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Abstract

Second harmonic generation (SHG) is used to investigate the factors that impact
nanoparticle-based drug-delivery applications. In the first study, molecular adsorption and
transport kinetics of a positively-charged dye, malachite green isothiocyanate (MGITC),
is characterized at the surface of different colloidal liposomes in water using SHG
spectroscopy. The molecular interactions of MGITC is compared to our previous
investigations with malachite green (MG). In comparison to MG, MGITC demonstrates
stronger adsorption and faster transport through lipid membranes. Correspondingly, the
SHG experimental results are in excellent agreement with the molecular dynamics (MD)
simulations results. A key finding illustrates the importance of functional groups, such as
isothiocyanate, in controlling molecular translocation across the phospholipid-water
interface. In a related study, temperature-dependent SHG measurements are performed
to investigate the thermodynamics associated with the adsorption and transport kinetics
of MG at the surface of 1,2-dioleoyl-sn-glycero-3phospho-(1’rac-glycerol) (DOPG)
liposomes. The molecular transport is determined to be approximately 5 times faster at
40 °C in comparison to the molecular transport at 25 °C. Additionally, the changes in
adsorption enthalpy and entropy are determined. The change in adsorption entropy is
positive and the change in adsorption enthalpy is negative, indicating that the adsorption
process is spontaneous at all aqueous temperatures. Similarly, SHG microscopy is used
to probe the molecular interactions of MG and MGITC molecules at the surface of living
human nonsmall adenosquamous lung cancer cells (H596 cells). The observed molecular
translocation in living H596 cells is significantly faster for MGITC in comparison to MG.

SHG microscopy is also used to probe fixed, dead H596 cells with MGITC dye molecules.

Xiii



In comparison to fixed cells, living cells have pronounced fluctuations of SHG intensity
which is attributed to more complicated interactions, including active transport and cell
regulation. Finally, gold, silver, and gold-silver-gold core-shell-shell (CSS) plasmonic
nanoparticles having size of 10-100 nm are synthesized and functionalized with miRNA
molecules using Diels-Alder chemistry. The retro Diels-Alder thermal release of miRNA
from the surface of novel plasmonic nanoparticles is investigated at their corresponding
plasmon resonances using surface-specific SHG spectroscopy. In summary, these time-
resolved studies highlight the importance of SHG as a sensitive, powerful, and versatile
tool to monitor the real-time surface chemistry of colloidal nanoparticle-based drug-

delivery systems.
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Chapter 1. Introduction to Colloidal Nanoparticles and Second
Harmonic Generation

1.1Colloidal Nanoparticle Interfaces
Colloidal science has become an integral part of technological development as it
encompasses a broad range of chemical and biological systems.'* The structural
modification of colloidal systems dates back to the earliest technological advances,
such as pottery making or fabrication of soaps. A variety of colloidal systems are now
used as advanced industrial products including papers, ceramics, and coatings in the
chemical industry as well as aerosols, semiconductors, and solar cells in the materials
industry.%13 The synthesis and characterization of nano- and micro-sized particles
suspended in aqueous colloidal solutions are currently being investigated for potential
applications in catalysis, sensing, photovoltaics, optoelectronics, solar cells, and drug
delivery.14?! Figure 1.1 is the schematic representation of various colloidal-based
nanoparticle and microparticle systems extensively investigated in the Haber lab. A
typical colloidal system consists of two important phases; the colloidal particle and the
solvent into which the particle is dispersed. These two phases are divided by an
interface, where surface phenomena like adsorption, desorption, and formation of an
electrical double layer take place.?? Therefore, it is essential to characterize structural
modifications and dynamic processes at colloidal interfaces to gain a critical and
fundamental understanding of particle-solvent interactions. Additionally, the
energetics, interactions, and associated kinetics are markedly different in the bulk and

interface regions.



Various analytical tools have been developed to quantify the molecular and
chemical interactions at the colloidal interfaces. One of the traditional techniques to
study molecular adsorption is the centrifugation-separation method.'* Additional
techniques for investigating interfacial interactions include quartz-crystal
microbalance (QCM),?? fluorescence spectroscopy,?? and surface plasmon resonance
(SPR).?* However, most of the developed techniques require additional labeling
agents or larger molecular analytes (>10 kDa).?>?* In order to study relevant
interactions at colloidal interfaces, label-free techniques with high surface-sensitivity
are highly advantageous for providing critical insights on interfacial properties of
colloidal systems.

Nonlinear optical techniques like second harmonic generation (SHG) and sum
frequency generation (SFG) provide high surface-sensitivity and selectivity to detect
small molecules at colloidal interfaces of nano- and micro-sized particles.'#2° In 1996,
Eisenthal and coworkers first demonstrated that a strong SHG signal can be detected
at the surface of a colloidal microparticle system.?® This successful demonstration led
to numerous studies on different colloidal interfaces using this technique. SHG has
shown remarkable promise in the last 20 years as several groups have used SHG to
study molecular orientations,'® chemical reactions,®2’ surface potentials of charged
systems,?8-30 and the binding of molecules at a membrane.?>31-35 A primary focus of
this thesis is the use of the second harmonic generation technique to study equilibria
and interfacial dynamics at biological membranes and plasmonic nanoparticles

systems.
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Figure 1.1. Schematic representation of colloidal systems studied in the Haber lab.

1.2 Biological Membranes

Living cells are the structural and functional unit of life.3¢ A typical cell consists of
several membrane-bound organelles such as the mitochondria and the cell nucleus,
as well as internal vesicles for processes such as cellular digestion, secretion, and
molecular transport.3”-3® Additionally, one of the integral components of a living cell is
the cellular membrane, also known as a plasma membrane. The plasma membrane
is a selectively permeable membrane that regulates the movement of molecules and
ions between the cell and the surrounding environment.3® Figure 1.2 depicts a
generalized cell membrane morphology. The cell membrane is composed primarily of
a phospholipid bilayer, where the outer layers on both sides are composed of
hydrophilic phosphate groups that favor the agueous environment while the inner
portion of the bilayer is composed of hydrophobic groups that are mostly
hydrocarbons, which are shielded by the outer hydrophilic groups.?536:49 Additionally,
the cell membrane also has different types of membrane proteins. Integral membrane
proteins are a major constituent in ion channels, which allows the ions to pass from
one side of the membrane to the other.##?2 Correspondingly, peripheral membrane

proteins are involved in cell signaling and cell receptors.*42



R

Figure 1.2. lllustration of a cell membrane composed of a lipid bilayer.

1.3 Colloidal Phospholipid Liposomes

Colloidal liposomes are small, spherical vesicles that are typically composed of
phospholipids. Phospholipids are amphiphilic molecules, meaning they are composed
of both hydrophobic and hydrophilic molecules, as shown in Figure 1.3. Cell
membranes and liposomes have structural and chemical similarities so liposomes are
considered to be models of cell membranes, especially when the liposomes are made
of the same lipids found in cell membranes.324344 Additionally, liposomes are one of
the very few nanoparticles that have been used in humans for drug-delivery
purposes.*>-*’ Drugs used for cancer treatments, like doxorubicin and paclitaxel, are
embedded in liposome samples to increase the efficacy of these drugs. These salient
features of liposomes make them excellent candidates for studying the relevant
molecular and chemical interactions at lipid interfaces in water. Scheme 1.1
demonstrates a generalized principle where drug molecules with varying lipophilicities
are encapsulated and introduced to diseased biological tissue for liposomes-based
drug-delivery applications.*8-50

In recent years, significant research has focused on gaining fundamental
information regarding molecule-membrane interactions. Understanding the

physiochemical interactions between small molecules and cell membranes can lead



to important progress in advancing pharmaceutical research and developing
membrane-based drug-delivery applications. Methods such as electron spin
resonance (ESR), the patch clamp technique, and fluorescence spectroscopy have
all been used to investigate complicated aspects of molecule-membrane
interactions.?35%52 In comparison to these techniques, SHG spectroscopy has shown
incredible promise for providing enhanced surface sensitivity for studying biological
membranes. This thesis describes the successful use of second harmonic generation

to investigate interfacial interactions at biomolecular membranes.
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Figure 1.3. Chemical constituents of a colloidal phospholipid liposome.



Scheme 1.1. General scheme for liposome samples used in membrane-based drug-
delivery applications.

1.4 Colloidal Plasmonic Nanoparticles

Metallic nanoparticles possess unique optical, electric, and magnetic properties which
make them potential candidates for applications in molecular sensing, catalysis, and
nanomedicine.820.27.53-57 Gold and silver nanoparticles are of especially significant
interest due to their strong response in the visible and near-infrared optical
wavelengths.'6:5457 The development of these nanoparticles for biological applications is
facilitated by several advantages including their large surface area to volume ratios, their
low toxicities with excellent biocompatibilities, and the ease in modifying their chemical
surface functionalities.'6:17:58-60  Additionally, the unique optical properties of these
nanoparticles are derived from their localized surface plasmon resonances (LSPRs),%36!
as shown in Figure 1.4, which is characterized by the coherent and collective oscillation
of the free electrons under incident light. The LSPR depends on the shape, size,
composition, and surrounding medium of the nanoparticle system.827.57 _LSPRs can also
enhance the optical properties of these nanoparticles by several orders of magnitude,

6



making them ideal candidates for bio-imaging and bio-labeling.%® In this thesis, the
synthesis, characterization, and nonlinear spectroscopy of different monometallic and
bimetallic plasmonic nanoparticles are described and studied in real-time for developing

potential drug-delivery applications.
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Figure 1.4. Schematic representation of the localized surface plasmon resonance of a
spherical metallic nanoparticle under an incident optical electric field.

1.5 Second Harmonic Generation

Second harmonic generation spectroscopy provides detailed information to
investigate chemical and physical processes in the colloidal-based systems.'#19.62 Many
spectroscopic techniques like absorption, fluorescence, light-scattering, and
reflectometry®? do not provide surface sensitivity and selectivity and are therefore
dominated by bulk signals, making surface characterization problematic. However,
nonlinear spectroscopic techniques like sum frequency generation and second harmonic
generation overcome these difficulties by clearly distinguishing the signals generated
from the interface.1426.61 For these second-order nonlinear spectroscopies, the frequency
of the output signal lies in a different spectral region in comparison to the frequency of the

incident light, enabling precise detection of the signal. These nonlinear optical techniques



typically require the use of ultrashort laser pulses, usually of femtosecond duration. The
generated signal is quadratically dependent on the intensity of the incident light.1426
Additionally, several filters, a monochromator, and a high-sensitivity detector are required
in the experimental setup to separate the signal from Rayleigh, fluorescence, or Raman
scattering.

SFG is a second-order, nonlinear optical process where two incident photons with
different frequencies w; and w, add to produce a third photon with a frequency of ws.
SHG is a special case of SFG where two incident photons are of the same frequency, w.
The third photon produced in this case will be w + w = 2w, as demonstrated in Scheme
1.2. SHG is generally non-invasive, non-destructive, and highly surface specific. This

thesis is focused primarily on SHG and its applications in studying nanoparticle-based

systems.
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Scheme 1.2. Energy level diagram for an SHG process.



1.5.1 Theory of Second Harmonic Generation in Colloidal Nanoparticle Systems

Individual, isolated, non-centrosymmetric molecules can generate second harmonic
signals. However, the net coherent signal produced from an ensemble of these molecules
in bulk solution is zero for symmetry reasons. In a bulk phase, there is an isotropic
distribution of molecules such that for every molecule oriented in one direction, there is
another molecule oriented in the opposite direction, resulting in the condition where the
net dipole moment and second-order polarizability are both zero.142661 However, at an
interface such as the air-water interface or the interface of a colloidal nanoparticle in
solution, the molecules are often specifically oriented because of asymmetric forces like
hydrogen bonding or charge-charge interactions, as demonstrated in Scheme 1.3. These
oriented molecules are the primary origin of the interface-specific SHG signal in colloidal-

based systems_14,26,30,63

Scheme 1.3. Schematic of ordered molecules at the interface of a colloidal system.



