteristics under the employed experimental conditions at both pH 3 and 10.
For the deuterated hybrid bilayers, however, a slight downward tilt of the GPe spectra is
observed for both pH values. Since GPe spectra show a downward tilt above the main
phase transition temperature, it is reasonable to conclude that under these experimental
conditions the deuterated hybrid bilayers reside in a liquid phase. These conclusions are
in accord with the established result that the T,, for a deuterated lipid is lower than its

nondeuterated analog.
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Figure 5.3: The excitation generalized polarization (GP) spectra of hybrid bilayers on
nanoshells (HBL) and deuterated hybrid bilayers on nanoshells (HBL-D54) with Laurdan
at pH 3 and 10. ‘

Figure 5.4 shows the unenhanced Raman and IR spectra of sodium ibupr‘ofénate
along with the SERS and SEIRA spectra of ibuprofenate on bare nanoshells. The
enhanced Raman and infrared (IR) spectra of sodiufn ibuprofenate differ from their
respective unenhanced spectra, revealing significant chemical interaction between the
molecule and the Au nanoshell surface (Fig. 5.4). The major peaks in the SERS spectrum
(Figure 5.4A, iii) are 'attributable to the sodium ibuprofenate molecule and indicate its
int'eraction‘with the surface. The intense low wavenumber peak at 249 cm™ has been
assigned to the adsorption of ibuprofenate onto the Au nanoshell surface via the COO’
moiety, and arises from the CO»-Au vibration.'®> Several peaks appear to be shifted in the
SERS spectrum with respeét to the unenhanced Raman spectrum. For example, the in-

186 at ~637 cm™ in the unenhanced spectrum shifts to ~663 cm™ in

plane ring deformation
the SERS spectrum. The peaks at 1381 and 1579 cm™ in the SERS spectrum can be
attributed to the symmetric and asymmetrié stretching vibrations of the —-COO" group.187
The presence of the peak at 1703 cm’ in the SERS spectrum on bare nanoshells is
assigned to the C=0 stretch. The appearance of these three peaks allows us to infer that
not all of the carboxylate groups of ibuprofen are in an ionized state. It is reasonable that
both protonated and deprotonated forms of the molecule may be present, since the
aqueous nanoshell solution (pH = 5.2) to which the ibuprofenate was added was near the

pKa of ibuprofen. Additionally, the ~1185 cm”! and ~1610 cm’ peaks are relatively

intense in the unenhanced Raman but not in the SERS spectrum, which may be due to
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conformational variability of the ibuprofenate as it is adsorbed onto the Au nanoshell

surface.
AIthough ibuprofen is a commonly prescribed analgesic, there have been few

186188 and none reported for

spectroscopic studies of this molecule in the literature,
sodium ibuprofenate. Also, ibuprofen exhibits a strong IR spectral dependence on its
degree of solvation and local environment.'®'** The SEIRA spectrum (Fig. 5.4B, ii)
shows several shifted and enhanced modes of ibuprofenate compared to its unenhanced

1.3 and Gordijo et

spectrum. The various in-plane ring modes assigned by Jubert et a
al.ls’7 (at 847, 1090, 1365, 1466, and 1510 cm™) seen in the SEIRA speCtra are shifted
from their correspohding peak positions in the normal IR spectra. The signiﬁca’ntly'
different spectra obtained for the unenhanced and enhanced Raman and IR cases indicate

that both chemical interactions and electromagnetic effects are contributing to both SERS

and SEIRA in these studies.
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Figure 5.4: Raman spectra (A) of (i) ibuprofen sodium salt powder (50x objective, 25.5
mW laser power), (ii) sodium ibuprofenate in aqueous solution (2 M, 63x objective, 40.6
mW laser power), and (iii) surface enhanced Raman spectrum of sodium ibuprofenate (50
mM, 63x objective, 0.144 mW) adsorbed onto Au nanoshells. IR spectra (B) of (i)
ibuprofen sodium salt powder and (ii) surface enhanced IR spectrum of sodium
ibuprofenate (50 mM) adsorbed onto Au nanoshells (inset shows high frequency regime).
(Spectra offset for clarity).-

Hybrid bilayer-coated nanoshell substrates using a deuterated lipid (DMPC-D54)
were exposed to a range of concentrations of ibuprofen at two different pH values to
study its intercalation into the hybrid bilayers using SERS (Fig. 5.5A,B). The pH values

three and ten were chosen so that ibuprofen remains predominantly in either the
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protonated or deprotonated form.‘ Figure 5.5A,B provides spectral evidence for the
deuterated lipid where there are additional peaks that occur due to C-D stretches in the
2000 cm™ to 2200 cm™ region. These peaks reveal that the lipid component of the hybrid
bilayer is present near the nanoshell surface and allow for spectral Segregation of
different aspects of the hybrid bilayer system under study. By increasing the ibuprofen
concentration at both pH values (Fig. 5.5A,B (ii-vii)),- several ring modes of the molecule
at 803, 1185, 1205 and 1610 cm™ in the SERS spectra were observed to increase in
intensity, confirming its presence in the lipid bilayer.'**'** Figure 5.5C shows the gradual
increase of ibuprofeh 'partitiorxing into the bilayers for both pH values obtained by
monitoring the normalized SERS intensity of th;: strongest mode Vat 1610 cm™. The
increase in intensity as a function of ibuprofen loading concentration displays an
isotherm-like response. Iﬁterestihgly, at low pH when the ibuprofen molecule is
pred(’)minately protonated; the signal from ibupréfen is stronger, allowing for better
detection than at high pH. The stronger ibuprofen signal inténsity at low pH may result
from a change in the hydrophobicity of the molecule. In the protonated form, ibuprofen is
anticipated to be more hydrophobic in nature than in the dissociated form. Due to the
hydrophobic effect, a decrease in pH may allow for more ibuprofen molecules to
intercalate into the hybrid bilayer, increasing their local concentration and in turn,
allbwihg for the ibuprofen molecules to get closer to the hydrophobic acyl chains.
Ibuprofen ‘itself is a known surfactant and has a critical micelle concentration
(CMC), above which it éan exist in an aggregate, rather than monomeric form. The
interactions Between ibuprofen and lipids and its toxicity depend on the aggregation

pattern of ibuprofen. High concentrations above the CMC for ibuprofen can damage the
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integrity of lipid bilayers. While electrochemieal studies, sﬁch as cyclic voltammetry and
impedance spectroscepy, can act as a direct way to examine membrane permeability and
integrity,'® similar studies to characterize pore formation for this system are difficult.
The system presented here is unique in that it is the first demonstration of hybrid bilayers
on a nanoparticle surface, but the small size of the nanoparticles and the lack of an
electrically conductive continuous film of nanoparticles hinder their use as an electrode
probe, as finite interparticle separations are imperative for large spectroscopic
enhancements. However, the observed gradual decrease in the C-D stretch intensity as a
function of increasing ibuprofen concentration (shown in the SERS spectra in Figure
5.5A,B) may proi(ide an indirect indication that hybrid bilayer is being disrupted by the
presence of ibuprofen. |

Al-Saidan et al. has reported a CMC value of 0.83 mM for ibuprofen solutions
prepared in aqueous 0.2 M disodium hydrogen phosphate.'® The 0.1 mM concentration
detected at both pH 3 and 10 in the SERS measurements (Figure 5.5) is below the CMC
of ibuprofen, and therefore, provides physiologically relevant information on the
interaction of ibuprofen and hybrid lipid bilayers in a liquid-crystalline phase,
Characteristic to that of biologically functional cell membranes'®’. |

Unlike the SERS spectra ef ibuprofenate on bvare nanoshells (Figure 5.4A (iii)),
the SERS spectra of intercalated ibuprofen exhibit similar peak positions to the
unenhanced Raman speetrum of ibuprofen (Figure 5.5A,B (i)). For example, the 1610
cm! mode of ibuprofen, which was not a strong spectral feature in the SERS spectrum of
ibuprofenate on nanoshells (Fig. 5.4A (iii)) is clearly visible in the SERS spectrum of the

intercalated ibuprofenate (Fig. 5.5 (ii-vii)). Conversely, the spectral features in the 1165-
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1230 cm™ region are intense in the unenhanced Raman (Fig. 5.5A,B i)) and intercalated
SERS spectra (Fig. 5.5A,B (ii-vii)), but not in the SERS spectrum of ibuprofenate on bare
nanoshells (Fig. 5.4A (iii)). The lack of significant spectral shifts of the ibuprofenate
modes in the case of hybrid bilayer intercalation indicates negligible chemical
interactions between the ibuprofenate and the nanoshell surface. However, the molecule

is nonetheless in close proximity to the nanoshell surface, since strong SERS

enhancement is observed.
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Figure 5.5: Raman spectra of (i) ibuprofen in aqueous solution at (A) pH 10 and (B) pH
3 and SERS spectra of hybrid bilayer functionalized nanoshells with deuterated DMPC as
a function of ibuprofen concentration: (ii) 0 mM, (iii) 0.01 mM, (iv) 0.1 mM, (v) 1 mM,
(vi) 10 mM, and (vii) 100 mM at (A) pH 10 and (B) pH 3. The dashed lines indicate the
peaks from clearly identifiable modes of the ibuprofen, indicating its presence in the
hybrid bilayer (spectra offset for clarity). (C) Normalized SERS intensity of ibuprofen
ring mode (I;610-1585/11434-1388) as a function of ibuprofen concentration in hybrid bilayers
at pH 3 (w) and pH 10 (e) with best-fit Langmuir isotherm (lines). The fitting equation
and parameters used are y = (a*b*x""?)/(1+b*x""*), where at low pH a=1.64 + 0.22, b =
1.53 £ 0.87, and ¢ = 0.42 + 0.21 and at high pHa=0.57+ 0.09,b=042 £ 0.12,and c =
0.48 £ 0.11.

To test whether the Raman scattering cross section of isolated ibuprofen can
account solely for the observed signal strength under these experimental conditions (1.18
mW, 60 seconds integration, 100 mM, Figure 5.6C) the Raman spectra were acquired in
solution. The Raman spectrum of 100 mM ibuprofen without nanoshells shows negligible

signal, indicating the presence of significant SERS enhancements when nanoshells are

utilized as substrates (Fig. 5.5A,B (ii-vii)).
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Figure 5.6: (A) Unenhanced Raman spectra of deuterated DMPC powder (25.5 mW
power). (B) In solution unenhanced Raman spectra of ibuprofen at pH 10 and pH 3 (25.5
mW power, normalized and offset for clarity). (C) In solution unenhanced Raman
spectrum of 100 mM ibuprofen at 1.18 mW and 60 second integration time (parameters
equivalent to SERS measurements obtained in Figure 4). This demonstrates that
electromagnetic enhancement is responsible for the observed SERS signal strength. (D)
SERS spectra acquired sequentially at the same sample spot for hybrid bilayer
functionalized nanoshells with deuterated DMPC and 1 mM ibuprofen for pH values
cycled between 3 and 10 (spectra offset for clarity).

SEIRA provides a means to spectrally observe the effects of ibuprofen
intercalation on the DMPC lipid portion (chemical structure shown in Fig. 5.7A) of the
hybrid bilayer structure. Figure 5.7B (i) shows the normal incidence transmission SEIRA

spectrum of hybrid bilayers on Au nanoshells. The IR absorption peaks of the hybrid

bilayer are identifiable at various frequencies and are listed in Table 5.1. The methyl



74

symmetric and asymmetric bending modes at 1375 cm™ and 1462 cm™, characterizing
the aliphatic part of the hybrid bilayer, are all easily observable. The zwitterionic, polar
headgroup of the hybrid bilayer also presents characteristic peaks (see Table 5.1). The
symmetric and esymmetric PO, stretches, the symmetric and asymmetric N(CHa);"
stretches, and the phosphate skeletal vibration (CO-P-O-C stretch)l are also all clearly
observable in the SEIRA spectrum. The asymmetric CO-O-C stretch and the ester

carbonyls (primary and secondary) of the lipid appear as strong features,'***#2%

ibuprofen intercalated into hybrid bilayers at ibuprofen loading eoncentrations of 200
mM and 500 mM, respectively. In these t§vo ‘spectra one can observe significant
differences between the SEIRA spectra of hybrid bilayers (Fig. 5.7B (i)) and ibuprofen
intercalated bilayers (Fig. 5.7B (ii, iii)). The SEIRA spectra of intercalated hybrid
bilayers have molecular peaks from the hybrid bilayer with additional distinct peaks
attributable to the ibuprofen intercalant (Table 5.2). Various ring modes of ibuprofen are
clearly seen at 847, 1361, 1400, and 1510 cm’’. These modes grow in intensity as the
concentration of the ibuprofen loading solution is increased. An asymmetric CO;’ stretch
is observable at 1582 cm1 and a carbonyl peak around 1730-1740 cm™. The presence of
the asymmetric carboxylate peak can be solely attributed to the deprotonated form of
ibuprofen, since the lipid itself has a ketone rather than a carboxylate moiety. The
carbonyl stretching peak, however, can be attributed to both the protonated form of
ibuprofen and the lipid structure. Therefore, the presence of a protonated form of
ibuprofen in the hybrid bilayers cannot be ruled out in addition to a deprotonated form

interacting with the lipid. It is expected that the presence of ibuprofen would cause



75

Changés" in thevpackingv and ordering of DMPC molecules. In fact, it causes several peaks
- of the hybrid bilayer system to shift wheﬁ cofnpared to the case of nonintercalated
bilayers. The presence of iBuprofen is observed to primarily affect the peaks arising from
the acyl linkage (CO‘-O) and the polar phosphocholine headgroup of the hybrid bilayer.
Symmetric and asymmetric CO-C stretches have undergone a shift in the peak position
from 1067 to 1057 cm™ and from 1175 to 1167 cm™, respectively. The ester carbonyl
group develops a more prominent double peak structure in the intercalated system, and
the symmetric phosphate stretching mode band also undergoes a slight but readiuly
observable b’rbadening. ‘Th’es’e‘spectr'al changes may arise from aiterations in the local
chemical environment of the lipid molecules whien ibuprofen is present. For example,
ibuprofen may changé the conformational freedom of the lipid headgroups and/or disrupt
the spatial packing of the lipids. Since the observed spectral peak shifts appear primarily
for the functional groups in the polar headgroup and the backbone portion of the lipid,
these results indicate that the interaction of predominantly ionized ibuprofen in hybrid
bilayers takes place primarily at the zwitterionic polar headgroup and acyl chain region of

the lipid.
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Figure 5.5: (A) Chemical structure of 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine
(DMPC) highlighting the phosphate and acyl linkage groups. (B) SEIRA spectra for (i)
hybrid bilayers (30 uM dodecanethiol with 100 uM DMPC lipids), (ii) hybrid bilayers
with 200 mM, and (iii) hybrid bilayers with 500 mM ibuprofenate loading solution. The
stars indicate the peaks from clearly identifiable modes of the ibuprofenate, indicating its
presence in the hybrid bilayer. The lines indicate DMPC modes (spectra are offset for

clarity).

Table 5.1: IR Peak Assignments for Hybrid Bilayers on Au Nanoshells'**'%#2%

Wavenumbers Band assignment
(cm’)
1740, 1730 C=0 stretch (primary, secondary)
1462 CH, scissor,
Methyl asymmetric bend
1375 Methyl symmetric bend
1236 Asymmetric POy stretch
1175 Asymmetric CO-O-C stretch
1094 Symmetric PO, stretch
1067 CO-P-O-C stretch
966 Asymmetric N(CH;); " stretch
920 Symmetric N(CH;); " stretch
871 Methyl rock
812 CH, rock-twist
714 C-S stretch,
Methylene rocking-twisting
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Table 5.2: IR Peak Assignments for Ibuprofen'®®'87

Wavenumbers ~ ‘Band assignment
(cm™) ,
847, 1361, 1400 C4-C6 ring stretch, in plane
- : CH ring bend, CH bend
1510, 1549 Ring vibration
1582 : Asymmetric CO;, stretch

In summary, based on the following observations we can conclude that ibuprofen
is most likely interacting with the lipid portion of the bilayer rather than the alkanethiol
layer. First, the SERS spectra (Fig. 5.5A (ii-vii)) indicate that with increasing ibuprofen
concentration in the hybrid bilayer, the tranis carbon-sulfuf sirefch (W(C-S)7) at 710 cm’!
remains significantly stronger th?m the gauche carbon-sulfur stretch (v(C-S)G) at 638 cm’
119 Second, the ldw-wavenumber peak at 324 cm™, which corresponds to coupling
between the gold-sulfur stretch and the longitudinal acoustip modes of the alkane chain,
does not shift in frequency with increasing ibuprofen concentration.”® Ibuprofen
intercalation into the alkanethiol layer would disorder the alkane chain packing, a
disorder that would likely shift the longitudinal acoustic mode frequencies®”. These
aforementioned observations indicate that the underlying alkanethiol layer remains
ordered and largely unpeﬁmbed. Third, as discussed earlier, the SEIRA data (Fig. 5.7B)
show significant differences in the peak positions of the lipid 'headgroup and acyl chain
when predominately ionized ibuprofen is present -in the .bilayers, indicating - that
ibuprofenate is affecting the outer leaflet of the hybrid bilayer with a greater impact‘on
the headgroup portion of lipid. Fourth, since the lipid headgroup is zwitterionic, when the
ibuprofen is in an ionized form, it is certainly plausible for there to be electrostatic

interactions between the ibuprofenate and the DMPC near the headgroup. And finally,
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while the SEIRA déta suggests that it is the predominantly ionized state which showé an
association ‘with the headgroup and acyl region, the SERS data indicates that the
hydrophobic effect dominates for intefcalatidn of the protonated form. Together, these
two experimental findings provide a more complete picturé of ibuprofen interacting with

and intercalating in hybrid lipid bilayers.

5.4: Conclusions

We reported' a study of ibuprofen intercalation into a hybrid bilayer structure, a
membrane mimic system, using surface -enhanc'ed vibrational spectroscopies. The spectral
features of ibuprofen appearing in the pH dependent SERS spectra indicate incorporation
of th¢ analyte into the bilayer. Stronger SERS signals of ibuprofen are observed at low
pH, where hydrophobicity of the molecule plays a dominant role in its intercalation.
Shifts in the lipid peak positions upon ibuprofen intercalation in the SEIRA spectra reveal
- that the headgroup portion of the lipid structure has been affected, indicating that
predominantly deprotonated form interacts near the interfacial region of the hybrid
bilayer. The spectroscopic results combined from SERS and SEIRA studies provide
chemical insight into the nature of ibuprofen-lipid interactions and have clinical
importance in understanding the effects of NSAIDs on the integrity and permeability of
the gastric mucosal membrane. The plasmonic nanostructures utilized in these studies are
applicable for spectroscopic investigation of other biologically relevant phenomena in
membrane mimics, such as the effect of cholesterol on membrane fluidity, the role of

glycolipids in membrane structure, and the binding of peripheral membrane proteins.
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Chapter 6: SERS of non-thiolated moieties
6.1: Au-halidev complexes
6.1.1: Introduction

Low frequency SERS spectra from metal-solution interfaces can also be obtained
to gain insight into other types of metal-adsorbate bonding, such as Au-halogen bonding.
In fact, it was the formation of halide complexes on gold electrodes that provided the first
clear evidence that chemical interaction between an adsorbate and substrate is an

202 A clear understanding of halogen

important prerequisite for large SERS enhancement.
adsorption on Au is essential as these anions are frequéntly introduced into a system as an
electrolyte solution to alter pH and/or ionic strength. Their addition can often lead to the
misassignment of peaks in low frequency SERS spectra.2®

It is known that gold-halide complexes have large stability (formation) constants
which indicate the strong affinity of halide ions for the gold surface. Both Au(l) and
Au(IIl) are known as B-type metal ions (where the stability of their complexes tends to
decrease with increasing electronegativity of the ligand donor atom) so that the order of
stability for the halogens on Au is I > Br > CI' > F 2™ For the case of halide
chemisorption at a Au(111) surface, the polarity of the bond with Au is a function of the
charge on the metal, where the bond is more polar at the negatively charged surface than
at a positively charged one. This leads to an asymmetric adsorption behavior with respect

to the charge on the metal.’®® Therefore, the surface charge on the Au substrate should be

taken into consideration when conducting SERS measurements.
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6.1.2: Results and discussion

Several halogen containing molecules have been shown to chemisorb onto
dialyzed nanoshells demonstrated by their SERS response, as shown in Figure 6.1.
Dialyzed nanoshells were used to eliminate any extra absorbed species on the surface of
the nanoshells. No SERS bands were experimentally observed on Au nanoshells for
fluoride containing molecules; consistent with the work of Gao and Weaver and the
anion’s extremely weak adsorbing properties,91 resulting from its high electronegativity.
The experimentally observed frequencies of the Au-halide stretching vibrations decrease
from chloride to bromide to iodide, and the peak width narrows. SERS spectra (Fig. 6.1)
for chloride containing ‘molecules show the most variation, where for '(A)
cetyltrimethylammbnium chloride (CTAC), (B) NaCl, (C) chlorododecané, and (D)
actetylcholine chloride, the chioride band is centered around 285, 262, 264 and 267 cm",
respectively. This yields an average peak position for the gold-chloride stretch at 270 +
10 cm’™, an approximate 5 cm™ difference than that reported by Gao and Weaver’'. For
adsorbed bromide, the peak occurred more consistently at around 192 + 1 cm™. This
resulted in an approximate 3 cm™ difference from the recorded SERS spectral value of
189 cm™, reported by Gao and Weaver for bromide adsorption to a gold electrode, where
sample preparation included placement in a dry nitrogen atmosphere. For iodide, the
- gold-iodide stretch appears centéred at 165 + 3 cm’, consistent with the literature. The
compound [BuyN] [Aul,}** has a reported frequency at 158 cm™ and the Au-I stretch has
been characterized by a strong band at 160 cm™.*! The higher frequency SERS peak at
468 cm™ in the iododecane and acetylcholine iodide spectra may result from a C-I

stretch.!?’
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Figure 6.1: Normalized SERS spectra of several halogen containing molecules (40 mM,
average of 5 scans): (A) cetyltrimethylammonium bromide (CTAB) and chloride
(CTAC), (B) sodium iodide (Nal), bromide (NaBr), and chloride (NaCl), (C)
iodododecane, bromododecane, and chlorododecane, and (D) acetylcholine iodide,
bromide, and chloride.
The stretching frequencies of the Au-halide complexes can be utilized to derive
their approximate force constants using Equation 3:
fu—x = 4% vy_x 2 c?p Equation 3
where ¢ is the velocity of light in cm/s and p is the effective reduced mass of the
vibrating bond in grams, which can be approximated as equal to the halide mass, m. The
mass of the halide alone is used since, in this system, the Au atom is part of a whole Au
nanoshell, making its mass infinitely large compared to the mass of the halide (such that

u = m). Here, the calculated surface-halide force constants for Au-Cl, Au-Br, and Au-I

are 1.52x10° dyn/cm (152 N/m), 1.73x10° dyn/cm (173 N/m), and 2.03x10° dyn/cm (203
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N/m), respectively. These values are comparable to the force constants for Au-Cl
(1.58x10° dyn/cm), Au-Br (1.63x10° dyn/cm), and Au-I (1.87x10° dyn/cm) estimated by

Gao and Weaver.91 ‘

6.1.3: Conclusions

Since the force constant is the force necessary to stretch a Bond, it is a direct
measure of bond strength. Here, it is observed that as the halide ion size increases (Cl” <
Br" < T’), the metal-halide force constants increase, along with increasing bond strength
and covalent character?”. The heavier halogens are better able to donate their 6-bonding
electrons to the gold because of their smaller electronegativity, resulting in a mofe
éssociated AuI o-electroﬁ pair thaﬁ'the AuBr or AuCl o-electron pair.’® Since iodide is a
better c-electron donor than bromide and finally, chloride, it forms a more covalent bond
with gold. |

Previously, it haS been obséryed by our group that CTAB functionalized
nanoshells reshape with time, whereas CTAC functionalize nanoshells show no shell
decomposition.?” The strong chemical affinity of bromide over chloride to gold surfaces,

along with its preference for Au{100} facets rather than Au{111 3,210

plays a role in the
observed reshaping 6f polycrystalline Au nanoshells in CTAB solutions. Furthermore, the
chemical properties of iodide and its ability to strongly chemisorb to Au allows for its use
in the removal of surface impurities, either left from substrate preparation or due to
adsorbed Species from the ambient environment. These impurities have limited the
application of SERS for analysis of trace or unknown samples. By electrochemically -

oxidizing the sample after iodide chemisorption, researchers were able to clean Au

nanoparticle SERS substrates to study cell membranes.?!' This technique may advance
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the application of SERS by providing more homogeneous,'impurity-free substrates for

trace-analysis.