SHG is an electric-dipole forbidden process in centrosymmetric systems, provided
that the particle is centrosymmetric on length scales much less than the coherence length

of the process.'#26.64 The coherence length, L., of an SHG optical process is given by the

4’;?)", 1., is the fundamental frequency, and An is the

relation Ak x L—g ~ 1, where Ak ~

change in the refractive index between light propagation vectors, H,) and m
respectively.1426:30.63 The total second harmonic signal radiated in the forward direction is

Esyg  |P@|~ B2 E,, E,, (1 — ™8k Le)g® 1.1

where E, is the incident optical electric field at frequency w, 2 is the second-order
polarizability, and a is the size of the nanoparticle. The SHG signal per nanoparticle is

found to scale as a® so larger nanoparticles have higher SHG signal.

1.5.2 Macroscopic Origin of Second Order Non-Linear Susceptibility

In an ideal case, when electromagnetic fields interact with a medium, a polarization P

is induced, which can be expressed as a power series expression, where
P =aE,+35B%EuEy +7B2EuEuEu* oo 1.2

Here, « is the linear polarizability, 82 is the second-order polarizability (also called the
first-order hyperpolarizability), and 3 is the third-order polarizability. These polarizability
terms describe the charge oscillation in molecules or materials which depends on the
strengths of the interacting optical field E,,. Higher terms of polarizability with increasing
powers of E,, are also present but are neglected in Equation 1.2. The second harmonic

light originates from the second-order polarization that is proportional to the second-order
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nonlinear susceptibility y® term such that Egyg < |P®| = yPE,E,. The second-order

nonlinear susceptibility term can be expressed as'48’

2 k <i|lplj> <jlulk> <k|p|i>
x@ o N ¥

; 1.3
J {(wij—w)=iyi) (wki—2w)—ivir)}

where, N is the surface density of molecules, i, j, and k represent the initial, intermediate
and final electronic states, < i|u|j > represents the average transition dipole moment
from the i to j state, u is the dipole operator, w;; and wy; represents the corresponding
optical frequency of transition, w and 2w are fundamental and second harmonic
frequency respectively, and y is the linewidth associated with the optical transition. The
above equation demonstrates several important parameters affecting the second
harmonic signal. First, y® is proportional to the number density of molecules at the
surface. It should be noted that Egy; = \/@ , Where Is is the measured SHG signal.
Therefore, the second harmonic signal has a N2, dependence. Secondly, the sensitivity
of SHG is dictated by the orientational distribution of the molecules at the interface as
indicated by the average overall dipole orientation of the surface molecules. When the
net dipole orientation of the molecules is anisotropic or highly ordered, there is an overall
increase in the associated y® term. Correspondingly, when the net dipole orientation of
the molecules is highly isotropic, there is a reduced SHG response. Additionally, the SHG
signal can be resonantly enhanced if the molecular species that are probed have a
molecular absorption in resonance with the second harmonic frequency, where the
reduced term in the denominator of Equation 1.3 leads to resonantly-enhanced second
harmonic signals. Therefore, SHG-active molecules at a specific SHG frequency can be

used to measure surface properties like adsorption, desorption, and molecular transport

11



as the cumulative SHG signal is proportional to the concentration and orientation of the

molecules being interrogated.

1.5.3 Eisenthal y® Technique

A colloidal suspension of nano- or micro-sized particles typically contains charged
particle-solvent interfaces, especially for polar solvents such as water. When we consider
a charged surface in contact with water molecules, the static electric field generated by
the surface charge can orient the water molecules at the interface, inducing a third-order
polarization, as shown in Scheme 1.4.1428-306872 ynder incident light, the generated
polarization can be expressed as |P®| = y®E,E, pocospe'®, where ¢, is the surface
potential and ¢ is the phase angle. The phase angle is dependent on the wave vector
mismatch and Debye screening length.?®7%73 Additionally, for most colloidal nanoparticle
samples, the inherent phase angle is expected to be either in phase (¢ = 0°) or out of

phase (¢ =180°).226%7173 This effectively leads to the simplified equation where Egy; «

P@ 4 pB) = y@F E. 4+ y®F E. .

The x® term contains important information about the population and structural
arrangements of neutral and ionic species in the interfacial region. A fundamental
understanding and determination of the surface potential, surface charge densities, and
related electrochemistry parameters serve as an empirical quantity that is related with the

local environment of the nanoparticles or microparticles in solution.
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Scheme 1.4. Schematic of a charged microparticle inducing a static electric field by
ordered water molecules at the interface.
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The second harmonic contributions from the y® term is dictated by several
parameters. One of the important parameters that has been found to affect the
contribution from y® term is the role of electrolytes on the generated Ey. This effect
was first observed at Prof. Eisenthal’s Lab in 1998.% Since then, this SHG technique to
determine the surface charge density or the electrostatic surface potential has often been
called the Eisenthal y® technique. It was observed that the addition of an electrolye
solution like potassium chloride or magnesium sulfate reduced the second harmonic
signal from a sample of polystyrene sulfate (PSS) microspheres in water.%° Additionally,
the experimentally-obtained SHG data was fit with the Gouy-Chapman model to

determine the surface-charge density and corresponding surface-potential. This
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technique has been extended with different systems like liposomes?®74 and drug-
molecules.®® The Haber lab has also successfully determined the surface charge density

of colloidal gold nanospheres using SHG, as demonstrated in Figure 1.5.5°

In summary, the overall SHG signal has significant contributions from both the y@®
and y® terms. The general principle described in this chapter allows for the investigation

of surface properties of nano- and micro-sized colloidal particles.
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Figure 1.5. Second harmonic electric field as a function of electrolyte concentration. The
blue circles are the experimental data. The green, red, and black solid curves are obtained
by fitting the experimentally data with the Gouy-Chapman model, numerical-solutions to
the Poisson-Boltzmann equation without adsorption, and numerical-solutions to the
Poisson-Boltzmann equation with adsorption models, respectively.>°

1.5.4 Experimental setup of SHG

The experimental setup for SHG in our lab consists of a titanium:sapphire oscillator
laser as a source. The oscillator laser operates at a central wavelength of 800 nm with 75
fs pulses at a repetition rate of 80 Mhz. The output from the source passes through

different optical elements and is focused to the colloidal sample, which is contained a 1
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cm quartz cuvette. Optical filters are used to remove the residual SHG from the laser
beam before hitting the sample and to remove the fundamental 800 nm of light after the
sample. The SHG produced by the sample is detected in real time using a high- sensitivity

charge-coupled device connected to a monochromator spectrograph.

Ti:sapphire Oscillator Laser %

2.7 W, 80 MHz, 800 nm, 75 fs

|
U

N2
waveplate

1 N0 n_Jl.n Monochromator
| V (VA | v

filter Colloidal filter
Nanoparticles

Figure 1.6 Home-built SHG setup showing the 800 nm (red beam) which is focused to the
colloidal nanoparticle sample in a quartz cuvette, with the SHG signal detected using a
CCD detector connected to a monochromator.
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1.6 Scope of the Dissertation

This dissertation describes the use of the surface-sensitive second harmonic
generation technique to interrogate molecular interactions at different colloidal
nanoparticle systems. Chapter 2 describes real-time SHG studies to determine the effect
of chemical functional groups on molecular adsorption and transport kinetics at the
surface of phospholipid liposomes in water. Chapter 3 describes the role of temperature
in molecular translocation of small molecules through a lipid bilayer. The temperature-
dependent study also gives critical insights regarding thermodynamics associated with
the molecule-lipid interactions. Chapter 4 describes the use of SHG microscopy to
investigate molecular adsorption and transport of a cationic molecule in a living cell
membrane. The SHG images of dye molecules added to cell samples are compared
between living and fixed H596 cells using two similar triphenylmethane molecules. The
results are in general agreement with the results from Chapter 2, as chemical functional
groups are shown to affect the molecular interactions of adsorption and transport in a
living cell membrane. Additionally, the retro Diel’s-Alder thermal release of small miRNA
mimics from the surface of novel plasmonic nanoparticles are studied in real-time using
surface-sensitive SHG spectroscopy, as described in Chapter 5. This work showcases
promising fundamental applications of plasmonic nanoparticles for nanomedicine, gene-
silencing, and photothermal drug-delivery applications. Appendices A, B, C, and D
provide additional information corresponding to the work presented in Chapters 2, 3, 4,
and 5, respectively. Together, this dissertation describes a broad range of surface-
specific measurements for investigating potential colloidal nanoparticle-based drug-

delivery applications in aqueous solution.
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Chapter 2. Molecular Adsorption and Transport at Liposome Surfaces
Studied by Molecular Dynamics Simulations and Second Harmonic
Generation Spectroscopy

2.1 Introduction

A critical property of cell membranes is their ability to allow ions and drug
molecules to translocate by passive transport processes.'® This translocation can be
characterized by the adsorption and time-resolved transport kinetics of ions and small
molecules in the cell membrane, which is composed mainly of lipid bilayers and
membrane proteins.1%-13 Liposomes are tiny spherical vesicles composed of phospholipid
membranes and can be used for fundamental studies as model cell membranes.!*
Stimuli-responsive liposome phospholipids have also been used to increase the efficacy
of drug delivery.'%'# For liposome-based systems, it is essential to understand the
transport properties of drug molecules, the associated energetics, and the determination
of key factors that govern molecular binding at the membrane surface. Our recent
investigation described these associated processes for the drug-like molecule, malachite
green (MG), in different liposome, buffer, and electrolyte conditions using the surface-
specific nonlinear spectroscopy, second harmonic generation (SHG).'> Our prior work
demonstrated that several factors impact molecular adsorption and transport across the
membranes, including electrostatic interactions between the adsorbate molecule and the
liposome surface, the lipid headgroup structure, electrolyte adsorption, ion-pairing, and

hydration properties of the molecular ions.'®

This chapter has been reprinted with permission from [Hamal, P.; Ngyuenhuu, H.;
Subasinghege, V. D.; Kumal, R.R.; Kumar, R.; McCarley, R. L.; Haber, L. H. J. Phys. Chem. B
2019, 36, 7722-7730]. Copyright [2019] American Chemical Society.
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Sum frequency generation (SFG) and SHG are powerful nonlinear spectroscopic
techniques used for investigating the physical and chemical properties of colloidal
liposome samples in a manner that is noninvasive, nondestructive, and surface-
sensitive.1520 Recently, SHG has been utilized to study interfacial dynamics of different
colloidal nanoparticle systems.?1-2° In the SHG process, two incident photons of frequency
w add coherently to generate a third photon with a frequency of 2w. SHG is dipole
forbidden in centrosymmetric media, such as bulk solution, but it can be generated at the
surface of nanoparticles where the symmetry is broken. Therefore, SHG measurements
are sensitive to molecular adsorption at colloidal interfaces and can be used for studying

dynamics at the liposome surface in water.1519:30-33

The SHG electric field Es; depends on the second-order and third-order nonlinear
optical susceptibilities, y® and x®), respectively. The SHG electric field can be

expressed as?4:34-39

Esye = Y, Ispe = X(Z)EwEw + X(g)EwEw(PO (2-1)

where, Iy is the SHG intensity, E,, is the incident optical electric field at frequency w,
and ¢, is the electrostatic surface potential arising from the nanoparticle surface charge
density. The second-order nonlinear susceptibility ¥y term for SHG is from the two-
photon spectroscopy of the surface and is dependent on several factors, such as the
associated transition dipole moments and the orientational distributions,3%4° with possible
resonant enhancement if the second harmonic frequency is resonant with a molecular
optical transition. Additionally, the static electric field created by the charged interface

results in the third-order nonlinear susceptibility ¥ term for SHG caused by bulk solvent
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molecules that have a distance-dependent net alignment with respect to the nanoparticle
surface due to the electrostatic potential.>3323435% For liposome membrane systems with
a bilayer thickness of approximately 5 nm, the SHG signal of the dye molecules adsorbed
on the outer membrane/water interface is approximately equal and opposite to that of dye
molecules adsorbed on the inner water/membrane interface.*® By virtue of symmetry, the
SHG signals from molecules at the outer and inner membrane surfaces effectively cancel
out, so the SHG signal is approximately proportional to the population difference of dye

molecules adsorbed at the liposome bilayer outer and inner surfaces.9:41-46

In this study, the SHG signal from the drug-like molecule, malachite green
isothiocyanate (MGITC), is measured in real time in various liposome samples for
fundamental studies of molecular interactions at lipid bilayers in water. The time-
dependent SHG results from liposomes composed of dioleoylphosphatidyl-glycerol
(DOPG), dioleoylphosphoserine (DOPS), dioleoylphosphocholine (DOPC), and
quinonepropionic acid dioleoylphospho-ethanolamine (QPADOPE) in citrate buffer
provide measurements of the molecular transport time, as well as the adsorption free
energy and adsorption site concentration. These liposomes are selected as
representations of different phospholipid types that are present in cell membranes,
including singly-charged lipids, zwitterionic lipids, and lipids with multiple charged groups,
as well as specialized lipids with a bulky hydrophobic headgroup. Additionally, the results
are directly compared to our previous work using the similar dye molecule, malachite
green, with these same liposomes. For additional analysis of the complex interactions at
the different liposome surfaces, molecular dynamics (MD) simulations are carried out for

MG and MGITC with DOPG and DOPC bilayers, and the simulation results show
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excellent agreement with the SHG experimental observations. These combined SHG and
MD studies provide crucial insights into the factors that determine molecular adsorption
and transport properties in phospholipid membranes for developing models for drug-
delivery applications. A key finding demonstrates the important role of chemical functional
groups, such as isothiocyanate, in controlling molecular translocation across the

membrane/water interface.
2.2 Experimental Section
2.2.1 Synthesis and Characterization.