6.2: Au-oxygen and Au-nitrogen complexes

6.2.1: Introduction

In addition to metal-sulfur and metal-halogen bonding, spectral peaks in the low
frequency regime can also be indicative of analyte chemisorption via oxygen and/or
nitrogen functional groups. While the Au-O stretch is typically assigned ca. 250 cm™ 212
éssignfhénf of the Au-N stretch 1s more varied in vtliélitefatﬁre?” Some réséafchers have
placed the Au-N stretch as high as 470 - 550 cm™,*** while others report it lies within the
limits of 250-290 cm™ 2

It is known that the Au-N bond is weaker than the Au-S bond,”'® and the SERS
spectra of various amino derivatives differ more in appearance than analytes whose
adsorption is mediated by the thioether group.?!” These variations and shifts in the low
frequency adsorption bandé are important as they allow researchers to make statements
about both the nature of adsorption and the surface-adsorbate interaction.”'® This secﬁon

discusses the SERS spectral response for several analyte molecules with oxygen and/or

nitrogen functional groups.

6.2.2: Caffeine

Some molecules have the ability to adsorb onto metals via different moieties
depending on the pH of the system, for example, caffeine (also known as 1,3,7-
trimethylxanthine). Since this molecule is methylated at nitrogen 1, 3, and 7 (Figure 6.2),

there is only one free site for protonation on nitrogen 9, making caffeine a monoacid base
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and an ideal molecule for study. Furthermore, due to the purine structure of caffeine (a
pyrimidine ring fused to an imidazole ring), the molecule contains both 7 electrons and a
lone pair of electrons on the non-rhethylated nitrogen atom in the imidazole ring. It has
been previously observed that at neutral and basic pH values, chemisorbed caffeine
orients itself through these electrons in a flat orientation on the metal. However, since
caffeine also contains carbonyl moieties, at low pH values, the caffeine adsorbs via either
one or both oxygen atoms, with greater probability being through the oxygen of the
conjugated carbonyl group (carbon 6) in an end-on orientation.*" Since the pK, of
caffeine as a weak base in aqueous media at 25 °C is 3.62%%** ata pH below 3.6, the
nitrogen 9 site on the molecule is in the protonated form. (Note that the literature pK,

values of 14.0 for caffeine as a weak acid are referring to the hydrogen on carbon 8).22°

Figure 6.2: Chemical structure of caffeine. The molecule contains both a pyrimidine ring
seen on the left side, and an imidazole ring on the right. The imidazole ring system is
present in important biological building blocks such as histidine and histamine.

In order to investigate caffeine’s orientation on Au nanoshells with SERS, a 100
uM solution of caffeine (ReagentPlus, Sigma-Aldrich) and nanoshells was prepared and
allowed to incubate overnight. The functionalized nanoshells were drop-dried onto clean
quartz slides and investigated with the 63x immersion objective on a Renishaw

microRaman. 100 uL of water at either pH 2.0 or 9.5 (dilute NaOH or HCI were used to

adjust the pH, which was then measured with pH paper) was pipetted onto the
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immobilized nanoshells and incubated for ten minutes before SERS spectra were
obtained. Figure 6.3 displays the (A) unenhanced Raman of powder caffeine and the (B)

SERS spectra for caffeine on Au nanoshells at pH 2.0, 5.5, and 9.5.
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Figure 6.3: (A) Unenhanced Raman spectrum of caffeine powder (average of 5 scans)
and (B) SERS spectra of caffeine functionalized Au nanoshells obtained at pH 2.0 (red),
5.5 (black), and 9.5 (blue) (100 puM, offset for clarity, average of 5 scans).

At low pH (red curve), a strong, broad band at 248 cm’! (highlighted by the red
arrow) appears in the SERS spectrum of caffeine, which is indicative of the Au-O
stretching mode. This band is similar to the low wavenumber peak previously observed in
the SERS spectrum of sodium ibuprofenate on Au nanoshells (see Section 5.3 and Figure
5.4), which was assigned to the adsorption of ibuprofenate onto the Au nanoshell surface
via the COO™ moiety. In the case of ibuprofen, where two oxygen atoms are present,
dissociation of the Na cation allows for these atoms to be chemically equivalent, resulting
in a resonance structure where the double bond can be distributed among both oxygen
atoms. Therefore, ibuprofen is likely chemisorbing onto the Au via both oxygen
functional groups. In the case of caffeine, since a considerable amount of HCI was added

to obtain such a low pH of the system, it is reasonable to consider that there may be some



86

contribution from the Au-Cl stretching mode, which overlaps this low spectral region
(see Sectioﬁ 6.1).

© Other differences in the spectra which occur at low, rather than neutral and high
pH, are additionél peaks at 735, 801, and 1480 cm™ and changes in the relative intensities
of several peaks at 1097, 1425, 1449, and 1652 em’, Thé additional 735 and 801 cm’!
peaks both have c0ntributions from the in-plane pyrimidine ring which further sﬁpport
the hypothesis that the ring reorients to a more upright pdsition at low pH. The changes
in the relative intensities of the peaks at 1097, 1425, 1449, and 1652 cm’! also reflect
caffeine’s reorientation. For exainple, in the normal Raman of caffeine (Figure 6.3A),
there are two peaks (highlighted by the red arrows) at 1655 and 1699 cm” where the
higﬁer frequency peak is more than twice the intensity of the lower frequency peak. This
peak intensity observation leads Pavel et al. to assign the 1655 cm™ band to an out-of-
phase mode C=0 stretching mode (also assigned by Falk et al. to the stretching of the
conjugated carbonyl, carbon 6) and the 1699 cm™ to an in-phase stretch (also assigned to

223 They explain the intensity difference as a result of less

the isolated carbonyl, carbon 2).
energy required “to compress one carbonyl carbon atomb into the ring during a cycle of
the out-of-phase C=0 sfretching mode than is required to cofnpress béth carbonyl carbon
atoms into the ring during a cycle of the in-phase C=0 stretching mode.” Therefore, it is
reasonable to conclude that the lower and less intense frequency peak, observed here at
1655 cm’!, is the out-of-phase mode, and the peak at 1699 cm™ is the in-phase mode.

In the SERS spectra (Figure 6.3B), however, the peak at 1652 cm™ (the out-of-

phase stretch or conjugated carbonyl) is more enhanced at low pH, while the higher

frequency peak at 1706 cm’ (the in-phase mode or isolated carbonyl) does not show any
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changes in intensity at low pH. The upshift of the in-phase stretching mode from 1699
cm” in the unenhanced Raman to 1706 cm™ in SERS, is likely due to protonation of the
nitrogen 9, as similar shifts have been observed for other purine ring systems such as
adenine.?*

The enhancement of the peak at 1652 cm™ at low pH is in agreement with the
postulate that protonated caffeine chemisorbs with greater probability through the oxygen
of the conjugated carbonyl group. Our results are consistent with that of Pavel et al.
observed on Ag colloid. If the protonated caffeine were adsorbing through both carbonyl
moieties, then both carbonyl modes would be of similar intensities at‘ low pH.
Furthermore, this type of adsorption is not likely since there is a methylated nitrogen in
between the carbonyl groups, which may prevent this type of binding due to steric
hinderence. If the caffeine were adsorbing through the isélated carbonyl on carbon 2,

then the 1652 cm™ mode should either not be enhanced or be absent due to surface

selection rules, and the 1706 cm™ instead would be enhanced.

6.2.3: Water soluble cholesterol

Water soluble cholesterol can also chemisorb onto nanoshells via the oxygen
atom. This compound consists of methyl beta cyclodextrin encapsuiating the cholesterol.
The structure of water soluble cholesterol (Sigma, C4951) is seen in Figure 6.4. While
there are no nitrogen functional groups within the structure, there are several carbonyl
groups. Figure 6.5 displays the unenhanced Raman spectrum (A) and SERS spectfum
(B). The low frequency peak at 242 cm™ is indicative of thé Au-O stretch although for

this system, it appears ~6 cm™ lower than the caffeine and ibuprofen nanoshell systems.
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Figure 6.4: Chemical structure of water soluble cholesterol.

A B

Intensity (a.u.)
Intensity (a.u.)

" 500 1000 1500 2000 2500 3000 200 400 600 800 1000 1200 1400 1600
Raman Shift (cm™1) Raman Shift (cm-1)

Figure 6.5: (A) Unenhanced Raman spectrum of water soluble cholesterol powder

(average of 5 scans) and (B) SERS spectrum of water soluble cholesterol adsorbed on Au
nanoshells (100 uM, average of 10 scans).

6.2.4: Pyridine

Pyridine, shown in the inset of Figure 6.6, is a water-soluble, organic molecule
with a lone pair of electrons on its one nitrogen functional group. The molecule can
interact with a metal surface either through its & electrons, where it is forced to assume a

flat orientation, or via the lone pair of electrons on the nitrogen in an end-on attachment.
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The simplicity of the molecule has made it attractive for study by several research
groups, where it has been labeled a universal model system for SERS studies. For
example, the Van Duyne research group has examined the SERS response of pyridine
molecules adsorbed on silver film over nanosphere (FON) electrodes.””® Here, the SERS
spectrum of 10 uM pyridine on Au nanoshells is presented in Figure 6.5. The substrate
was prepared by drop drying the 10 pM pyridine-nanoshell solution onto
unfunctionalized quartz. The spectrum is dominated by the large and broad low
frequency peak at around 270 cm™. While Creighton et al. reports the N-Au stretching
vibration for pyridine on Au at 260 cm™' > the lack of ring breathing modes in the
spectrum presented here (typically, strohgly observed for surface pyridine at 1008, 1036,
1218 and 1605 cm™)’ indicates that the molecule is lying in a flat configuration. Rather
than being axially attached, pyridine is interacting with the Au through the n electron
cloud. B3ALYP/LANL2DZ Gaussian calculations for the SERS spectrum of pyridine on
Au in the presence of NaCl (data not shown) also predict that the low-frequency region is
dominated by CI” and that the Au-Cl stretch can yield significant Raman intensity at

around 250 cm™ 2%
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Figure 6.6: SERS spectrum of pyridine functionalized Au nanoshells (10 uM, average of
5 scans, inset shows the chemical structure of pyridine).

6.2.5: Aniline

In contrast to pyridine, where the electron pair on the nitrogen resides in an sp*
orbital in the plane of the ring,”*® the nitrogen in aniline is sp® hybridized. This dissimilar
hybridization results in a different orbital arrangement, where for sp® hybridization the p
orbital is rperpendicular to the plain of the ring. In the case of aniline, the simplest
aromatic amine (shown in the inset of Figure 6.7), the geometry at the nitrogen is
pyramidal rather than planar, which may result in different orientations and surface-
adsorbate interactions be‘tween these two analyte molecules on Au nanoshells. Many
researchers are interested in obtaining SERS spectra of aniline as it is a main product in

229

the reduction of nitrobenzene™ and because it is capable of forming electronically

conducting polymers™®%2,
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Figure 6.7: (A) Unenhanced Raman spectrum of neat aniline (average of 5 scans) and
(B) SERS spectra of aniline functionalized Au nanoshells at pH 3.0 (red) and 10.0 (blue)
(1 mM, offset for clarity, average of 5 scans, inset shows the chemical structure of
aniline).
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To investigate the surface-adsorbate interaétion between aniline and Au
nanoshells, a 1 mM solution of aniline (99.5+%, A.C.S. reagent, Sigma Aldrich) énd
nanoshells was prepared and allowed to incubate overnight. The functionalized
nanoshells were drop-dried onto clean quartz slides and investigated with the 63x
immersion objective on the Renishaw microRaman. 100 uL of water at either pH 3.0 or
10.0 (dilute NaOH or HCI were used to adjust the pH, which was then measured with pH
paper) was pipetted onto the immobilized nanoshells and incubated for ten minutes
before SERS spectra were obtained. Figure 6.7 shows the (A) unenhanced Raman and
(B) SERS spectra of aniline adsorbed on Au nanoshells at pH 3.0 and 10.0.

233 in that at

The SERS spectra overall appear consistent with\ the work of R. Holze
both acidic and basic conditions aniline appears to adsorb mostly edge-on to the
nanoshells (the author had used a polycrystalline gold electrode). A strong ﬁng
deformation is observed at 998 cm™ and C-H in plane bending is seen at 1026 cm™. The
peak at 1280 cm™ in the unenhanced spectrum assigned to a C-N stretch (as highlighted
by the red arrow) downshifts to 1213 cm™ in the SERS, indicating coordination of the

1.2* There are also two strong peaks (highlighted by red arrows) at

nitrogen with a meta
around 257 cm™ and 354 cm” under both pH conditions. While the peak at 257 cm™
grows at low pH (with increasing Cl” concentration), the 354 cm’ peak is stronger at
basic conditions (where the lone pair is more free to coordinate with the gold). Holze
assigns the Au-N vibration at around 347 cm™ in the presence of Cl".*** Therefore, it is
reasonable to conclude that the 257 cm™ peak is a result of Au-Cl (see Section 6.1) and

the 354 cm™ peak is due to Au-N. When the pH of the solution is raised, coordination

sites on the Au previously occupied by CI" can instead be occupied by aniline.
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6.2.6: Nanoshell binding peptide

Utilizing the techniques of phage display™’ a peptide sequence was derived by the
Naik research group to bind specifically to Au nanoshells prepared with potassium
carbonate plating solution. Peptides have been reportedly engineered with the abilities to
reduce chloroauric acid to form Au nanoparticles which are then coated and stabilized by

236

the peptide™, to bind to Au for surface patterning”’, and for nanoshell-nanoshell and

nanoshell-quantum dot assembly**®. SERS presents an analytical technique for the direct

detection of gold-binding peptides and eliminates the need for indirect labeling

239

methods.
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Figure 6.8: Sequence of the Au nanoshell binding peptide NS32Y with predicted charges
on the residues in milliQ water at pH 5.5.

The sequence of the peptide for Au nanoshell binding derived from phage display
is TIMDQRPPTHL, where, for this sequence, the peptide has a pl of 6.41 and MW of
1805.08. The nanoshell binding peptide has been coined NS32Y, and two tyrosine and
one glycine residue were attached at the end of the binding sequence
(TIIMDQRPPTHLGYY) to facilitate its observation with SERS. In milliQ water, where
the pH is approximately 5.5, the charges on the peptide residues can be found in Figure

6.8, where the calculated pl (the average of the pKas for each residue) for NS32Y is 7.47.
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Figure 6.9: (A) Unenhanced Raman spectrum of NS23Y powder (average of 5 scans)
and (B) SERS spectrum of NS23Y functionalized Au nanoshells (500 pM, average of 5
scans).

Short incubation of the NS32Y peptide with nanoshells (without thermal
treatment) leads to observable functionalization, as the nanoshells attach to the sides of
the glass vial. Figure 6.9 displays the unenhanced powder Raman (A) and solution SERS
(B) spectra of 500 uM NS23Y functionalized nanoshells. In both the unenhanced Raman
and SERS spectra, the presence of tyrosine is indicated by the doublet at around 829 and
850 cm™ which occurs due to the Fermi resonance between a totally symmetric ring
breathing mode and the first overtone of an out-of-plane ring vibration.>** The locatioh of
the Fermi resonance peaks can provide insight into the ionization/protonation of this side
chain. When the hydroxyl group of the tyrosine is ionized, it has been observed that the
Fermi resonance peaks shift to 833 and 854 em' 2*! Also, since there is no observable
down shifting of the 1595 and 1612 cm™ peaks to 1578 and 1545 cm™ in the SERS
spectrum, it is suspected that the tyrosine remains protonated and is not interacting with
the metal surface.?*? These results are consistent with that from Lee et al.**’ and, since the

tyrosine residue was not part of the sequence derived from phage, it is not surprising that
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peptide binding to the metal occurs via another functional group. The low frequency
peaks at 270 and 366 cm'l may result from gold-chloride (see Section 6.1.2) and gold-
nitrogen binding (see Section 6.2.5) as sodium chloride is present during nanoshell
synthesis; while nitrogen is» present in the histidine residue and abundant in the peptide

backbone.

6.3: CO adsorption on Au nanoshells

Various SERS spectra obtained on Au nanoshell substrates contain a lone, high
frequency peak originally coined the “mystery peak” at around 2100 cm'l. Depending on
nanoshell preparation and age, the peak intensity varies and can be surprisingly strong
considering the near-field plasmon bandwidth drop off at high frequency. This peak
often appears in the background SERS spectra of bare nanoshells and can also appear in
functionalized nanoshell spectra with a higher occurrence at low analyte concentrations.
R. Aroca** attributes a peak at 2122 cm™ observed ih SERS spectra on both colloids and
films to CO, which has been known to be prevalent on Au and considered as a source of
interference in recorded SERS spectra.

Since Au-O bands are assigned to the low frequency spectral region (see Section
6.2), the high frequency position of the peak indicates that CO is adsorbing on the metal
via the carbon atom rather than through the oxygen. While electronegativity predicts that
the oxygen end of CO is more negative, and that CO and metal atoms might likely react
in the M-O-C geometry, nearly all known metal-carbon monoxide compounds bind in the
M-C-O geometry.”** Gilman describes a mechanism for CO adsorption on metals (such

as platinum) under acidic conditions:**
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where M represents the metal. This suggests that CO adsorption may be
thermodynamically driven by pH changes or electrical potential.

It has also been observed that CO adsorption follows the affinity trend:
Pd>Pt>Au>Cu>Ag for various metals.>*’ In the case of Au, CO adsorption has been
observed on various types of surfaces ranging from nanoparﬁcles to Au(111) and has also
been shown to occur on low-coordinated Au atoms at steps and kinks.**® CO has been
shown fo bind strongér on Au(111) at step sites rather than terraces.2*

CO adsorbed on metal surfaces can occupy either atop (also known as terminal or

linear-bonded) or bridge sites as seen below:

o] O
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M M M Equation 5
atop | bridge

CO adsorption in the linear form on gold is the result of the donation of the lone pair of
electrons on carbon into vacancies in the d band of gold caused by thermal promotion
into the 6s leve_1.250 This electron donation makes the metal more electron rich and, in
order to relieve itself of this added electron density, a filled metal d-orbital may interact

with the empty pi* orbital on the carbonyl ligand. This component of CO bonding is
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known vas pi-backbonding. While CO as a terminal ligand attached to a singlé metal is
more commonly found, CO can be bridged between two or more metals.

For free carbon monoxide, the C-O stretch observed by IR is at 2143 cm’. o-
donation by CO’s bonding orbital and w-acceptance by the antibonding orbitals due to
bonding between CO and metal atoms weaken the C-O bond and result in lower energy
stretching modes.”* The frequency for the atop and bridge bonded CO bands are
observed in FTIR spectroscopy at 2072 and 1824 cm™ for silica-supported platinum
catalyst substrates prepared by a traditional impregnation method. When the CO bridgés
two metal atoms, both metals contribute electron dénéity to the —bfbitals‘whjch weaken
the CO bond aﬁd further lower the energy of the stretch. However, for the same
aforementioned catalysts prepared with a molecular-capping based synthesis, the atop -
and bridge bond CO bands are observed at 2092 cm™ (20 cm™ higher) and as a broad low
intensity band between 1900 to 1800 cm™. This finding indicates that when the same
catalyst is made by two different preparatioh methods, there is some difference in the CO
surface binding sites. Additionally, temperature plays arole in the preferred binding site.
Silica-supported gold catalysts display a predominant band at 21 15 cm™ and another band
at 2047 em™ when treatéd at 200 °C whereas at 400 °C, the 2047 cm™ band beédmes
predominant.?!

Aside from the above mentioned surface isomers, CO can also occupy a three-
fold-hollow site. Such is the case with Pd, where an increase in coverage of adsorbed CO

lead to an emergence of bridge coordinated bonding assigned at higher IR frequencies

than that of the three-fold-hollow site.?*?
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Figure 6.10: High frequency SERS spectra for pMBA functionalized nanoshells (1 uM
to 0.1 mM). At low pMBA concentrations a predominant peak at 2138 cm’ is observed
and attributed to CO. As the concentration of pMBA is increased, the adsorbed atop
bound CO is displaced and the high frequency peak decreases in intensity. The
conversion to a doublet at 2136 and 2181 cm™ indicates that the little CO that remains
occupies the atop adsorption site or consists as free CO in solution near the metal
nanoshell. (Normalized intensity, spectra offset for clarity.)

Similarly, in our SERS work on Au nanoshells, we observe two CO bands at 2136
cm™ and 2181 cm™ as analyte concentrations of the molecule pMBA is increased (see
Figure 6.7). Since CO adsorption on Au has been shown to have a high occurrence at step
sites, it is likely that the CO adsorption on Au nanoshells is occurring where fissures and
holes have formed as a result of nanoshell aging. Following the observed trends in IR
spectroscopy, it is more likely the case that the intense peak at 2138 cm™ at low analyte
concentration is the atop bound CO, which is displaced from the metal as pMBA
concentration increases. It is not likely CO is on a bridge site, as this peak would be
expected to occur at much lower frequencies (~1700 — 1850 cm™). As the CO is

displaced from the metal surface, a higher frequency peak at 2181 cm™ appears. The

observed variation in peak position may result from the extent of CO backbonding, as the
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transfer of electron density from the metal to a ligand antibonding orbital will weaken the
energy of the carbon-oxygen bond. The degree to which backbonding occurs will be

indicated by the extent of the frequency shift.2

Chapter 7: Magnetic-plasmonic core-shell nanoparticles
7.1: Introduction

Hybrid magnetic-plasmonic nanoparticles offer a novel, promising platform
which combines the potential for magnetic manipulation with plasmonic sensing in a
single nanostructure The work presehted iﬁ this éhalnlt‘erv demoﬂsfrates thé synthesis ahd
plasmonic properties of Au coated magnetic irbﬁ loxidé nanoparticles.254 This syétem
differs frorﬁ those previously reported in the literature in that the nanoshell core is
composed of wiistite, which has undergone slight oxidation to magnetite. Additionally,
this work is significant as it provides the only known method for estimating the dielectric
properties of nanoparticles around which a plasmonic shell is grown. Experimental work
was performed in collaboration with Cristina Hofmann and Anna Kelly in Prof.
Whitmire’s lab at Rice University. Theoretical modeling of the plasmonic properties was
performed in collaboration with Tamer Ali and Dr. Peter Nordlander, and examination of
the magnetic properties was performed in collaboration with Dr. Emilia Morosan.
Submitted for publication to ACS Nano.