Large unilamellar vesicles (LUVSs) or liposomes of each lipid were prepared by
extrusion, following the reported protocol.*>4” The QPADOPE lipid synthesis has been
described previously.*’*¢ DOPC, DOPE, DOPG, and DOPS were purchased from Avanti
Polar lipids, Inc. in a powder form stored in glass vials. Citric acid monohydrate (299.0%)
and potassium hydroxide purified pellets (=285%) were purchased from Sigma-Aldrich.
MGITC was purchased from Setareh Biotech. Approximately, 4-6 mg of dry lipid film is
hydrated at room temperature with 1.0 mL of 5.0 mM citrate buffer for 1 hour with regular
vortexing, followed by six freeze-thaw cycles. The suspensions are subjected to 19 cycles
of extrusion through a 200-nm pore Whatman Nucleopore polycarbonate track-etched
membrane using a hand-held Mini-Extruder (Avanti Polar Lipids, Alabaster, AL). The total
lipid concentration is determined using a Bartlett assay, as described in the Appendix A.
The liposomes are roughly 150 nm in diameter with a polydispersity index (PDI) less than
0.1, as characterized by dynamic light scattering (DLS) measurements. Representative
DLS size distributions are shown in Figure A.2. The zeta potentials of different liposomes

in pH 4.0, 5 mM citrate buffer are -73.2 + 1.1 mV (DOPG), -74.8 £ 1.7 mV (DOPS), -67.3
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+ 1.5 mV (QPADOPE), and -21.7 £ 2.3 mV (DOPC), and are listed in Table A.1. DOPG,
DOPS and QPADOPE have comparable zeta potential values. However, the zeta

potential of DOPC is significantly lower in magnitude due to its zwitterionic structure.
2.2.2 Second Harmonic Generation Setup.

The experimental setup for the SHG has been described previously.® The setup
consists of an ultrafast laser system, an optical system, and high-sensitivity charge-
coupled device (CCD) detector connected to a monochromator spectrograph. The
Titanium:sapphire oscillator laser is centered at 800 nm with 75 fs pulses at 80 MHz
repetition rate. The average laser power is attenuated to 1.0 W using a neutral density
filter. The laser beam is focused to the sample in a 1 cm quartz cuvette to generate SHG
signal which is detected in the forward direction with a high sensitivity spectrophotometer.
Optical filters are used to remove any residual SHG signal from the laser beam before
hitting the sample and to remove the fundamental 800 nm light after the sample. An
integrated computer program controls a beam block and a magnetic stir bar in
synchronization with automated data acquisition for background-subtracted time-
dependent SHG measurements. For each time scan, 5 background spectra and 10 SHG
spectra are acquired with 1 second acquisitions with the laser blocked and unblocked,
respectively, in sequential and repeated measurements for statistical analysis of the SHG

signal as a function of time.
2.2.3 Molecular Dynamics Simulations Details
Molecular dynamics simulations are carried out using the LAMMPS program

(version 05 Sep 2014)*° with the all-atom general AMBER force field (GAFF).5° The partial

27



charges of the optimized structures are calculated by the RESP fitting technique®->? using
the HF/6-31G* method in Gaussian 09 suite of programs.®® Four different molecule-lipid
systems (MG in DOPC, MGITC in DOPC, MG in DOPG and MGITC in DOPG) are
simulated. The energy of each system is minimized, followed by equilibration in the
isothermal-isobaric (NPT) and canonical (NVT) ensembles. The final simulation box
dimensions are approximately 95.5 x 48.0 x 120.0 A3 for the DOPC system and 94.5 x
50.0 x 115.0 A3for the DOPG system. The membrane/water interface is perpendicular to
the z-axis for each system. Additional details regarding the four systems and the

simulation setup are discussed in Appendix A.

The free energy profile of bringing the different dye molecules to the DOPC and
DOPG membranes are determined by the umbrella sampling method.>* The collective
variable is taken to be the distance in the z-direction between the center of mass (COM)
of the lipid bilayer and the COM of the dye molecule. For each system, 20 umbrella
sampling windows are generated with a 18 ns simulation time per window and with a
spacing of 1.5 A along the z-axis. The potential of mean force is calculated using the
weighted histogram analysis method (WHAM)%>%¢ with the data from the last 14 ns of
each umbrella sampling window. The statistical error of the potential mean force is
calculated using the block averaging method with 3.5 ns of data for each block. In order
to determine the relevant interactions that play a role in the adsorption and transport of
the two dyes, the orientation of each dye molecule at the surface of the two membranes
are analyzed and compared. Specifically, the distribution of the z-direction distance
between two specific atom types in each dye molecule, namely the two amine N atoms

and a C atom of the phenyl ring without the amine (see Appendix A) and the COM of the
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membrane are calculated. The details of these calculations and distributions of the

distances for each system are summarized in the Appendix A.
2.3 Results and Discussion

Representative SHG spectra of the DOPC liposomes at 50 uM lipid concentration
with and without added 5 pM MGITC in 5.0 mM citrate buffer at pH 4.0 are shown in
Figure 2.1a. The molecular structure of MGITC is shown in the inset of Figure 2.1a.
MGITC is a hydrophobic, drug-like cation with an optical transition near 400 nm, as shown
in Appendix A, proving resonance enhancement of the SHG signal for sensitive detection
at the liposome surface. The SHG signal of the DOPC liposomes in 5.0 mM citrate buffer
without MGITC is shown to have a very small SHG signal which is comparable to the
SHG signal from buffer alone. When adding 5 uM MGITC to the liposomes, a large SHG
peak is observed and is centered at 400 nm, with a full width half maximum of
approximately 4.5 nm. These results are compared to the corresponding spectrum from
5 uM MGITC in 5.0 mM citrate buffer alone, without liposomes present, where the 400
nm signal originates from hyper Rayleigh scattering (HRS).*>3757 The SHG signal of
MGITC in DOPC liposomes is ~3 times greater than the HRS from MGITC alone due to
adsorption of MGITC at the liposome surface, in general agreement with our previous
observations using MG.® The SHG spectra in Figure 1b shows the SHG signal from 5
MM MGITC added to the DOPC liposomes decreasing as a function of time, caused by
the ensemble transport of MGITC molecules across the phospholipid liposome
bilayer.1>1° All SHG studies of the different liposomes presented here are performed in
5.0 mM citrate buffer at pH 4.0 for direct comparison and to ensure stability of the MGITC

dye. In contrast, our previous studies on the similar molecular cation MG demonstrated
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Figure 2.1. (a) SHG spectra of DOPC liposomes in the presence of 0 uM and 5 uM MGITC
compared to 5 pM MGITC alone. Inset shows MGITC molecular structure. (b) SHG
spectra of DOPC liposomes at various times after the addition of 5 uM MGITC. All
samples are in 5.0 mM citrate buffer at pH 4.0.

no adsorption or transport in DOPC liposomes.® These results suggest that MGITC
adsorbs and transports through the liposome membrane more efficiently than MG due to
the added isothiocyanate group. These observations are in accord with expectations from
distribution coefficients D and polar surface areas. At pH 4.0, MG has a log D value of
0.66 while MGITC has a log D value of 1.67, indicating a better lipophilic character for

MGITC.%® Additionally, a higher polar surface area of MGITC (18.61 A?) in comparison to
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MG (6.25 A?) points to an anticipated stronger adsorption with the liposome surface, as

discussed later.>®

The time-dependent SHG intensities of MGITC added to DOPG, DOPS, and
DOPC liposomes in citrate buffer at various dye concentrations are shown in Figure 2.2.
The SHG intensities are all normalized with respect to the DOPS liposome sample upon
addition of 4.75 uM MGITC. For all liposome samples, the abrupt rise in SHG intensity at
time zero occurs when MGITC is added, followed by the gradual decay in intensity as the
dye molecules transport through the liposome membrane until reaching equilibrium. The
observed SHG intensities of MGITC added to liposomes are significantly higher than
corresponding intensities of MG with these same liposomes, ' where the presence of the
isothiocyanate group in MGITC changes the orientational distribution of molecules on the
liposome surface, resulting in altered molecular tilt angles and higher corresponding SHG
intensities, as discussed later in greater detail from MD simulations. Additionally, the
added isothiocyanate group may increase the hyperpolarizability leading to an increased
¥ term. The SHG intensity of MGITC with DOPS is higher than with DOPG, which is

similar to our previous work with MG and DOPS and DOPG liposomes.*®
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Figure 2.2. SHG time profiles upon addition of various concentrations of MGITC to (a)
DOPG, (b) DOPS, and (c) DOPC liposomes in 5.0 mM citrate buffer at pH 4.0. Solid lines
are best fits.
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The molecular adsorption of MGITC at the liposome membrane surface is
characterized using SHG adsorption isotherm measurements. The sudden rise in SHG
signal upon MGITC addition to the liposome sample occurs due to the adsorption of
MGITC ions to the outer membrane surface, corresponding to time zero. By plotting the
intensity of the SHG signal at time zero as a function of added MGITC concentration, the
adsorption isotherm is obtained. The results are fit using the modified Langmuir model to
determine the adsorption site density and the free energy of adsorption of MGITC for each
liposome surface in pH 4.0 citrate buffer. The modified Langmuir model is an extended
form of the Langmuir model, which accounts for bulk depletion of the adsorbate due to a
large cumulative liposome surface area. This model is based on the assumption of freely
adsorbing molecules that form a single monolayer with a corresponding maximum

adsorbate site density at the nanoparticle surface. The fits are given by??4!