Currently, there is great interest in the development of nanoparticles that combine

255,256 New

multiple functions or properties not obtainable in individual materials.
nanoparticles that combine an optical signature with other physical properties are

particularly useful, enabling optical addressability for tracking or monitoring particles in
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addition to other properties. A very useful strategy for imparting optical properties at the
nanoscale involves the integration of noble metals, and their associated localized surface
plasmons, into the particle or structure. The growth of a thin Au shell layer around a
functional nanoparticle core provides a practical and highly general approach for adding
optical addressability to virtually any type of nanoparticle.**'%> Au shell layers provide a
strong plasmon resonant optical response to the nanoparticle, with a resonant frequency
determined by geometry, the dielectric properties of the nanoparticle core and the
surrounding medium of the nanoparticle.””’ In addition, the Au shell layer provides a
felativély chemically inért. surface layer that can be functionalized to enhance solubility
in various media, promote biocompatibility, and preserve the properties of fhe core
material.

In this chapter, we report the combination of resonant optical and magnetic
properties in a single nanostructure, accomplished by the growth of an Au shell layer
around magnetic iron oxide nanoparticle cores. Previously reported studies combining

258-261

plasmonic and magnetic nanostructures have focused laigely on iron, the

262-264

thermodynamically favorable forms of iron oxides such as magnetite, and silica-

magnetite composites.262’265’266 Generally, partial coverage of small gold nanoparticles

bound to the surface of the iron oxide particles has been achieved, but attaining uniform,

7

continuous Au layers has been a challenge.”® Here we show that wiistite (FeO)

268274 \which can also form oxides of higher oxidation states, can be used as

nanocrystals,
a magnetic core material and initial precursor for continuous gold shell layer growth.
Wiistite nanocrystals can be grown in a variety of shapes and sizes; however, the

subsequent addition of an Au layer on the nanocrystal surface modifies the overall
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nanoparticle shape, resulting in a spherical or near-spherical morphology with a
nonspherical core. In addition to a complex morphology, the dielectric properties of
nanocrystalline wiistite can also be complex, dependent upon other Fe oxides that may be
present in the edges or corners of the nanocrystal. ‘Optical measurements combined with
theoretical analysis of the plasmon-resonant response of the wiistite core-Au shell
nanostructures allow us to deduce the permittivity of the wiistite-mixed-oxide core
nanocrystals. While plasmonic nanoparticles have been used extensively as localized
surface plasmon resonant nanosensors of their environment, this is the first case of the
use of plasmonic properties to assess the dielectric properties of an embedded
nanomaterial within fhe nanoparticle itself.

The use of wiistite precursors as a magnetic core material offers several unique
advantages in the design of multifunctional magﬁetic nanoparticles. The metastability of
wiistite provides control over the size and shape of the nanocrystal, whose properties can
also be varied with composition, by the generation of mixed phases of wiistite, magnetite,
and iron in the nanocrystalline structure. This can be accomplished by annealing in inert
or oxidizing atmospheres, or by heating the nanocrystals in a high boiling point solvent,
such Vas hexadecane.””> Through manipulation of the material composition in these ways,
the magnetic behavior could be tailored to a specific application or device. Wiistite may
provide a preferable core material for mixed magnetic-plasmonic nanbparticles siﬁce
traditional magnetic nanomaterials aggregate even after Au cdating due fo an eXtremely

strong magnetic attraction.””®
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7.2: Experimental‘

Tri-n-octylamine (TOA; 98%), oleic acid (OA; 90%), tetrachloroauric acid
(HAuCl423H;0), Tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80% solutiog
in water), 3-Aminopropyltriethoxysilane (APTES, > 98%), and hexane were purchased
from Sigma-Aldrich (St. Louis, MO). Hexane was distilled using standard procedures.?”’
Sodium hydroxide (NaOH, 1 N), sodium chloride (NaCl, Biological, Certified),
potassium carbonate (K,COs, Certified A.C.S.) and formaldehyde (37%) were obtained
from Fisher Scientific (Hampton, NH). 200 proof ethanol was obtained from Decon
LabofatOfies; Inc. (King of Prussia, PA). Ultrapure water (18.2 MQ resistivity) was
obtained from a Milli-Q water purification system (Millipore, Billerica, MA).

Reactions were carried out using standard Schlenk techniques. The formation of
the iron oxide nanoparticles was accomplished by the decomposition of 0.5 g iron
formate (Fe"(HCOO),*2H,0) in the presence of a tri-n-octylamine: oleic acid (7 mL:1
mL, TOA:OA) surfactant system with the addition of 100 uL of HPLC grade H,O, under
inert atmosphere at elevated temperatures (ca. 370 °C). This protocol has been reported
to yield nandparticles composed of a wiistite core with magnetite-ﬁch corners and
edges.”s Thé pérticlés were then centrifuged three times for ten minutes at 2224 RCF,
redispersed each time ih 10 mL of dry hexane, and dried under vacuum without heating.

The pre’cursot nanoparticle solutions used in the present study were fabricated
following a similar procedure as the previously reported methods for the immobiiization

279

a28.278 surfaces. The surface of the iron oxide

of Au nanoparticles on silic or hematite
nanoparticles was functionalized with organosilane molecules (APTES) to generate an

amine terminated surface. APTES functionalization was performed by one of two
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| methods, either by (1) éentrifuging an additional three times, redispersing in 200 proof
efhanol, aﬁd ﬁnder vigorous stirring, the quick addition of 600 pL of APTES or by (2)
silane ligand exchange, where in a glass container under ambient conditions, 0.5% (v/v)
APTES was addéd to the nanoparticles in hexane containing 0.01% (v/v) acétic acid?®
causing precipitation of the particles. Thevpa‘rticles were stirred overnight and then rinsed
by centrifuging and redispersing with either ethanol (method 1) or water (method 2) to
get rid of any excess APTES. Surface functionalization with silane ligand exchange
(method 2) was used when the hydrophobic surfactant coating could not be displacedf by
method 1. -

A colloidal gold solution yielding ~2 nm Au particles was prepared using THPC

128! and was refrigerated for at least two weeks

as the reductant according to Duff ef a
befofe use. The precursor nanoparticle solution was made by the addition of 40 mL of the
aged THPC colloidal gold solution, 4 mL of 1 M NaCl, and 500 pL of APTES
functionalized iron oxide nanoparticles and refrigerated overnight. The pfecursor
solution was then centrifuged three times until the supernatant was colorless at 300 RCF
for 30 minutes to remove excess free colloidal gold nanoparticles and was redispersed
each time in Milli-Q water with a sonicating probe.

A 44 pM HAuCl, plating solution was produced by the addition 1 wt %
chloroauric acid to 1.8 mM aqueous K,CO3. The solution was stored for a minimum 6f
12 hours in the dark. bAu coated iron oxide nanopartibles were synthesized by the

reduction of AuCly ions in the plating solution by ‘forvmaldehyde onto the precursor

nanoparticles. Shell thickness was controlled by varying the ratio between the precursor
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particles and aqueous AuCL;" ions. Complete shell growth took about 10 minutes and
was monitored by solution extinction measurements.

Transmission eiectron microscope (TEM) micrograpns were obtained using ’a
JEOL 2010 TEM. Scanning elecifon microscope (SEM) iniages were obtained on a FEI
Quanta 400 environmental SEM at an accelerating voltage of 20 kV. Extinction spectra
were obtained using a Cary 5000 UV/Vis/NIR spectrophotometer. X-ray diffraction
(XRD) patterns were obtained using a Rigaku Ultima II vertical -6 powder
diffractometer (CuKa, A = 1.5418 A). XRD patterns between 20° < 20 < 70° were
collected. Materials Data; Inc., (MDI) JADES software .was used to subtract the
background. Raman spectra were collected on a Renishaw inVia Microscope, using a 785
nm excitation source with a 1.5 mW laser power. Magnetization measurements as a
function of applied field and temperature M(H,T) were performed in a Quantum Design
Magnetic Properties Measurement System (QD MPMS) (T = 1.8 K — 400 K, Hnax = 7.0

).

7.3: Results and discussion

Au shell layer growth on wiistite nanocrystals is a relatively straightforward
synthetic procedure.zs’m’279 Various stages of the growth process are depicted in
schematic form (Fig. 7.1 A,D). The nanoparticle morphologies at various stages of the
growth process are imaged using transmission electron microscopy (Fig. 7.1 B,C and
E,F). To grow the Au shell layer on the nanocrystals, we began with monodisperse
wiistite nanocrystals of either faceted (Fig. 7.1 B,C i) or tetracubic (Fig. 7.1 E,F i) shape,
with approximate radii of 31.5 £ 9.7 nm and 28.5 + 7.3 nm, respectively. The

synthesized particles were surfactant stabilized, which presents a noticeable thin, almost
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transparent layer around the particles in the TEM images in Figure 1. The nanocrystals
were then functionalized with an amine-terminated linker molecule which displaces the
surfactant and allows for the attachment of ~2 nm Au colloid to the nanocrystal surface
(Fig. 1 B,C and E/F ii). The immobilized colloidal gold acts as nucleation sites for
electroless gold plating onto the precursor nanoparticles to form a continuous gold shell
(Fig. 7.1 B,C and E,F iii, shown here with an approximate 27 nm shell thickness). The
thickness of the gold shell layer can be controlled by varying the concentration of AuCly
in the final reduction step. Although the nanocrystalline cores are faceted or tetracubic in

shape, the Au shell layer growth results in spherically shaped particles.

A i i|D [
APTMS +

APTMS + K2603 + HA:CI4
ﬁ
Au nanoparticles +H,CO

K2003 + HAYCl,

Au nanoparticles +H,CO

E

5

§0am
Soom

Figure 7.1: Schematic of Au coated iron oxide synthesis for (A) faceted and (D)
tetracubic (i) unfunctionalized core, (ii) Au decorated precursor, and (iii) Au coated iron
oxide nanoparticles. TEM images representing various stages of synthesis for (B, C)
faceted and (E, F) tetracubic (i) unfunctionalized core (with average r; = 31.5 £ 9.7 nm
and 28.5 + 7.3 nm), (ii) Au nanoparticle decorated precursor, and (iii) Au coated iron
oxide nanoparticles.

ll§

The core-shell geometry of the fabricated nanoparticles supports a plasmon

resonant response dependent upon nanocrystalline core size, Au shell layer thickness, and
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the dielectric properties of the core, shell, and embedding medium.**’ Silica core-Au shell
nanoshells?® demonstrate strong resonance absorption in the visible and near-infrared
(NIR). For the silica-Au nanoshell structure, the plasmon absorption band shifts to
shorter wavelengths as the thickness of the gold shell is increased. In contrast, it has been
observed that magnetite iron oxide cores with Au shell layers show a redshifted plasmon

absorption peak with increasing shell thickness.”*’
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Figure 7.2: Solution extinction measurements of (A) faceted (B) and tetracubic gold
coated iron oxide (i) ethanolic uncoated cores (r; =31.5 + 9.7 and 28.5 + 7.3 nm), (ii) Au-
decorated precursor nanoparticles (r; =32.6 + 9.0 and 28.6 + 8.5 nm) in aqueous solution,
and (iii-vi) Au coated nanoparticles with increasing Au thicknesses (number of particles
sized is 100, ry is 59.9 + 12.4, 65.0 + 19.9, 73.1 £ 11.7, and 76.6 + 9.8 nm for the faceted
cores and 40.0 £6.7,49.1 £ 10.7, 53.8 + 4.6, and 66.4 + 5.0 nm for the tetracubic cores in
aqueous solution. (Spectra offset for clarity.) (C) Optical image of particles shown in A.
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Extinction spectra of the wiistite core-Au shell nanoparticles in solution are
shown in Figure 7.2 A,B. The large core size of the nanoparticles (average approximate
radii 32 and 29 nm, respectively) and the thick Au shell layers (from 11 to 45 nm) allow
for a prominent surface plasmon resonance peak. As the shell thickness increases (Fig.
7.2 A,B iii-vi), the plasmon peaks shift to longer wavelengths. An optical image (Fig.
7.2C) of the particles represented in Figure 7.2A shows the corresponding change in
color of the nanoparticles suspended in aqueous solution with increasing shell layer
thickness. The wide range of colors displayed resulting from the variation in Au shell
layer thickness allows for the potential use of these nanoparticles for spectroscopic or

colorimetric labeling.%?%

A Gold-Silica

Figure 7.3: Hybridization in a nanoshell (A) with a low permittivity core, e.g., silica,
and (B) with a high permittivity core, e.g., iron oxide. Dark (black) and bright (red)
plasmon modes are shown in each case. Arrows show the shift of the hybridized plasmon
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modes with increasing shell layer thickness. The colored insets show local electric field
enhancements distributions for the spherical-core geometries in Figure 4A,B. A silica
core is selected for insets in (A) showing dark (A-upper) and bright (A-lower) modes. A
high permittivity core (¢ = 12.0) is selected for insets in (B) showing bright (B-upper) and
dark (B-lower) modes. The inner radius of the core is rj= 32 nm and the outer radius of
the shell is r, = 50 nm. A drude model is used to represent the gold material dielectric
properties. '

The anomalous plasmon redshift with increaéing Au shell layer thickness
observed for iron oxide cores can be understood in terms of plasrﬁon hybridization.zg’31
In this picture, the sphere plasmons associated with the outer surface of the shell layer
interact with the cavity plasmons associated with the inner surface Qf the shell (Fig. 7}.3)‘.
Two hYbridized plasmons result from this interaction, a "‘bright” or “bonding” plasmon
that  couples strongly to the incoming and outgoing light waves and a “dark” or
“antibonding” nanoshell plasmon mode that couples poorly to the electromagnetic far
field. The coupling of a plasmon mode to incident electromagnetic radiation is
proportibnal to the square of the dipole moment of the plasmon mode. A bright plasmon
mode is a plasmon mode with a large dipole moment and a dark plasmon mode 1s a
plasmon mode with a small dipole moment. For the éase of a nanoshell composed of a
core nanoparticle with a low dielectric permittivity such as vacuum or silica, the cavity
plasmon is at a higher energy than the sphere plasmon. In this case the ldw energy
hybridized plasmon is a bright plasmon, being more “spherelike”, and the high energy
hybridized plasmon is a dark plasmon, being more “cavitylike”. In this low permittivity
regime, the extinction spectrum is dominated entirely by the low energy bonding
nanoshell plasmon. For increasing shell thickness, the interaction between the cavity and

sphere modes decreases, resulting in a blueshift of the bonding mode and a redshift of the

antibonding mode (Fig. 7.3A). For the case of a high permittivity core material such as
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iron oxide, the cavity plasmon is redshifted to an energy below that of the sphere plasmon
(Fig. 7.3B). in this regime the higher energy antibonding nanoshell plasmon will have
the largest excitation cross-section,‘since it consists primarily of the dipole-active sphere
plasmon. However, the lower energy bonding plasmon with its dominant contribution of
the cavity plasmon will also be present in the spectrum. The primitive cavity plasmon
acquires a dipole moment in the presence of the core. For increasing shell thickness, the
high energy bright antibonding plasmon will redshift and the low energy bonding
plasmon will blueshift. The experimentally observed spectral redshift with increasing
shell layer thickness is, therefore, consistent with the case of a nanoshell with a large
permiftivity core material, and agrees with the plasmonic properties of other iron oxide
core-Au shell nanoparticles that have been reported.?”>*3

To better understand the plasmonic properties of our wiistite-core Au-shell
nanoparticles, we investigated the effects of the various core shapes fabricated on the
plasmonic properties of spherical core-shell nanoparticles using the Finite-Difference
Time-Domain (FDTD) method. A realistic gold dielectric function was used in these
calculations.’'*® A comparison of the extinction spectra for nanoshells of spherical,
cubic,‘ and concave cubic cores which have the same core and shell volumes is shown in
Figure 7.4A, for the case of a low permittivity core (silica), and Figure 7.4B, for a model
high permittivity core case (¢ = 12.0). For a silica core material (Fig. 7.4A), the dipolar
resonances for the nanoparticles with cubic and concave cubic cores are slightly
redshifted compared to the nanoshell with a spherical core. For the cubic core, and more
strongly for the concave cubic core, an additional quadrﬁpolar plasmon resonance

appears at nominally 540 nm. Figure 7.4B shows the calculated spectra for the same
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structures in Figure 7.4A, but with cores filled with an £ = 12.0 artificial material. In this
case, the bonding modes of the cubic and concave cubic cores are damped and higher
order modes are excited. The experimentally observed plasmon mode is the antibonding

dipolar resonance, which is the main resonance in the concave cubic core case.
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Figure 7.4: (A,B) Theoretical comparison of extinction spectra for nanoshells with cores
of different shapes: spherical (blue solid line), cubic (red dashed line), and concave cubic
(green dash-dotted line). The outer radius of the shell is r, = 50 nm and the effective
radius of the core is reir = 32 nm. The core dielectrics are (A) silica (¢ = 2.04) and (B) an
artificial material with € = 12.0. (C,D) Calculated LSPR shifts of the (C) bonding dipolar
nanoshell resonances for a silica core and (D) antibonding dipolar nanoshell resonances

for an artificial core with € = 12.0, as a function of the ratio of the outer radius of the
shell, r,, to the effective core radius regr = 32 nm.

The differences in the optical properties of core-shell plasmonic nanoparticles

introduced by a nonspherical core are due to the reduction of symmetry introduced by the
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variations in core geometries. For a system of spherical symmetry, only primitive
plasmons of the same multipolar symmetry interact and hybridize.m’288 The spectrum
for the spherical core in Figure 7.4A, for example, displays only dipolar nanoshell
resonances due to the hybridization of the dipolar éphere ‘plasmon mode with the dipolar
cavity plasmon mode. When the spherical symmetry of the core is broken, however,
primitive plasmons of different multipolar symmetry can interact, resulting in the
appearance of new modes in the spectrum due to the mixing of, for example, dipolar
sphere plasmon modes with higher order cavity plasmon modes. This additional
interaction also leads to larger shifts of the hybridfzed plasmon resonances. For the cubic
silica core spectrum shoWn in Figure 7.4A, the symmetry breaking ié relatively weak and
results in a redshift of the dipole resonance and the appearance of a weak quadrupolar
resonance discerned as a slight shoulder at 540 nm on the short wavelength side of the
dipolar resonance. For the concave cubic core, this effect is stronger, resulting in a more
significant redshift of the ‘dipolar mode and the appearance of a clearly distinguishable
quadrupolar plasmon resonance at 540 nm. The calculated localized surface plasmon
resonance (LSPR) shifts of the bonding dipolar nanoshell resonance as a function of shell
thickness for the three different silica core shapes is shown ih Figures 7.4C,D, for low
(e.g., silica) and high permittivity cores, respectively. To allow for a meaningful
comparison of the optical properties of nanoshells of different core shapes, an effective
core radius e, deﬁned as the radius of a spherical core of the same volume as the actual
core, is used. For the silica permittivity case, a blueshift of the bonding nanoshell
resonance is clearly observed with increasing shell thickness: for the high permittivity

case, the opposite trend is observed. The qualitative features of these wavelength shifts
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do not depend strongly on the detailed shape of the core. (Local field enhancements for
the lowest order dipolar modes of the structures depicted in Figure 7.4 are shown in
Figure 7.5) This analysis reveals that the shape of the dielectric core has only a minor
influence on the extinction spectra and that core geometry does not affect the

experimentally observed shell thickness dependent plasmon wavelength shifts.

Figure 7.5: Comparison of the electric field enhancement distribution in an equatorial
plane through the center of the three different nanoshells. The dipolar modes (/ = 1) are
shown for (A) spherical, (B) cubic, and (C) concave cubic cores at 565 nm, 599 nm, and
623 nm, respectively. (D) The quadrupole mode (/ = 2) is shown for the concave cubic
core geometry at 542 nm. The parameters used in this simulations are the same as Figure
7.4A. Inset shows the nanoparticle shape.
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Figure 7.6: (A) Theoretical color contour representation of the extinction spectra for
different core dielectric permittivities and shell thicknesses for the same effective core
radius of reer = r; = 36 nm. Each panel shows the extinction spectra for a fixed &eore With
the shell radius increasing from r; = 50 to r = 70 nm. The color corresponds to the
extinction cross-section values normalized to the maximum extinction value. The
surrounding medium is water (dielectric constant of 1.77). (B-D) Theoretically
calculated extinction spectra for spherical nanoshells with different shell thicknesses
(where r.¢ = r; = 36 nm) normalized to the thinnest shell extinction peak, using a (B) high
core dielectric permittivity of 22, (C) core dielectric permittivity of 12, and (D) low core
dielectric permittivity of 2. The bright mode does not significantly shift in (D) and
redshifts in (B) to higher wavelengths. The best match to the experimental data behavior
is shown in (C).

Based on this analysis, the dielectric permittivity of the core material, not the
shape of the core, is a major controlling factor in the plasmon resonant response of core-

shell nanoparticles. We can take advantage of the dependence of the plasmonic
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properties on core permittivity to estimate the dielectric properties of the core
nanomaterial. This is important, since it provides a method for measuring the dielectric
permittivity of nanocrystals or nanoparticles. This method is limited to study dielectrics
around which a plasmonic shell is grown. Despite the limited accuracy of this approach,
it is to our knewledge the only available method for estimating the dielectric properties of
nanocrystals or nanoparticles, which may differ significantly from the dielectric
properties of the bulk phases of the material. This is particularly of interest for the case
of exotic nanomaterials, such as wiistite nanocrystals, where mixed oxidation states of
iron oxide may be intentionally or unintentionally introduced into the nanostructure. To
examine the core permittivity dependence of the plasmonic properties, the plasmbn
resonant response of Au nanoshells with a spherical core for a large range of core
perr‘nittivities was calculated ‘using Mie theory (Fig. 7.6). Core permittivities ranging
from £ =2 to € = 22 were calculated for the same size cote-shell nanosttuctures. In each
case, the core radius was r;= 36 nm, and the outer radius of the nanoparticle r, was varied
between 50 and 70 nm (Fig. 7.6A). From this comprehensive mapping of the plasmonic
properties of the core-shell structure, we can clearly observe the thickness-dependent
plasmon resonant wavelength shifts and their dependence on core permittivity. From the
waterfall plots of Figure 7.6A, we see that for lower values of the core permittivity there .
is essentially no wavelength shift of the plaémon resonance for the r; and r values
studied. As the core permittivity is irtcreased, however, several changes in the plasmonic
properties are introduced. Figures 7.6B, C, vand D show representative spectra extracted
from the waterfall plots of Figure 7.6A for cores with € = 2, 12, and 22, for qualitative

comparison to our experimental spectra. In these spectra we see that for core
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permittiviﬁes smaller than 8, the low energy bbonding mode always blueshifts and is
attenuated with increasing shellk thickness. For core permittivities larger than 8, the
antibonding rﬁode becomes visible, and a strong redshift of this mode with increasing
shell thickneés is aﬁparcnt for core permittivities of 10 and above. Although the
experimentally determined permittivities for bulk wiistite and magnetite are smaller than
8 in the wavelength region of interest,?® simulations modeling the core using bulk
permittivity values, or a combination of both, do not show qualitative agreement with our
experimental observations. The best match to our experimehtal data is found for € =12
(Fig. 7.6C). From these observations we conclude that the effective pérmittiiiity of our
nanocrjstaliine cores is quite likely in the € = 10-14 range, sighiﬁcantly largér than bulk
permittivity measurements Which range from € =‘4.8 to 5.8 for wiistite and € = 5.5 to 6.1
for magnetite in our wavelength range.289’29°