2
Igne = A (N’V ) +B+Ma (2.2)
v (et SE) (ot Nmant ) 40N mas
and Nmax - . ZNmax - (23)

where N is the concentration of dye molecules adsorbed, N,,,, is the maximum
adsorption site concentration, A is the SHG intensity at saturation, B is the baseline offset,
M is the concentration of free dye molecules in solution, a is the slope obtained from the
plot of SHG intensity of dye alone as a function of concentration C, 55.5 is the molar
concentration of water, and K is the adsorption equilibrium constant. The free energy of
adsorption is obtained using AG = —RT InK. The a term is discussed in more detail in

Appendix A. Figure 2.3 shows the SHG adsorption isotherm measurements for MGITC

33



to the different liposome samples, where each data point corresponds to a fresh liposome

sample at that added MGITC concentration. The molecular structures of DOPG, DOPS,

and DOPC are shown as insets in Figure 2.3. The corresponding variables and fitting

parameters are summarized in Table 2.1. The R? values for these fits are listed in

Appendix A.
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The adsorption equilibrium constants and free energy of adsorption magnitudes
are larger in DOPG and DOPS, whereas these values are smaller for DOPC, in
agreement with the zeta potential measurements. The larger value of the equilibrium
constants in DOPG and DOPS is caused by the higher electrostatic attractions of the
MGITC cations towards the more negative surface potentials. In comparison to MG, the
free energy of adsorption for MGITC to both DOPG and DOPS is more negative,
indicating a stronger interaction between the MGITC dye molecules and the liposome
surfaces. These findings are also in agreement with our molecular dynamics simulations
results, as discussed later. The maximum adsorption site concentration and the
corresponding number of lipid molecules per adsorption site provide key insights on the
molecular interactions at the liposome bilayer. The SHG intensity at saturation is higher
for DOPS and DOPG than for DOPC. Similarly, the obtained N,,,, values are higher for
DOPS followed by DOPG. Compared to MG, the results suggest higher dye-dye repulsion
and low ion-pair formation between MGITC and citrate at the liposome surfaces, leading
to lower N,,,, values for MGITC than for MG in both DOPG and DOPS. The lower
electrostatic interaction of MGITC with the zwitterionic DOPC surface is consistent with
lower N, values in DOPC than in DOPG and DOPS. These results for MGITC are in
agreement with general trends from our previous work on MG and provide new insights
that show the important influence of surface charge density, functional group interactions,

and ion-pairing at the liposome surface.1544
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Table 2.1. List of Variables and Fitting Parameters Obtained from Modified Langmuir
Model

DOPG DOPS DOPC
K (109) 23+12 3.7+£29 0.35+0.04
Nmax (UM) 1.8+0.1 20+0.1 1.5+0.1
—-AG (kcal/mol) | 12.8 +0.3 13.1+0.5 11.6+0.1
Lipid/Site 27.7+15 244+18 454 +1.9
A 0.8+0.01 1.0+ 0.03 0.5+0.01

The experimentally obtained SHG intensities are plotted versus time and are fit to

single exponential functions given by
ESHG (t) = aO + ale_t/T (24)

to measure the molecular transport dynamics and the transport times t. For each
liposome and MGITC concentration, the fits from Equation 2.4 are displayed in Figure
2.2, showing excellent agreement with the data. The R? values for these fits are listed in
Appendix A. The obtained transport times are plotted against concentration for each
liposome sample, as shown in Figure 2.4. In the case of DOPG, shown in Figure A.5a,
the MGITC transport rate 1/t, displays a general linear relationship with dye
concentration, in agreement with previous work on MG.*>#* Additionally, previous SHG
studies of MG in liposomes show decreased transport rates in higher added salt
concentrations, where MG ion-pairing with counterions inhibits molecular transport
kinetics.1>44 The transport rate of MGITC in DOPC liposomes is much slower than in
DOPG liposomes, possibly due to weaker electrostatic interactions at the zwitterionic
surface and increased ion-pairing between MGITC and counterions. However, there is no

clear linear trend of transport time versus concentration for MGITC in DOPS liposomes,
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as shown in Figure 2.4b, and the transport rate is observed to have much less variation.
These findings are also consistent with our previous studies for MG with DOPS
liposomes, which suggests that the two additional charge centers of carboxylate and
ammonium in the lipid head group suppress the formation of ion pairing.*® As in MG, the
transport of MGITC in the DOPS bilayer proceeds in accordance with Fick's law, caused
by the concentration gradient across the membrane® and is less affected by ion pairing

or changes in electrostatic surface potential.
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Figure 2.4. Transport times as a function of MGITC concentration in 5 mM citrate buffer
of pH 4.0 for (a) DOPG, DOPC, and (b) DOPS liposomes.
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Molecular dynamics simulations are performed for detailed comparisons on
chemical and physical interactions of MG and MGITC with the liposome bilayers. Our
previous investigations determined that MG neither adsorbs to nor transports through
DOPC liposomes due to the zwitterionic surface that leads to greatly decreased
electrostatic attraction.'>44 In contrast, as shown in Figure 2.2 and 2.3, MGITC both
adsorbs and transports efficiently in DOPC liposomes. This is consistent with our
molecular dynamics simulations results as well, where the free energy profile for MG and
MGITC as a function of distance from the center of mass (COM) of the DOPC and DOPG

membranes are displayed in Figure 2.5.
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Figure 2.5. Free energy profile, as a function of the distance in the z-direction between
the center of mass (COM) of the lipid bilayer and the COM of the dye molecule, for the
transport processes of MG and MGITC dye molecules in DOPC and DOPG lipid bilayers.
The vertical dotted black lines represent the average interface for (A) DOPC and (B)
DOPG lipid bilayers. (Note: The membrane-water interface is perpendicular to the z-axis.)
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The results show that the MGITC has a smaller energy barrier ~1 kcal/mol (~4.2 kJ/mol)
for the insertion in the DOPC membrane as compared to MG ~4 kcal/mol (~16.8 kJ/mol).
This indicates that MGITC transports more easily through the DOPC membrane than MG,

in agreement with the SHG experimental

Figure 2.6a and Figure 2.6b show representative snapshots of the MG dye and the
MGITC dye in the DOPC membrane, respectively. The NCS group of the MGITC
molecule is preferentially directed towards the DOPC membrane. In contrast, one of the
amine N atoms is preferentially directed toward the membrane for MG. The dipole
moments of the two dye molecules, calculated using the Gaussian 09 suite of programs,
are determined to be 2.28 and 10.59 Debye for MG and MGITC, respectively (see
Appendix A for the details of the calculations). Therefore, the MGITC dipole moment is
~4 times higher than the MG dipole moment, due to the NCS group of the MGITC
molecule. The lower energy barrier for MGITC as compared to the MG in DOPC
membranes can be attributed to stronger dipole-dipole interactions between the NCS
group and the neutral zwitterionic DOPC molecules. The positive charge of the amine
group can also interact with the zwitterionic dipole, but given the delocalization of this
positive charge, the charge-dipole interaction is not strong enough to overcome the
barrier. Similarly, the free energy barriers for MG and MGITC molecules in anionic DOPG
membranes are both much lower than the neutral zwitterionic DOPC membrane. The
transport of MGITC through DOPG membranes is essentially barrier-less, whereas MG
has a small barrier ~0.5 kcal/mol (~2.1 kJ/mol) owing to the strong Coulombic interaction
between the dye and anionic liposome surface. Additionally, the most probable orientation

of MG on DOPG is with both the amine groups pointing towards the membrane, while for
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MGITC, one amine group and the NCS group are directed toward the DOPG membrane,

as shown in Figure 2.6¢c and Figure 2.6d.

Figure 2.6. Snapshots showing the orientation of the dye molecules at the surface of each
lipid bilayer and a zoomed-in view for (a) MG in DOPC, (b) MGITC in DOPC, (c) MG in
DOPG, and (d) MGITC in DOPG. The atoms of carbon are represented in cyan, oxygen
in red, sulfur in yellow, nitrogen in blue, and hydrogen in white.

Although the charge on the dye molecule is delocalized for MG, the interaction with
the charged DOPG membrane is stronger than the weak charge-dipole interaction in the
DOPC case. Similarly, the average orientation of MG at the DOPG membrane suggests
that the electrostatic interactions between the positively-charged amine groups in the dye

molecule and the negatively-charged DOPG membrane favor the adsorption process
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from charge-charge interactions as compared to the neutral zwitterionic DOPC
membrane from weak dipole-charge interactions. In the MGITC case, the strong dipole-
charge interaction between the NCS dipole and the charged membrane competes with
the electrostatic interactions between the positively charged amine groups of the dye and
the negatively charge membrane, resulting in an average orientation with both the NCS

and one amine group directed towards the membrane.

Molecular interactions are also studied between MGITC and the anionic
QPADORPE liposomes using SHG measurements. QPADOPE liposomes are negatively
charged with zeta potential values that are similar to those of the DOPG and DOPS
liposomes at approximately -70 mV. However, the SHG intensities of different
concentrations of MGITC alone in 5 mM citrate buffer are approximately equal to the
corresponding SHG intensities of MGITC dye added to the QPADOPE liposomes, to
within experimental uncertainty, indicating no adsorption. The SHG time profiles are also
constant in time, showing that no transport of MGITC dye through the liposome bilayer
occurs. Our previous work showed that MG also does not adsorb or transport in
QPADORPE liposomes due to the location of the charged phosphate site, which is buried
further from the liposome surface.'® The bulky quinone group has strong hydrophobic
interactions producing a dense shielding layer that prevents MGITC from approaching
close to the charged phosphate center, decreasing the electrostatic Coulombic attraction.
As a result, MGITC neither adsorbs nor transports in QPADOPE liposomes, as

demonstrated in Appendix A.

These time-resolved SHG studies, combined with molecular dynamics

simulations, clearly demonstrate that liposome-based ion transport and drug delivery
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systems depend on many factors. A dominant factor is the electrostatic interaction
between the ions and membrane. But other factors, such as dipole-dipole interactions,
the molecular structure of the hydrophilic head groups, and the resulting locations of
charged groups in the membrane, all play critical roles in the complex interactions that
characterize molecular translocation in different liposome samples. A key finding is the
importance of the functional group isothiocyanate in improving molecular adsorption and

transport kinetics in phospholipid bilayers.

2.4 Conclusion

Time-dependent SHG measurements in combination with molecular dynamics
simulations are used for investigations of molecular interactions of the small cationic dye
malachite green isothiocyanate in different colloidal liposome samples. The experimental
results are used to characterize the adsorption isotherms at the liposome surfaces and
the corresponding transport kinetics across the different bilayers. These studies are also
compared to our previous work on malachite green in these liposomes. The molecular
transport of MGITC is found to be more rapid in the negatively-charged liposomes DOPG
and DOPS compared to the zwitterionic liposome DOPC. The SHG results are consistent
with corresponding molecular dynamics simulations that demonstrate that the energy
barrier is lower for MGITC and MG in the anionic liposome DOPG than in the neutral
zwitterionic liposome DOPC. Additionally, MGITC has stronger dipole-dipole interactions
with the liposome surfaces than MG due to the added isothiocyanate functional group,
leading to larger free energy of adsorption magnitudes. As a result, MGITC both adsorbs
and transports in DOPC while MG does not. However, MGITC shows no adsorption and

no transport with QPADOPE liposomes due to the bulky hydrophobic quinone shielding
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layer. The collective behavior observed for molecular interactions at the liposome
interface indicates that adsorption and transport kinetics are driven by many factors
including electrostatic interactions from chemical functional groups, ion-pair formation,

and more complicated hydrophobic and hydrophilic forces.
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Chapter 3. Influence of Temperature on Molecular Adsorption and
Transport at Liposome Surfaces Studied by Molecular Dynamics
Simulations and Second Harmonic Generation Spectroscopy

3.1 Introduction

Cellular membranes are constructed from a complex system of lipid species and
membrane proteins for the regulation of molecular exchange with the surrounding
environment.® A comprehensive study of cellular membranes, including their
organization and chemical interactions, is critically important in describing signaling,
metabolic functions, and the translocation of molecules.*®> Translocation can be
characterized by molecular adsorption to the membrane surface and transport through
the lipid bilayer.5® Liposomes are small vesicles of phospholipids and are considered to
be models for studying simplified biological membranes.®1! In this respect, it is crucial to
investigate the effect of temperature on the properties of molecular translocation across
the phospholipid bilayer in aqueous solution. The thermodynamics and kinetics related to
molecular adsorption and transport at liposome surfaces provide detailed information that
is relevant for understanding chemical interactions between small molecules and
biological membranes. Recent work has investigated the effect of temperature on
molecular transport of small molecules through the liposome membrane.'2'2 However, a
complete characterization of molecular adsorption and transport in lipid bilayer systems,

including the associated kinetics and thermodynamics, has not been studied in detail.

Second harmonic generation (SHG) spectroscopy has been widely used as an
experimental method to probe the interfacial properties of colloidal nanoparticle

systems.10.14-20 SHG is a nonlinear optical process where two photons with a frequency
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of w add coherently to form a third photon with a frequency of 2w. SHG is noninvasive,
nondestructive, and surface-sensitive.*®1” The second harmonic response from isotropic,
centrosymmetric bulk media is dipole forbidden, resulting in no coherent signal.?%22
However, SHG signal is allowed at surfaces and interfaces where the symmetry is
broken.14.1520.23-26 SHG has been used extensively to study the molecular adsorption and
transport of small cationic molecules, such as malachite green (MG)%27-30 and malachite
green isothiocyanate (MGITC),!! at liposome surfaces in aqueous solution. The
adsorption of these dye molecules to the outer lipid bilayer produces an enhanced SHG
signal,?”3132 followed by a decrease in SHG signal as the dye molecules transport
through the membrane.16:18.27.29.31-37 |n our previous work, we investigated the molecular
adsorption and transport properties of MG in liposomes with different lipids, buffers, and
electrolyte conditions using time-dependent SHG.1°© We also studied the molecular
interactions in different liposomes with the similar triphenylmethane dye molecule MGITC
to interrogate the impact of chemical functional groups in these complicated translocation
processes.!! A fundamental understanding of the factors affecting lipid-based delivery
systems can lead to potential clinical applications where the release of drug molecules
from a liposome can be influenced by the surface chemistry and changes in the local

environment.

In this chapter, we extend our investigations of chemical interactions at model
biological membranes using time-dependent SHG spectroscopy combined with molecular
dynamics (MD) simulations to study the molecular adsorption and transport of the small,
drug-like cationic molecule, malachite green, with DOPG liposomes under varying sample

temperatures. Measuring the temperature-dependent adsorption isotherms using SHG
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provides for the determination of the free energies of adsorption and the adsorbate site
concentrations, which further allows for the changes in enthalpy and entropy of the
associated adsorption process to be obtained. Additionally, the kinetics of MG transport
through the DOPG bilayer is measured, with the transport time decreasing as the
temperature is increased, in agreement with previous studies.'’® Corresponding
temperature-dependent MD simulations calculate the free energy profiles of bringing the
MG molecule to the DOPG membrane, as well as the orientational distribution of MG at
the bilayer surface, showing excellent agreement with the experimental results. By
combining temperature-dependent and time-dependent SHG spectroscopy with MD
simulations, the complicated chemical interactions occurring at the lipid bilayer interface
in water are carefully studied for developing a greater understanding of biologically-

relevant molecular translocation at model cellular membranes.
3.2 Experimental Section
3.2.1 Experimental Setup

The experimental set up for the SHG measurements has been described
previously.191138 A titanium:sapphire oscillator laser, centered at 800 nm with a 75 fs
pulse duration and 80 MHz repetition rate, is attenuated to an average power of 1.0 W
and is focused to the sample contained in a 1 cm % 1 cm quartz cuvette to produce the
SHG signal. The cuvette is wrapped with heating tape to control the sample temperature
while measuring the time-dependent SHG intensity in the forward direction using a high-
sensitivity charge-coupled device (CCD) detector connected to a monochromator
spectrograph. A magnetic stir bar is used for automated stirring and a computer-controlled

beam block is employed for measuring the background-subtracted SHG spectrum as a
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function of time for each liposome sample at each temperature and added MG

concentration.
3.2.2 Synthesis of Liposomes

The synthesis of large unilamellar vesicles (LUV) or liposomes of DOPG lipids has
been previously reported3®4° and is discussed in more detail in the Appendix B. DOPG
was purchased from Avanti Polar lipids, Inc. in powder form. Citric acid monohydrate
(299.0%), potassium hydroxide purified pellets (285%), and malachite green chloride
were purchased from Sigma-Aldrich. The colloidal liposomes are characterized using
dynamic light scattering (DLS) and zeta-potential measurements using a Zetasizer Nano
ZS from Malvern Instruments Inc., UK. The average diameter of the DOPG lipids in 5
mM citrate buffer with pH 4.0 is measured to be 137 = 42 nm with a polydispersity index

of 0.07. Similarly, the corresponding zeta potential is determined to be -73.2 £ 1.1 mV.
3.2.3 Molecular Dynamics Simulations

Molecular dynamics simulations are carried out with the all-atom general AMBER
force field (GAFF)* using the LAMMPS (version 05 Sep 2014)*? software. The molecular
structures of the molecules are optimized and the partial charges of the structures are
calculated by the RESP fitting technique*34* using the HF/6-31G* method in the Gaussian
09 suite of programs.*® The dye molecule-lipid system of MG with DOPG is simulated at
two different temperatures of 303 K and 313 K. The equilibration simulations are carried
out under isothermal-isobaric (NPT) conditions followed by simulations in the canonical
(NVT) ensembles. The final simulation box dimensions are approximately 94.5 A x 50.0

A x 115.0 A for the system simulated at 303 K and 94.0 A x 50.0 A x 117.5 A for the
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system simulated at 313 K. The membrane/water interface is perpendicular to the z-axis
for each system. Additional details regarding the two systems and the simulation setup
are discussed in the Appendix B. Using the umbrella sampling method,*® the free energy
profiles of bringing the MG molecule onto the DOPG membrane at the two different
temperatures are determined. The displacement along the z-direction between the center
of mass (COM) of the lipid bilayer and the COM of the dye molecule is used as the
collective variable for the umbrella sampling. For both systems, 32 umbrella sampling
windows are generated with an 18 ns simulation time per window and with a spacing of
1.5 A along the z-axis. Using the weighted histogram analysis method (WHAM)*7-48 the
potential of mean force of the adsorption process is calculated using the last 14 ns of
each umbrella sampling window. The statistical error of the potential of mean force is
determined using the block averaging method with 3.5 ns of data for each block. The
orientation of the dipole moment of the MG molecule with respect to the DOPG membrane
as the dye approaches the membrane is analyzed and compared for the two
temperatures. In addition, the number of water molecules within 3.5 A in the z-direction
of the average surface of the DOPG molecules, as defined using the outermost oxygen
atoms of the DOPG molecules, is calculated for each umbrella sampling window for both
temperatures to determine the number of water molecules displaced as the MG molecule
penetrates the membrane. Additional details of these calculations and analysis for each

temperature are summarized in the Appendix B.
3.3. Results and Discussion

Time-dependent SHG measurements under varying sample temperature and MG

concentration provide crucial information on the molecular transport through the lipid
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bilayer. The SHG signal Iy is observed to rise abruptly upon the addition of MG into the
colloidal DOPG liposome sample, due to MG adsorption to the outer surface of the bilayer,
followed by a gradual, time-dependent exponential decrease in SHG signal caused by
the MG transport through the liposome bilayer. These general observations are in
agreement with previous studies.01127.29.4% The transport kinetics of MG crossing the
DOPG lipid bilayer are analyzed by fitting the time-dependent SHG electric field, where
Espe = \/E using the exponential function, Esyg (t) = ao + a;e” %, to obtain the
molecular transport time 7 under different MG concentrations and bulk temperatures.
Here, t is the experimental time after MG addition. These exponential fits are plotted as
solid lines for each temperature and MG concentration, as shown in Figure 3.1. For a
direct comparison, all SHG intensities are normalized with respect to the DOPG
liposomes immediately upon addition of 15 uM MG at 25 °C. Representative SHG spectra
and calculated R? values for the exponential fits are included in the Appendix B. The bulk
temperatures used are all above the transition temperature, —-18 °C for DOPG, where the

ordered gel phase changes to the more disordered liquid crystalline phase.?’

The obtained transport times 7 are plotted as a function of MG concentration for
each temperature, as displayed in Figure 3.2a. The rate of molecular transport is
significantly faster at higher temperatures. Applying heat to a lipid bilayer leads to

increased hydrocarbon chain motion, less hydrogen bonding between adjacent acyl
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Figure 3.1. SHG time profiles upon addition of various concentrations of MG to DOPG
liposomes at (a) 25 °C, (b) 30 °C, (c) 35 °C, and (d) 40 °C, respectively. Solid lines are

best fits.

groups, and a larger volume of the overall non-polar region.>%! Similarly, the membrane
fluidity is also increased at higher temperatures, which aids the rate of transport.52:53
These findings are consistent with our SHG results, where increased temperature leads
to the observed decrease in the MG transport time. These results are also in general
agreement with previous studies.?>3 Additionally, the obtained rate constants from the
fits are shown to vary linearly as a function of MG concentration for each temperature,
and the corresponding slopes are observed to vary linearly with temperature, as shown
in the Appendix B. The linear dependence of the rate constant with respect to temperature

is analogous to the related process of temperature-dependent diffusion described by the

Stokes-Einstein equation.>*

Adsorption isotherm measurements are performed by measuring the SHG

intensity as a function of MG concentration to obtain the adsorption site density and
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adsorption free energy for each sample temperature. For these isotherms, the SHG
intensity is measured directly upon MG addition at t = 0 using a fresh liposome sample
for each MG concentration and temperature. The experimentally obtained isotherms are
fit using the modified Langmuir isotherm model to account for the reduction of the bulk
concentration of the adsorbate molecules due to the large cumulative surface area of the

colloidal liposome sample. The modified Langmuir model is given by?°37

N 2
Igne = A (Nmax) +B + Ma (3.1)
v (et SE) [(c+ Nmant ) 40N mas
and = (3.2)
Nmax ZNmax

where, N,.. IS the maximum adsorption site concentration, K is the adsorption
equilibrium constant, A is the SHG intensity at saturation, and C is the added dye
concentration. Additionally, N is the concentration of dye molecules adsorbed, B is the
baseline offset, M is the concentration of free dye molecules in solution, and « is the slope
obtained from free dye molecules alone in solution as a function of C. The fits of the
modified Langmuir model to the experimental results are shown in Figure 3.2b and the
corresponding fit parameters are listed in Table 3.1. The adsorption equilibrium constant
K is observed to decrease as temperature is increased. This may be a consequence of
increased counterion adsorption to the Stern layer under higher temperatures leading to
decreased the electrostatic attraction of MG to the bilayer surface. Additionally, the
adsorption site densities are found to have an opposite behavior, where higher
temperatures have increased maximum adsorption site concentration N,,,, values. This

is attributed to the increased mobility of counterions and the increase in area of the lipid
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headgroups at higher temperatures.>?°3 Increased counterion concentration at the bilayer
surface at higher temperatures also shields adsorbate-adsorbate repulsion, contributing

to the higher N,,,, values.1®

The free energy of adsorption, obtained from AG = —RT InK, is plotted as a
function of temperature, as shown in Figure 3.2c. The results are fit to a line with AG =
AH — TAS to provide the thermodynamic properties of the molecular adsorption to the
liposome surface, where 4H is the change in adsorption enthalpy, A4S is the change in
adsorption entropy, and T is the temperature. The calculated AH from the y-intercept is
-4.685 * 0.248 kcal/mol, indicating that the net change in adsorption enthalpy represents
an exothermic process. The calculated AS from the linear slope is 0.021 = 0.001
kcal/K-mol. This change in entropy is a full accounting of the adsorption process, including
the change in entropy of the adsorbate molecules as well as the overall liposome surface.
The molecular adsorption by itself should have a negative change in entropy as the dye
molecules are more ordered when adsorbed to the liposome surface. However, the
adsorbate molecules replace water molecules and counterions that were originally at the
liposome surface. Since each MG adsorbate molecule replaces numerous water
molecules and counterions due to their relative sizes, an overall increase of entropy
occurs upon adsorption when given a full account of all substituents. Our MD simulations
indicate that approximately 70 water molecules are replaced by each MG molecule upon
adsorption, as discussed in more detail in the Appendix B. Here, since AH is negative
and AS is positive, the process of MG adsorption to the DOPG liposome surface is
expected to be spontaneous at all agueous temperatures. A comparative study of MG

adsorption to colloidal polystyrene sulfate microspheres in water using temperature-
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dependent SHG measurements is included in the Appendix B, demonstrating the general
applicability of this technique for determining the thermodynamics of adsorption for a wide

variety of colloidal systems.