To determine the crystallinity and structure of the iron oxide core nanoparticles in
the nanoshell composites, powder X-ray diffraction (XRD) was utilized. As shown in
Figure 7.7, the peak position and relative intensity of all diffraction peaks for the three

vp‘rod_uéts‘ match well with standard powder diffraction data. The wiistite peaks correlate

with a.cubic phase with cell parameters a = c =432 A and space group Fm3m (225)
(JCPDS card no. 98-000-0464). The presence of additional peaks in the XRD spectra
(Fig. 7.7 A,B) shows a slight oxidation of wiistite to magnetite. The existence of
magnetite in the XRD spectra of the particles is due to mild oxidation of the outermost
layer of the originally ’formed metastable wiistite nanoparticles. After decomposition,
these barticles are exposed to air, which results in the formation of a thin layer of

magnetite on the surface and edges of the particles. Since both magnetite and maghemite
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(y-Fe,03; P4332; no.212; a = 8.346 A) have the same cubic inverse spinel structure and
unit cells with only ca. 1% difference,”! Raman spectroscopy (Fig. 7.8) was used to
confirm that maghemite was not present.®> The magnetite crystals present in the iron

oxide cores have a cubic phase with cell parameters a = ¢ = 8.3969 A and space group Fd

3m (227) (JCPDS card no. 98-000-0294). Our group has previously published detailed
characterization including dark field TEM images and selected area electron diffraction
patterns for single crystals prepared under the same reaction conditions in Hofmann et
al..v275 The reported data presents unequivocai evidence that the core of the nanoparticle
is corhpbsed .o\f wiistite aﬁd tﬁe diétribuﬁon of magnetite vis concentr‘ated td bth‘e comérs
and edges. Interestingly, the Fe;O4 domains exist within the predominant FeyO crystal
lattice of the nanoparticle and remain aligned with it. Once the iron oxide is
functionalized and decorated with small Au nanoparticles for Au shell layer growth, a
small peak attributed to gqld can be observed (Fig. 7.7A ii). When a continuous Au shell
is formed oh the particleé (with a thickness of 10.9 nm), the diffraction from Au
dominates the pattern (Fig. 7.7A iii); due to its high electron density.”® The Au

diffraction peaks indicate a cubic phase of Au with cell parameters a = ¢ = 4.0786 A and

space group Fm3 m (225) (JCPDS card no. 98-000-0230).
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Figure 7.7: Powder X-ray diffraction patterns for (i) iron oxide core nanoparticles
(tetracubes), (ii) Au nanoparticle decorated precursors, and (iii) Au coated iron oxide
nanoparticles (with 10.9 nm shell thickness). (B) XRD peak positions for (i) wiistite, (ii)
magnetite, and (iii) gold.
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Figure 7.8: Raman spectrum of iron oxide nanoparticles (785 nm, 1.5 mW). The wiistite
(Fex0) phase undergoes mild oxidation to magnetite (F e304).%?
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To test if the particles were macroscopically magnetic, a permanent magnet was
placed adjacent to the vials of Au-decorated iron oxide precursors and Au-coated iron
oxide nanoparticles (Fig. 7.9A). The materials were attracted to the magnet, leaving the
solutions transparent. A high magnification SEM image (Fig. 7.9B), representative of the
nanoparticles shown in Figure 7.9A, verifies that the particles are magnetic even with a

complete, continuous Au coating.

Figure 7.9: (A) Optical images of (i) Au-decorated iron oxide precursor particles, (ii)
Au-decorated iron oxide precursor particles with magnet, (iii) Au coated nanoparticles,
and (iv) Au coated nanoparticles with magnet. (B) Representative SEM image of the
shells shown in (iv).

Since the various iron oxides possess different magnetic properties, magnetic
measurements were performed to better characterize the magnetic properties of this
mixed oxide system. Magnetite is a well-known ferrimagnetic material, while wiistite is
antiferromagnetic or weakly ferrimagnetic. In ferrimagnetic materials, the magnetic
moments of the two sublattices align antiparallel, but do not cancel. This type of
magnetic ordering differs from ferromagnetism and antiferromagnetism, where in the

former, all of the magnetic ions align parallel to each other, and in the latter, there are two

sublattices with magnetic moments exactly equal but which align antiparallel, and the net
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moment is zero in zero magnetic field. Alignments of these sublattices occur below a
certain critical temperature, called the Curie temperature Tc (for ferromagneté and
ferrimagnets) or the Néel temperature Ty (for antiferromagnets).

Magnetite has é Curie temperature (Tc) of 858 K,** where Tc is defined as the
temperature above which a ferromagnetic or ferrimagnetic material becomes
paramagnetic.”®® A paramagnetic material requireé an externally applied magnetic field
to retain any magnetization. Wiistite has a Néel temperature (Ty) of ~ 195 K, where
Ty is defined as the temperature above which an antiferromagnetic material becomes
parav.magnetic.297 " For wiistite, this change from an antiferromagnetic or Weakly
ferrimagnetic material to a paramagnetic material is accompanied by a change in cryséal

269 When an external field is

structure from monoclinic or thombohedral to a cubic phase.
épplied to an antiferromagnetic material, a slow increase of the magnetic moment with
field is to be expected; however, in a ferrimaghetic material; the magnetic moments align
with the external field and cause a net magnetization. Therefore, any magnetic behavior
of these nanoparticles below Tc is expected to be dominated by the presence of
magnetite, which will have the largest magnetization.

Field-dependent magnetization measurements M(H) were performed at two
temperatures, T = 100 K and 250 K, (Fig. 7.10) chosen to confirm that at different
tempefatures below the Tc = 858 K, similar results are observed. Zero field-cooled
(ZFC) magnetization measurements as a function of temperature M(T) (Fig. 7.11) show
fhat at 300 K there is still an increase in magnetization. AboVe a temperature where the

system enters the superparamagnetic state (known as the blocking temperature) a

maximum should be expected in M(T). The absence of such a local maximum in our
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M(T) data (Fig. 7.11) indicates tha;c the material has ﬁot yet entered a superparamagnetic
state. The magnetization meésurem’ents M(H) shown in Figure 7.10 indicate that there is
ﬁo signiﬁbant change in the coercivity of uncoated and coated iron oxide particles. The
coercivity of the materials is 58.5 + 3.7 mT at 100 K and 35.7 + 0.2 mT at 250 K‘for the
uncoated particles and 51.7 = 1.7 mT at 100 K and 33.9 £ 0.2 mT at 250 K for those
coated with an Au shell layer. At the maximum field for these measurements (H =5 T),
the magnetization still has a small positive slope, and, therefore, the saturation
magnetization can be expected to be slightly higher than that at 5 T. The remanent
maghéfization of the iron oxide nanoparticles is 0;837 +0.0523 emu/ gat 100K and 0.866
+ 0.00424 emu/g at 250 K for the uncoated particles and 0.0371 + 0.000848 emu/g at 100
K and 0.0343 + 0.000495 emu/g at 250 K for the Au coated nanoparticles. The decrease
in the femanent magnetization results from the addition of a non-magnetic mass, that is,
the Au layer.

98

While ultrasmall Au nanoparticles have demonstrated ferromagnetism,”® at

diameters larger than 4 nm, the magnetism reverts back to that of the bulk state Au®
where Au is known to have diamagnetic properties. For thin Au films on glass and
polypropylene, a diamégnetic response is characterized by a lihear relationship between
magnetization and applied field: M « - H3® HoweVer, for these gold coated iron oxide
nanoparticles, a hysteresis loop can be observed as shown in the insets of Figure 7.10

A,B. Therefore, the typical magnetic behavior of bulk gold is not observed in these

samples, and after Au coating, the nanoparticle still exhibits ferrimagnetic behavior.
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Figure 7.10: Magnetization as a function of magnetic field at constant temperatﬁre (100
K or 250 K) for (A) uncoated and (B) Au coated iron oxide nanoparticles (tetracubic,
with 10.9 nm shell thickness, where insets show the magnetic hysteresis).
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Figure 7.11: Magnetization measurements as a function of temperature for uncoated and
Au coated iron oxide nanoparticles (tetracubic with 10.9 nm shell thickness).

7.4: Conclusions

We have shown that nanoparticles consisting of a wiistite core with mégnetite—
rich corners and edges can be coated with a continuous gold shell in aqueous solution at
room temperature. The procedure converts hydrophobic iron oxide nanoparticles to
water soluble Au coated bifunctional nanoparticles and can be extended to the

immobilization of other noble metals. The Au shell provides a surface for chemical
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ﬁmctionality and long-term stabilization of the core material. Additionally, controlled
oxidation ‘of metastable wiistite by varying exposure of the particles to different
environmental conditions allows for tunability over the materials’ magnetic properties
while varying the Au shell thickness provides tunability of the plasmonic properties.
Theoretical analysis of the plasmonip properties of these nanoparticles suggests that the
plasmonic redshift that occurs with increasing Au shell thickness is due to a large
dielectric permittivity of the core. Based on our simulations we estimate the core
nanocrystal permittivity to be in the € = 10-14 range, larger than the bulk permittivities of
Wiistite and magnetité' pref/iously féported. The exhibited fei‘rimégnétic properﬁes of the
composités before and after Au coating can be qliite uSeful in biomedical applicatibns, for
separation processes and as MRI contrast agents.  Since magnetic core-shell
nanostructures have been shown to assemblé under an applied magnetic field,”"!
assembly of the nanoparticle‘s into arrays or superlattices could be utilized to study
plasmon coupling in long-range periodic structures, which fnay lead to the development

of new types of photonic-magnetic nanodevices.

Chapter 8: Summary

SERS has proven'to be a highly useful tool to probe the structure and organization
of molecules adsorbed on nanoshells. Silica-Au nanoshell substrates were chosen due to
their well-controlled and reproducible geometry as well‘as their ability to generate large
electromagnetic fields near the nanoshell plasmon resonance frequency on their surface.
This intense near field, along with the inherent roughness of nanoshells resulting from the
fabrication pfocess, provide the necessary enhancement mechanism to achieve strong

SERS signals.
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In this thesis, nanoshell-based SERS substrates were explored for a variety of
potential uses. In the case of a modified PEG linker, a method for determining molecular
conformation of molecules on nanoparticle surfaces, based on quantifying adsorbate
_coverage on the nanoshell surface using SERS, was demonstrated. Au nanoshells
modified with a pH sensitive molecular adsorbate molecule were shown to function as an
optical nano pH meter. While Au nanoshells functionalized with alkanethiol-based
monolayers resulted in intense SERS spectra peaks that depend on the chain length of the
molecule and are due to the coupling of the gold—sulfur bond stretch with the longitudinai
acoustic mode of the moleCuléf alkane chain. Phospholij)id'monolayers; depdsited on top
of alkanethiol monélayers chemisorbed on nanoshells, known as hybrid bilayers, mimic
biological membranes and were proven useful for the spectral monitoring of membrane
intercalants.

| In the examination of non-thiolated analyte molecules, the SERS response was
exploited to determine the analyte’s preferred adsorption and orientation on Au
nanoshells. Molecules containing the three halides: chloride, bromide, and iodide,
exhibited low frequency stretching vibrations that were used to éalculate the approximate
force constants for these Au-halide complexes. Aromatic pfébes containing oxygen and
nitrogen functional groups were shown to chemisorb onto nanoshells and interact with
the metal surface either through their 7 electrons, assuming a flat orientation, or via their
lone pair electrons in end-on attachment. High frequency SERS spectra of analytes with
submonolayer coverages on Au nanoshells displayed evidence for the atop adsorption of

carbon monoxide. Overall, the SERS spectral response of molecules on Au nanoshell
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substrates has yielded vibrational peak intensities and shifts which provide good
indicatofs of surface bound species and their structure.