Molecular dynamics simulations are used to obtain additional information about
the interactions of MG molecules at the DOPG bilayer surface at two different
temperatures. The free energy profile for the adsorption of MG as a function of distance
in the z-direction between the COM of the MG molecule and the COM of the DOPG
membrane at the two different temperatures are displayed in Figure 3.3. According to the
free energy profile, at 313 K this adsorption process is essentially barrier-less, whereas
at 303 K there is a small energy barrier of ~0.5 kcal/mol (~2.1 kJ/mol) for the adsorption
process. Although MG is thermodynamically more favored to be adsorbed on the
membrane under both temperatures, the results in Figure 3.3 demonstrate that the
stability of the MG molecule inside the membrane is greater at higher temperatures. In
addition, during the initial equilibrium MD canonical simulations before performing the
umbrella sampling simulation, the MG molecule is seen to rapidly adsorb and penetrate
into the DOPG membrane at the higher temperature, whereas the adsorption process
takes much longer and displays less penetration at the lower temperature simulation as
discussed in the Appendix B. These results are consistent with the SHG experimental
observations, where MG transports faster through the bilayer and the corresponding AG

value is more negative as temperature increases.
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Figure 3.2 (a) Transport times as a function of MG concentration for DOPG liposomes at
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Adsorption free energy for MG with DOPG liposomes as a function of temperature (black
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Figure 3.3. Potential of mean force curves for the adsorption process of MG molecule to
DOPG lipid bilayer at temperatures of 303 K and 313 K as a function of distance along
the z-axis (which is perpendicular to the membrane-water interface) between the center
of mass of the membrane and the center of mass of the dye. The vertical dotted lines
represent the average interface for 303 K (black) and 313 K (red). The dashed lines
represent the normalized water number density calculated when the dye is far away from
the interface for 303 K (black) and 313 K (red).

Table 3.1. Fitting Parameters and Free Energies Obtained from Modified Langmuir Model

25 °C 30 °C 35°C 40 °C
K (107) 9.1+0.1 8.1+0.2 7.2+0.1 6.2+0.3
Nmax (UM) 54+0.2 57+0.4 6.0+0.1 6.9+0.3
A 1.0+0.01 0.85+0.01 0.69 £ 0.01 0.60 £ 0.01
-AG 10.8+0.1 10.9+£0.1 11.1+0.1 11.2+0.1
(kcal/mol)
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These SHG and MD studies also give important insight regarding the adsorbate
ordering and orientational distributions at the colloidal liposome surface in water. It is well
established that the SHG signal from colloidal nanoparticles depends on the orientation
angle of adsorbates, as well as the scattering angle and polarization configuration.2555-57
For our study, the SHG intensity at saturation A depends on both N,,,, and orientational
distribution of adsorbed MG at the liposome surface.'%2%58 Qur experimental results show
that A decreases as the temperature is increased, even as N,,,, iS observed to increase.
This suggests that the orientational distribution should also change as a function of
temperature, leading to the lower measured SHG signals. Our MD simulation results are
in excellent agreement with these observations, where the orientational distribution of the
dipole moment of adsorbed MG molecule broadens significantly at the higher
temperature, leading to decreased ordering and lower SHG signals, as discussed in
greater detail in the Appendix B. Previous studies on MG in DOPG liposomes showed a
more constant time-zero SHG signal under varying temperatures.** However, these
measurements were conducted at 90° collection angle, while our measurements are
performed in the forward direction, where different relative signal strengths from changes
in N,,q, and orientational distribution could explain the deviation in these experimental
observations. Overall, the SHG studies of MG adsorption and transport in DOPG
liposomes under varying temperature provides detailed information on fundamental
chemical interactions at a lipid bilayer in water that is complementary and consistent with

the corresponding MD simulations.
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3.4. Conclusion

The adsorption and transport of the small, cationic drug-like molecule, malachite
green, at the DOPG liposome surface in water is investigated using molecular dynamics
simulations and time-dependent second harmonic generation spectroscopy. The MD
simulations results are in excellent agreement with the experimental results,
demonstrating that the rate of transport is faster at higher temperatures. Additionally, the
SHG adsorption isotherm measurements indicate that the adsorbate concentration
increases while the free energy of adsorption becomes more negative as the temperature
is increased. By plotting the free energy as a function of temperature, the changes in
enthalpy and entropy are obtained, showing that the adsorption process is exothermic
with increasing entropy when taking a full account of all substituents. The MD simulations
also determine the temperature-dependent free energy curves of adsorption, the
orientational distributions of the adsorbate at the surface, and the number of water
molecules displaced upon adsorption, which all provide important context for interpreting
the SHG results. In summary, this study shows that temperature is a critical and sensitive
factor in quantifying chemical interactions with lipid bilayers, providing fundamental insight

that can help in developing potential membrane-based drug-delivery applications.
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Chapter 4. Monitoring Molecular Interactions with Cell Membranes
Using Time-Dependent Second Harmonic Generation Microscopy

4.1 Introduction

Cell membranes regulate critical interactions between cells and their external
environment through both passive and active transport of ions and small molecules.' 0 A
fundamental understanding about relevant physio-chemical interactions, like molecular
adsorption and transport, between molecules and biological membranes can provide
critical insights on mechanisms of molecular transport in cells.'1"14 Additionally, gaining
information about the role of environmental and intermolecular interactions on the
translocation of molecules through cell membranes is important for the development of
drug-delivery systems.’®® |n this regard, it is crucial to design new experimental
techniques that can characterize these complicated interactions in real time. In recent
years, time-resolved second harmonic generation (SHG) spectroscopy has been
successfully implemented as a label-free technique to interrogate the interfacial molecular
interactions at liposome surfaces and at cellular membranes.'>17.19-29 Qur previous
research demonstrated the use of SHG spectroscopy to study the impact of electrolytes,3°
chemical functional groups,® and temperature on adsorption and transport in cell
membrane models using liposomes composed of different phospholipids. Here, we report
the versatility of SHG microscopy to monitor molecular adsorption and transport in both

living and fixed (dead) human nonsmall adenosquamous lung cancer (H596) cells.

Second harmonic generation is a powerful, nonlinear optical technique for studying
buried interfaces such as biological membranes®-22:32-34 and colloidal nanoparticles.35-38

In SHG, two coherent photons of frequency w add to form a third photon with a frequency
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of 2w. The second-harmonic response from an ensemble of bulk molecules in an isotropic
distribution is zero for symmetry reasons.323%40 However, SHG is allowed at the surface
of nanoparticles and microparticles where the symmetry is broken. Thus, SHG
microscopy is a surface-sensitive technique for studying systems such as protein

networks,*14? surface potentials,*® and drug-binding interactions.*

SHG has been developed as an effective technique for characterizing molecular
adsorption and transport of drug-like molecules at bio-membranes. Cationic molecules,
such as malachite green (MG) and malachite green isothiocyanate (MGITC), adsorb to
the negatively-charged, outer bilayer surface of the membrane and subsequently
transport to the inner bilayer.?226:30.31 For membrane-based systems, the SHG signal of
the molecules adsorbed onto outer and inner hydrophilic membrane are approximately
equal and opposite. Thus, SHG signal decreases as a function of time and the generated
signal is approximately equal to the population difference of dye molecules attached to
outer and inner membrane layer respectively.16:17.19-21,23.26-29.32.3345 Recently, SHG
spectroscopy has been used to study the surface charge density of colloidal
nanoparticles,*® chemical reactions and growth dynamics at nanoparticle surfaces,36:38
molecular adsorption to colloidal plasmonic nanoparticles,*” and the release of miRNA
molecules from monometallic and bimetallic nanostructures.3>37:48-50 Additionally, SHG
spectroscopy has also been used to investigated the enhanced nonlinear signals from
molecular-based nanomaterials®! as well as electronic and structural properties at buried

interfaces of thin films.>2

In this chapter, SHG microscopy is utilized to investigate the adsorption and

transport kinetics of the positively-charged triphenylmethane molecules, malachite green
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and malachite green isothiocyanate, across the plasma membrane of human nonsmall
adenosquamous lung cancer cells. H596 lung cancer cells are selected as a model for
investigating the translocation of cationic drug-like molecules through a human small-cell
cancerous cell.>* The time-dependent SHG microscopy results provide direct information
about the molecular binding and associated transport kinetics. The molecular interactions
are compared between MG and MGITC to demonstrate the role of chemical functional
groups in these complicated processes. Additionally, the dynamics are also compared
between living and fixed cells to gain more information about the molecular transport
dynamics. The results indicate that these complicated chemical interactions at biological
membranes are influenced by several factors including electrostatic interactions,

chemical functional groups, and cell integrity.
4.2 Experimental Section
4.2.1 Cell Culture

H596 cells are provided by Dr. Molly Silvers and Dr. David Boothman at the
Simmons Cancer Center of the UT Southwest Medical Center.>3 Cell culture media, fetal
bovine serum albumin and all other supplements are purchased from American Type
Culture Collection (ATCC; manassas, VA). H596 cells are cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 10 IU mL™! penicillin, 10 ugmL™?!
streptomycin (Life Technologies), and Normocin (Invivogen, Fisher Scientific). Cells are
incubated in 75 cm™? treated tissue culture flasks in the dark at 37 °C under 5% CO: and
95% air in a humidified incubator. Upon reaching 70% confluency, cells are tryspinized
and counted. Cells are then seeded into Delta T dishes (Bioptechs) at 100,000 cells per

dish. After cells are seeded into the dish, they are incubated in the dark at 37 °C under
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5% CO2 and 95% air in a humidified incubator for 24 hours before being used in the

microscopy experiments.

4.2.2 Experimental setup

The experimental setup consists of an ultrafast laser system, a resonant scanning
multiphoton confocal inverted microscope (Leica Microsystem SP5), and a highly
sensitive non-descanned modular type photomultiplier tube (PMT) detector. The
titanium:sapphire oscillator laser is centered at 850 nm with 70 fs pulses at an 84 MHz
repetition rate. The laser beam is collimated to and attenuated to approximately 10 m\W at
the objective focus in the SHG imaging experiments. The laser beam is focused onto a
cell specimen through a 100X 1.47 NA oil, high numerical aperture objective (Olympus)
forimaging cells. The SHG emission is collected in the backward direction using the same
objective by selecting a filter cube (680 nm Short Pass filter) equipped with 320-430 nm
range band-pass filter and detected by sensitive PMT. LAS X software (Leica
Microsystems) is employed for laser scanning control and image acquisition. Image sizes
are of 1024 X 1024 pixels captured at 400 Hz pixel rate and an acquisition time of 30
seconds is used between successive frames. The cell samples are deposited on Delta T
dishes with 1.5 mL of 10 mM phosphate-buffered saline solution at pH 7.4. All
experiments are performed by closing the microscope box for carbon dioxide regulation

and temperature control at 37 °C to ensure live cell imaging.
4.3 Results and Discussion
Figure 4.1 shows time-dependent SHG microscopy images of 0.1 uM MGITC

added to a H596 cell sample. At time zero, when MGITC is added to the cell sample, the
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SHG image initially shows only a very low amount of background signal. However, after
waiting 25 minutes, a clear SHG image of the cell is observed. This indicates the
adsorption of dye molecules onto the outer surface of the cell membrane. The
electrostatic and dipole-dipole interaction between the MGITC dye molecule and
negatively-charged membrane surface results in an ordered arrangement of the SHG-
active MGITC molecules at the cell membrane interface, leading to significant
enhancement of the SHG signal. The SHG intensity becomes stronger at 34 minutes
indicating increased MGITC adsorption to the outer cell membrane surface. However, at
45 minutes the SHG image intensity decreases due to the transport of dye molecules
from outer surface to inner surface of living H596 cell membrane. Additionally, at 80
minutes, the SHG image almost completely disappears, resembling the SHG image from
time zero before MGITC adsorption takes place, due to approximately equal MGITC
populations at the inner and outer membrane surface at equilibrium and the resulting

cancellation of the SHG signal.

0 min 25 min 34 min 45 min 80 min

Figure 4.1. Time-dependent SHG microscopy images of 0.1 yM MGITC added to living
H596 cells.

Similarly, Figure 4.2 displays the time-dependent SHG microscopy images of 0.1
MM MG added to the H596 cell sample. The obtained results have a similar trend, where

no clear SHG image is observed at 0 minutes, immediately after MG addition to the cell
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sample. The SHG intensity then slowly grows over time, where a bright image of the cell
is clearly observed at 75 minutes, due to MG adsorption to the outer membrane surface.
The SHG intensity then slowly decreases as a function of time from the ensemble
molecular transport of the dye molecules. At 120 minutes, the SHG image has a very low
SHG intensity, indicating almost complete cancellation of the signal. Control experiments
with cells alone and dye molecules alone also show very small SHG signal, as displayed
in Appendix C. The experiments with cells alone or dye alone do not show any time-

dependent dynamics from surface-specific SHG signals.

-

0 min 60 min 75 min 100 min 120 min

Figure 4.2. Time-dependent SHG microscopy images of 0.1 yuM MG added to living
H596 cells.

H596 cells fixed with 4% formaldehyde are also studied to investigate the
difference in molecular interactions between living and fixed cells. Figure 4.3 shows the
time-dependent SHG microscopy images after addition of 0.1 uM MGITC dye in a sample
of fixed H596 cells. The time-resolved images demonstrate the same general trend seen
in Figures 4.1 and 4.2 due to molecular adsorption and transport. However, the
appearance of living and fixed H596 are found to be considerably different. Living cells
are circular, with an approximate size of 25 um, whereas fixed cells are noticeably
elongated as these cells are adhered to the surface, in general agreement with the

previous H596 imaging studies.> The time required for MGITC molecules to reach
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maximum SHG intensity in fixed cells is approximately 33 minutes. Additional
observations, such as the decay time and heterogeneity of SHG signals in the fixed cells
are described with comparisons to the living cells later in the Chapter. A similar SHG
microscopy measurement with MGITC added to the fixed H596 cell sample under the
same experimental conditions is presented in Appendix C, showing general agreement

and reproducibility.

0 min 37 min 55 min 79 min 162 min

Figure 4.3. Time-dependent SHG microscopy images of 0.1 yM MGITC added to fixed
H596 cells.

The time-resolved SHG microscopy results are analyzed in greater detail by
focusing on different regions of interest (ROIs) for additional information regarding the
variation of the SHG intensity as a function of time. Figures 4.4 and 4.5 show the 0.1 uM
MGITC and 0.1 uM MG results, respectively, analyzed at different ROIs in the living cell
samples. Five distinct ROIs with areas of 3.2 x 3.2 um? are compared for each
experiment, where the ROI locations are indicated in Figures 4.4a and 4.5a, respectively,
and the corresponding SHG intensity time profiles are shown in Figures 4.4b and 4.5b,
respectively. The average of the five ROls is plotted as a function of time for MGITC and
MG added to the H596 cell samples, as shown in Figures 4.4c and 4.5c, respectively.
The results demonstrate that MGITC takes approximately 34 minutes to reach peak SHG

intensity while MG adsorption occurs more slowly, taking approximately 75 minutes to
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reach peak SHG intensity in the living H596 cells. This indicates a stronger molecule-
membrane interaction with MGITC as compared to MG. Our previous studies with
different phospholipid liposomes determined that the free energy of adsorption is more
negative for MGITC than for MG, in agreement with these SHG microscopy results on

cells.3!
The SHG decay profile is fitted with a single exponential function given by
ESHG (t) = ao + ale_t/T (42)

to obtain the corresponding transport lifetime 7 for MGITC and MG in the living cells.
These best fits are shown as solid black lines in Figures 4.4c and 4.5c. The transport
lifetime is approximately 2.5 times faster for MGITC in comparison to MG, with the values
of 8 + 1 minutes and 21 + 4 minutes, respectively. MG and MGITC have similar chemical
structures and spectroscopic properties.3? However, the added isothiocyanate group in
MGITC enhances the interactions with the lipid bilayer, as discussed in our previous study
of colloidal liposomes.3! The faster transport lifetime for MGITC as compared to that of
MG is in agreement with our previous work on liposomes, which includes molecular
dynamics simulations. The calculated dipole moment of MGITC is approximately 4 times
greater than that of MG, and MGITC has a larger distribution coefficient and polar surface
area than MG.3%3! These factors make MGITC more lipophilic than MG, while also having
much larger dipole-dipole interactions with the lipid bilayer, contributing to the observed
faster molecular transport. Additionally, previous results in the literature from SHG
microscopy of MG in human dermal fibroblast cells is measured with a transport lifetime

of approximately 20 + 1 minutes, in general agreement with our results.6
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Figure 4.4. (a) Representative zoomed SHG image for 0.1 pM MGITC added to living
H596 cells at 33 minutes, showing different ROIs. Time profiles for molecular adsorption
and transport for 0.1 uM MGITC added to living H596 cells (b) at different ROIs and (c)
using the average of all ROIs. The black solid line is best fit.
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Figure 4.5. (a) Representative zoomed SHG image for 0.1 uM MG added to living H596
cells at 75 minutes, showing different ROIs. Time profiles for molecular adsorption and
transport for 0.1 uM MGITC added to living H596 cells (b) at different ROIs and (c)
using the average of all ROIs. The black solid line is best fit.
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Interestingly, the time-resolved results for living H596 cells show clear the
oscillations in SHG signal for both MGITC and MG molecules, as shown in Figure 4.4 and
4.5. These oscillatory behaviors were not seen in our previous studies with liposomes.
These oscillations may be the result of active transport taking place in the living cells
which might be linked to complicated changes in the electrostatic surface potential of the
membrane during the molecular translocation process. This will be discussed in greater

detail later in the Chapter.

The SHG time profiles from five ROIs from 0.1 uM MGITC added to the fixed H596
cell sample are shown in Figure 4.6 for direct comparison with living H596 cells. The SHG
intensity time profiles show greater heterogeneity at different locations of the membrane
for fixed H596 cells. The transport lifetime is determined from the exponential fit of the
decay from the average of the ROI signals, which is shown with the black line in Figure
4.6¢. The transport lifetime of MGITC is approximately 2 times faster in living cells in
comparison to fixed cells with the values of 8 +1minutes and 17 % 1 minutes,
respectively. Correspondingly, the time to reach peak SHG signal is approximately 34
minutes and 55 minutes for living and fixed cells, respectively. Cell regulation process,
where ion channels try to rebalance the perturbed electrostatic potential of the cell
membrane because of molecule adsorption, could contribute to the faster transport. The
living cells can also have higher membrane permeability in comparison to the fixed cells
leading to faster transport times. More work is needed to fully understand these

interactions in greater detail.

78



0.1 uM MGITC in fixed H596 Cells
ROI1 ™9 ROI2 ROI 3

0.8 — ROI 4 ™ ROI5

SHG Intensity (arb. units)

0 50 i _ 100 150
Time (min)
1.0 1
0.1 pM MGITC in fixed H596 Cells

T 08 =¥ Average of all ROI
s = Eynonential Fit
>
o]
& 0.6 —
2
‘0
$ 0.4
=
s
& 0.2

0.0 —

. . 100
Time (min)

Figure 4.6 (a) Representative zoomed SHG image for 0.1 puM MGITC added to fixed
H596 cells at 55 minutes, showing different ROIs. Time profiles for molecular adsorption
and transport for 0.1 uM MGITC added to fixed H596 cells (b) at different ROIs and (c)
using the average of all ROIs. The black solid line is best fit.
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The time-dependent SHG results for 0.1 uM MGITC dye added to fixed H596 cells
shows significant heterogeneity in signals. Previous work has demonstrated that
molecular translocation can vary as a function of location on the cell membrane, as we
observe in our studies.’® Membranes have heterogeneous lipid compositions®>-8 where
the cationic dye molecules could adsorb rapidly in some locations while having slower or
no adsorption in other locations due to variations in surface charge and chemical structure
near the membrane surface. The fixed cells can also have a lower degree of membrane
integrity leading to increased dye aggregation, which can also lead to the observed

variations in signal.

The time-resolved SHG microscopy analysis, shown in Figures 4.4 and 4.5,
demonstrate that the SHG intensities decay with pronounced fluctuations in the living
H596 cell samples. However, the corresponding results for fixed H596 cells show
considerably less fluctuation. The average frequency of oscillation, determined from the
difference of peak oscillation times, is 0.0021 + 0.0004 s~ and 0.0036 + 0.0004 s~ for
MGITC and MG, respectively. These fluctuations in living cells may be caused by active
transport where the cell uses its energy to pump ions®%% such as Na*, K*, Ca?*, or H* into
and out of the cell in order to balance the sudden changes in pH and electrostatic surface
potential at the cell membrane as the dye molecules adsorb and transport through the
bilayer. These sudden changes could lead to the observed fluctuations in SHG signal
caused by resulting changes in the y® and y® terms of the overall nonlinear
susceptibility.32:40:46.60.61 Additionally, the cycles of rising and falling SHG intensities could
be attributed to dynamic imbalances in molecular concentrations, surface charge, and pH

as the cell attempts to regulate its cell membrane surface chemistry as the dye adsorption
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and passive transport processes take place. For the fixed cells, no active transport is
occurring so clear oscillations in the SHG intensity are not observed. This difference
between living and fixed cells could also indicate a defensive mechanism in living cells in
response to the foreign dye molecules. Different cell lines could have different responses
and types of oscillatory SHG signals, which will be explored in future studies. The time

traces integrated over the entire cells are also shown in Appendix C.

Figure 4.7. Schematic representation of active and passive transport occurring in H596
cells studied using SHG microscopy.

A key concept describing the utilization of SHG microscopy to study active and
passive transport at the cell membrane is represented schematically in Figure 4.7.
Molecular adsorption of MG or MGITC molecules to the outer cell membrane occurs
followed by passive transport through the lipid bilayer. Concurrently, ion channels pump

different ions into and out of the cell in order to regulate the cell membrane electrostatic
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potential and local pH, which can lead to deviations in the adsorption and transport
dynamics as well as the observed oscillatory behaviors. The changes in the adsorbate
populations at the inner and outer membrane surfaces are probed in real time using SHG
microscopy during the molecular adsorption and transport process until an overall final
state of equilibrium is reached. This technique is demonstrated to be a powerful
framework for future studies where these adsorption and transport dynamics can be
studied under varying experimental conditions that include the buffer and electrolyte
concentrations as well as the sample temperature. Similarly, these experiments can be
repeated under different dye concentrations to better understand the mechanism of the
associated active and passive transport that occurs. Future molecular translocation
investigations with different cell lines, such as human dermal fibroblasts or murine
erythroleukemia cells, can be performed with comparisons to previous SHG studies.6:28
Similarly, different types of ion pumps and their roles in translocation can be studied for
developing fundamental characterizations of active and passive transport occurring in

cellular membranes using different SHG-active chemical probes.
4.4 Conclusion

In summary, SHG microscopy is demonstrated to be a powerful technique for
studying the physiochemical interactions of different cationic dyes with H596 cells. The
experimental results are analyzed to determine associated information on transport
kinetics across the cell membrane. MGITC is shown to have stronger binding and faster
translocation in comparison to MG in the cell membrane, in excellent agreement with our
previous work on liposomes. Additionally, the molecular interactions are stronger and

faster in living cells in comparison to the fixed cells. Clear oscillations in the SHG signal
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are observed in the living cells but not in fixed cells which are attributed to more
complicated processes involving active transport for cell membrane regulation of pH and
electrostatic potential. These results show that time-dependent SHG microscopy is an
excellent technique for investigating the surface-sensitive molecular interactions at cell

membranes in living and fixed cells for advancing potential drug-delivery applications.
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Chapter 5. Plasmon-Resonant Light-Triggered Photothermal Release
of miRNA from the Surface of Colloidal Gold and Silver Nanoparticles
Studied with Second Harmonic Generation Spectroscopy