Future directions for this work are many, ranging from developing new bplasmonic
~ substrate geometries that cooperatively optimize SERS and SEIRA enhancements to
inventing new instrumentation for rapid,‘ combined SERS and SEIRA detection. As our
understanding énd ability to control various nanoscale parameters improves, we will
increase our capability to generate plasmonic devices designed to elicit a strong
spectroscopic response.

More immediate SERS related research projects inchidé assignment of the broad
shoulder around 300-350 cm™ in the spectra of short chain alkanethiols and theoretical
modeling of the SERS spectra for different dithiol conformations on Au surfaces.
Temperature controlled SERS measurements above and below the lipid main phasé
transition temperature may show spectral differences in analyte partitioning into hybrid
bilayers. | SERS spectral mapping of CO adsorption on nanoshells along with
corresponding topographic images could lead to the local assignment of CO bonding to
nanoshell defect sites. Finally, angle-resolved and single particle SERS measurements in
addition to theoretical simulations will allow for more correlations to be made between
plasmbn resonances and Raman enhancements.

The demonstrated synthesis and plasmonic properties of bifunctional nanoshells
containing a magnetic iron oxide core may lead to hybrid plasmonic magnetic materials
for combined multimodal imaging and photothermal therapy. Future work includes
varying the thickhess of the oxide layer to tune the magnetic inroperties and optimize their

application in MRI imaging, drug delivery, or data storage. Two- or three- dimensional
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alignment of the syﬁthesized particles provides other avenues to investigate plasmonic
coupling in this mixed iron oxide system. |

| ‘Interactions between molecules and materials form the basis for a number of
applicainns in the scientiﬁe field. These broadly range from environmental and
biomedical applications to detection, defense, and security. The desire for researchers to
fundamentally understand and characterize the interactions between molecules and
nanostructures will make the emerging field of plasmonics a mature interdisciplinary area

of research that exploits the exciting phenomena associated with surface plasmons.
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Appendix A: TEOS purification by simple distillation

Ilustrated in Figure Al is the setup for a simple distillation apparatus.*® After
thorough cleaning and drying of the glassware (which may be rinsed with acetone for
faster drying), the ground glass joints are greased. The distillation setup is connected to
the house vacuum line and cold water flows through the condenser. The distillation flask
and still head are vvfapped with glass wool for even heatjng. Boiling chips are not needed.
Tetraethylorthosiliéate (TEOS, 99.999%, Sigma Aldrich) is removed from the glovebox
shortly before the reaction and slightly more than the desired amount is placed into the
distillation (round bottom) flask.

The heating mantle is connected to a variable autotransformer (Staco Energy Products
Co., Dayton, Ohio), which is plugged into a standard wall outlet. Typical settings for this
procedure are 140 Volts for the output switch and 70 Volts for the maximum output

voltage knob. The distillation is stopped before all of the TEOS has condensed into the
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receiving flask so that a few milliliters remain in the distillation flask and any remaining
impurities are removed.

After distillation, the TEOS is added to a combined solution of ethanol (200 Proof,
Pharmco-Aaper) and ammonium hydroxide (28% NH; in water, Sigma Aldrich).
Ammonium hydroxide over six months old cannot be used. The materials are combined
in dry glassware with a Teflon coated stir bar in the fume hood, as ammonium hydroxide
has a pungent smell and may be harmful if inhaled. The flask is then covered and allowed
to stir overnight or for at least 8 hours.

" Some e'xampleFStBbe”r‘ reéip‘es include: 45 mL of éthénol; 1.7 mL of TEOS, and 4.0
mL of ammonium hydroxide to yield 270 nm particles and 45 mL of ethanol, 1.5 mL of
TEOS, and 3.6 mL of ammonium hydroxide to yield 130 nm particles. Making an array
of several 125 mL Erlenmeyer flasks with various TEOS and ammonia hydroxide

concentrations can help when aiming for a specific particle size.

Thermometer

8 — Rubber adapter
—Thermometer adapter

Elastic bands
Boiling chips Receive

Figure 0.1: Typical apparatus for simple distillation at atmospheric temperature or under
vacuum. Inset shows correct placement of thermometer in stillhead.
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Appendix B: Image processing and nanoshell sizing using the
Scion Image program

The Scion Image program for‘ Windows is available free of charge and can be
downloaded through the NIST and Scion Corp websites. A current link to download the
program is: http://www.scioncorp.com/pages/scion_image windows.htm

Once downloaded and installed, the image files to be processed should be saved
directly to the desktop as a .ti‘ff file, otherwise an error can occur that reads the program
is “unable to open the selected file”. After opening the file with the Scion Image
software, the scale for the image is set. A simple way to determine the equivalent length
scale of the image scale bar to that in pixels is to draw a line using the line tool on top of
the scale bar in the image and reading the pixel number shown in the info window. Next,
the scale can be set by going to the menu bar analyze and selecting set scale. The units
should be set to that of the image scale bar, typically micrometers or nanometers, the
known distance of the scale bar entered, and the measured distance in pixels ‘e’ntered,
obtained earlier from the info window. If the imége was obtained using an SEM and has a
black background, the image should be inverted by clicking on the image, selecting edit
from the rhenu bar and then invert. Next, select options threshold to convert the image
from grayscale to black and white. The threshold can be adjusted accordingly by clicking
in the LUT window. Note that adjustment of threshold is a source of error in the particle
measurement.

Any particle aggregates, irregularities in the background, and SEM information
can be erased using the erasrer tool. Under anélyze options, the area, mean density, and
include interior holes boxes should be selected and the digits right of the decimal vpoint

should be changed from 2 to a larger number, such as 5. The particles can now be
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measured by selecting analyze, analyze particles and the minimum particle size should be
changed to a reasonable number like 20. Select analyze show results and then file export.
Remove the .tif extension and save the file as a text file.

The text file can now be opened in Excel. When opening the file select delimited
and then tab so thaf the data appears in two separéte columns. The first column is the
particle area and the second is the mean. Once a column of over 100 particle sizes has
been generated, an avérage and standard deviation of thé cells can be obtained. The units
for the average will be equivalent to the units selected when the scale was set. If, fér
example, the average is in microns, then a conversion needs to be performed to calculate
the radihs in nanometers. Since the image is two dimensional, the radius in nanometers
for a spherical particle can be calculated using the equation for the area of a circle, where
here, r = (4/)"**1000. If the particles Wer’e sputter coated, then the thickness of the
sputter coating in nanometers obtained from the thickness monitor should then be
subtracted from the calculated radius. The surface area of the particles in nm’ can be
calculated using the equation for spherical particles, where, 4 = 4nr”. Also, the standard

deviation in the radius in microns can be obtained, where, stdev in the r = 1000*stdev in

A/(2=r). This value can be then converted to nanometers by multiplying by 1000.

Appendix C: Calculating nanoshell concentration using the
Beer-Lambert law

Once the nanoshell extinction spectra and experimentally determined radii are
compared with that obtained using Mie theory, the Beer-Lambert law can used to

calculate nanoparticle concentration. The Beer-Lambert law states:

A= —logyo (;I;) = €lc Equation 6
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where A is the absorbance (unitless), /p and 7 are the intensity of the incident light and the
intensity of the light after the matérial,‘ £ is the molar absorptivity (L mol™ cm™), 7 is the
path length of the sample (cm), and c is the concentration in solution (mol L™). Since the
molar absorptivity, €, is directly related to the absorption cross section, o, and the
concentration, c, is related to Vthe number of particles in solution, the equation above can

be rearranged and expressed as:

Apxp*2.303

o*Aparticle*!

N= Equation 7

where N is the numbe; of particles per mL »of solution, Agxp 7is the experimentally
measured peék abso‘rpiion efﬁcieﬁcy (uﬁitless), 2.303 is a vconversion factor betweeﬁ a
natural log and a base 10 log, o is the absorption cross secfion, Apariicie is the area of the
particle (cm?), and / is the path length (cm). Therefore, the number of particles per mL of
solution can be calculated once both the experimental and theoretical spectra have been
normalized at the maximum absorption values and the area of the particle has been
determined. More details on calculating nanoshell density can be found in Brinson et

al P

Appehdix D: SERS 'subst.rate development

There are various substrate choices for nanoparticle placement when perfdrming
SERS measurements using a microRaman geometry. It is important to obtain a Raman
scan of the substrate alone to get an idea of how it may contribute to the signal.
Previously utilized substrates include cut pieces of glass (Gold Seal, Portsmouth, NH),
quartz (Technical Glass Products, Inc., Painesville Twp., OH), or silicon (Addison

Engineering, Inc., San Jose, CA). While glass is an inexpensive, transparent substrate, it
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has a fluorescence signal (a broad peak between 1000 cm” and 2000 cm™) that will
contribute to the »background.» Quartz, however, has a rhuch lower intensity background
and can be easily cleaned with acetone and reused. Silicon also has a low overall
background, but it has sharp peaks present at 304 cm™, 520 cm’! (the first order phonon
mode), 944 em’ and a broad peak at around 2400 em’™

The substrates are cut to the desired size using a diamond edge glass cutter and
cleaned with piranha by slow, complete immersion in a solution of 1:3 H,O, in conc.
H,SO4 for 1-2 hours. (If desired, once the solution has stabilized and cooled it can be
heated on a hotplate with low heat, around 70 degrees, fbr a few 'minutes).‘Substrates are
then rinsed thoroughly with MilliQ water, to bring the pH back to normal (around 5 for
milliQ, which can be tested with pH paper), ‘rinsed again with ethanol, and dried with
nitrogen.

Cleaned substrates may be functionalized with an adhesion layer. It is generally a
good idea to take a Raman scan of just the substrate with an adhesion layer and a scan of
the substrate, adhesion layer, and nanoparticles to see if there are any consistent SERS
signals from the adhesion later. A few examples of previously utilized adhesion layers are
3-Aminopropyltriethoxysilane (APTES), poly(4-viny1pyridine) (PVP), and poly-L-lysine.

Details regarding APTES functionalization can be found in the chapter titled
“tailoring the surface with silanes” in the Gelest Catalog. For dry samples, APTES works
well, but the nanoparticles may “jump off” the substrate when hydrated under the
immersion objective. For PVP functionalization, a 1% (or 0.1% for a thinner adhesion
layer) (w/w) solution of PVP (average mol. wt. ~160,000, Aldrich) was prepared in 200

proof ethanol. Substrates were either spin coated with the polymer (for more even
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deposition) or immersed in a Petri dish of the solution for two hours. The substrates are
then rinsed with 200 proof ethanol, dried with nitrogen, and allowed to cure either in the
oven for a few hours or overnight at room temperature to allow for crosslinking of the
polymer. This deposition te_chhique allows for many single distributed nanoparticles as
opposed to nanoparticle aggregates. For poly-L-lysine functionalization, the substrates
were immersed ih poly-L-lysine solution (0.01 % (w/v) in water, mol. wt. 150,000-
300,000, Sigma) for 20 minutes. They were then rinsed with water and dried with
nitrogen. Since the solution is in the polymeric form, it is not necessary to allow féf
curing, however, more nanoparticle aggregates may be present with this technique. Eight
well, 9 mm diameter secure-seal adhesive spacers (Molecular Probes/Invitrogen, Eugene,
Oregon) were also utilized to contain the area where the nanoshells deposited as well as
hold the 100 uL of water/buffer when immersing the 63x objective for in solution SERS
measurements. After nanoparticle deposition, SEM images were obtained to determine

sample density, nanoparticle size, and number and aggregate size.