5.1 Introduction

Thermally-labile linkers enable the development of nanoparticle-based delivery
systems for the spatiotemporal release of “cargo” molecules into selected target sites.'®
Nanoparticle-based systems like liposomes,®® hydrogels,®1! and micelles*'%13 rely upon
changes in local environment to induce the delivery of cargo molecules, such as
pharmaceuticals, oligonucleotides, or chemotherapeutics agents. However, the
controlled and precise release of the cargo molecules can be achieved by applying
external-based triggers like light,*41> magnetic fields,'%'" or electric fields.'®1° Here, we
demonstrate the wuse of surface-specific second harmonic generation (SHG)
spectroscopy to study the interfacial dynamics at different colloidal plasmonic
nanoparticles functionalized with microRNA (miRNA) mimics using a furan-malemide
based Diels-Alder adduct for light-triggered photothermal release of miRNA molecules at
their corresponding plasmonic resonances. Plasmonic nanoparticles like gold
nanoparticles (GNPs) and silver nanoparticles (SNPs) are promising candidates for a
wide variety of biomedical applications.'>2025> These nanoparticles offer low toxicity,
excellent biocompatibility, and chemical control of surface functionalities. Additionally,
gold and silver nanoparticles have localized surface plasmon resonances (LSPRS)

characterized by the coherent and collective oscillation of free electrons excited by

Section 5.3 in this chapter has been reprinted with permission from [Abu-Laban,
M.; Hamal, P.; Arrizabalaga, J. H.; Forghani, A.; Dikkumbura, A. S.; Kumal, R. R.; Haber, L. H.;
Hayes, D. J. Combinatorial Delivery of miRNA-Nanoparticle Conjugates in Human Adipose Stem
Cells for Amplified Osteogenesis. Small 2019]. Copyright [2019] John Wiley and Sons.
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electromagnetic radiation.?>2631 | SPR properties depend on the shape, size,
composition, and surrounding medium of the nanoparticles.?0:22-24.29.30.32 These plasmon
resonances can cause optical field enhancements leading to applications in noninvasive
bioimaging, biolabeling, and enhanced nonlinear spectroscopy, while also providing the
origin of high plasmonic photothermal efficiencies.'>333% The photothermal efficiency in
plasmonic nanoparticles is defined as the percentage of light energy that is converted to
heat energy, which is highly dependent on both absorption and scattering cross
sections.3%-38 Recently, bimetallic nanoparticles in core-shell configurations have offered
unique tailored optical properties extending to the near-infrared region (NIR).1%2228
Nanoparticles with optical properties in the NIR biological window are advantageous for
potential applications in nanomedicine,®* photothermal cancer therapy,®® and gene-
silencing applications?® due to the extended optical penetration and decreased harmful

effects using NIR light as compared to the visible or ultraviolet regions.

Second harmonic generation is a noninvasive, nondestructive, surface-sensitive,
nonlinear spectroscopy for characterizing physical and chemical properties at colloidal
nanoparticle interfaces.??3%.3%42 |n the SHG process, two incident photons of frequency
w add coherently to generate a third photon with a frequency of 2w. SHG is dipole
forbidden in centrosymmetric media, like bulk solution, but it can be generated at the
surface of nanoparticles where the symmetry is broken. Recently, SHG has been used
as an accurate method to determine molecular adsorption and chemical reactions at
nanoparticle surfaces,3%3 ion-transport processes in liposomes,*%445 and the release of

oligonucleotides from the surface of plasmonic nanoparticles.?1-24.51
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The SHG electric field Es; depends on the second-order and third-order nonlinear
optical susceptibilities, y® and y®, respectively. The SHG electric field can be

expressed as

ESHG = vV ISHG = X(Z)EwEa) + X(g)EwEa)qu (51)

where, Iy is the SHG intensity, E,, is the incident optical electric field at frequency w,
and ¢, is the electrostatic surface potential arising from the nanoparticle surface charge
density.29:31:39.41.52:55 The second-order nonlinear susceptibility y term for SHG is from
the two-photon spectroscopy of the surface.3®52 Additionally, the static electric field
created by the charged interface results in the third-order nonlinear susceptibility ¥ term
for SHG caused by bulk solvent molecules that have a distance-dependent net alignment

with respect to the nanoparticle surface due to the electrostatic potential.>*-56

In our group’s previous studies, we have investigated the photocleaving kinetics of
mMiRNA from the surface of gold and silver nanoparticle with nitrobenzyl linkers using SHG
spectroscopy under ultraviolet irradiation.?324 Recently, we also used SHG to study the
retro-Diels-Alder photothermal release of miRNA from the surface of silver nanoparticles
under different temperatures.?! The current study described in this chapter focuses on
comparing the efficiency of the photothermal release of miRNA from different plasmonic
nanoparticles at their corresponding plasmon resonances. The experimental setup uses
a probe laser at 800 nm to generate SHG signals from the colloidal nanoparticle solution.
A second laser is tuned in wavelength to the nanoparticle plasmon resonance to trigger
the photothermal cleaving of the Diels-Alder linker that attaches the miRNA to the

nanoparticle surface. Colloidal gold, silver, and gold-silver-gold core-shell-shell
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(AU@Ag@AuU CSS) nanoparticles are synthesized and functionalized with miRNA
molecules using Diels-Alder chemistry of furfuryl mercaptan with 6-maleimidohexanoic
acid. Upon photothermal excitation at the plasmon resonance, a retro-Diels-Alder reaction
is initiated when the local temperature around the nanoparticle surface reaches
approximately 60 °C or greater,2%%’ releasing the miRNA into the surrounding solution.
The fluorophore Alexa350 is attached to the end of the miRNA for fluorescence
guantification measurements. The Scheme 5.1. shows the schematic representation of

MiRNA attachment and release from a CSS nanoparticle using Diels-Alder chemistry.
’“F SiRNA-148b
4“,8 | ] z J//j \/\/*
NIR Irradiation

g@ VeV
A f

Scheme 5.1. The miRNA is attached to the surface of gold-silver-gold core-shell-shell
nanoparticles using Diels-Alder chemistry. NIR irradiation causes photothermal cleaving
and miRNA release.
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5.2 Experimental Section
5.2.1 Synthesis and Characterization of Plasmonic nanoparticles

The gold and silver nanoparticles are prepared in colloidal aqueous suspension
using chemical reduction of chloroauric acid and silver nitrate, respectively.?83158:59 Al
chemicals are purchased from Alfa Aesar and used without further purification in ultrapure
water. The colloidal gold nanoparticle sample is prepared by a seeded-growth method
using hydroquinone and sodium citrate as reducing agents. Briefly, an aqueous solution
of 300 pL of 25 mM chloroauric acid in 30 mL of ultrapure water is brought to reflux under
vigorous stirring conditions, followed by the addition of 900 pL of 34 mM sodium citrate to
synthesize gold seeds. The colloidal gold seed solution undergoes a color change from
pale yellow to deep red after 15 min and is then removed from heating and cooled to room
temperature (RT). For the seeded-growth synthesis of gold nanoparticles, 200 pL of
prepared gold seeds and 100 pL of 25 mM chloroauric acid are added to 10 mL of water,
followed by the addition of 30 pL of 34 mM sodium citrate, and 100 pL of 30 mM
hydroquinone at RT under vigorous stirring conditions for 60 min. For the silver
nanoparticle synthesis, an aqueous solution is first made by mixing 250 pyL of 59 mM
silver nitrate, 1 mL of 34 mM sodium citrate, 30 pL of 98 uM potassium iodide, and 1.25
mL of ultrapure water. This solution is added to 100 pL of 100 mM ascorbic acid solution
in 47.5 mL of boiling water and the mixture is refluxed for 60 min under vigorous stirring

conditions to prepare the silver nanoparticles.

For the synthesis of colloidal Au@Ag@Au CSS nanoparticles, a three step
procedure is followed.??>2® Briefly, an aqueous solution of 300 uL of 25 mM chloroauric

acid in 30 mL of ultrapure water is brought to reflux under vigorous stirring conditions,
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followed by the addition of 900 pL of 34 mM sodium citrate to synthesize GNPs. Three
aliquots of 60 pL of 100 mM ascorbic acid, 15 pL of 100 mM silver nitrate, and 75 pL of
100 mM sodium hydroxide are added to 10 mL of water containing 300 uL of Au seeds at
RT under vigorous stirring conditions to synthesize Au@Ag CS NPs. The last gold shell
is grown by adding 100 uL of 25 mM chloroauric acid, followed by the addition of 25 pL
of 34 mM sodium citrate and 10 uL of 30 mM hydroquinone at RT under vigorous stirring

conditions.

The synthesized nanoparticles are functionalized with miRNA molecules. GNPs
and CSS nanoparticles are functionalized with the miR-148b whereas SNPs are
functionalized with miR-21. The sequences of these miRNA are 3’ C6-NH2 2’OMe CAA
CAC CAG UCG AUG GGC UGU Cy3 5 for miR-21 and 5° C6-NH2 2’OMe UCA GUG
CAU CAC AGA ACU UUG U 6-FAM 3’ for miR-148b. The surfaces are first conjugated
with thiol- and carboxyl- terminated Diels-Alder cycloadducts. Briefly, 2.11 g of 6-
maleimidohexanoic acid and 0.5 g of 2-furanmethanethiol are mixed in 20 mL of 1:1
methanol and dichloromethane for 7 days. The linkers are then mixed with the
nanoparticles at approximately 8 x 10° particles/mL in 1 mL aliquots for 24 h at RT to
allow for surface attachment through thiol linkage. For oligonucleotide addition, the
nanoparticles are first centrifuged at 10,000 g for 10 min, removing the supernatant and
resuspending in isopropanol three successive times, followed by mixing with 100 uL of
100 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-
hydroxysuccinimide (EDC/NHS) and the respective 5’-amine miRNA mimics (4 uM, 30
uL) for 24 h at RT to allow for covalent coupling. Verification of conjugation is tested after

centrifugation and resuspension in diethyl pyrocarbonate (DEPC) water, by displacing the
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ligands with 10 pL tris(2-carboxyethyl) phosphine hydrochloride solution (TCEP)
treatment, and measuring supernatant fluorescence at 525 nm for FAM, and 575 nm for
Cy3. Additional details on these fluorescent labels FAM and Cy3 are included in Appendix

D.

The representative transmission electron microscopy images for GNPs seeds,
GNPs, and SNPs are shown in Figure 5.1. Similarly, representative TEM images for
colloidal Au@Ag@Au CSS nanopatrticle are shown in Figure 5.2. The nanoparticles are
highly monodisperse and spherical. The measured sizes for the GNP seeds, GNPs, and
SNPs are 14 £ 1 nm, 68 + 1 nm, 50 £ 6 nm, respectively, which are shown in Figure 5.1.
The measured sizes for the GNP seeds, Au@Ag CS nanopatrticles, and Au@Ag@Au
CSS nanoparticles are 14 £ 1 nm, 60 £ 10 nm, and 109 + 5 nm, respectively, which are
shown in Figure 5.2. The dynamic light scattering (DLS) measurements for the miRNA-
functionalized nanoparticles are shown in Appendix D. For each case, the average
hydrodynamic size of nanoparticle sample is found to increase after attaching the miRNA
to the nanoparticle surface, in agreement with our previous studies.?®>2* Additionally, the
corresponding zeta potentials of the nanoparticles alone and miRNA-functionalized
nanoparticles are shown in Appendix D. The surface charge density of the nanoparticle
interface increases after miRNA functionalization, which correspondingly increases the
magnitude of the zeta potential for nanoparticles with miRNA in comparison to
nanoparticles without miRNA. Figure 5.3 shows the representative extinction spectra for
GNPs and SNPs with and without miRNA. The extinction spectra show a slight red-
shifting as nanoparticles are functionalized with miRNA. Additional details on extinction

spectroscopy results before and after release of miRNA are discussed in Appendix D. For
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the CSS nanoparticles, the plasmon peak blue shifts on addition of the silver shell and
then red shifts on addition of the outer gold shell. The optical properties of CSS
nanopatrticles are located in the NIR region. The NIR region is better suited for light-
triggered biological applications as deep tissue penetration and minimal tissue damage

occur using this optical irradiation.3334

20,

Figure 5.1. Representative TEM images of (a) GNPs seeds, (b) GNPs, and (c) SNPs,
respectively.

= o

Figure 5.2. Representative TEM images of (a) GNPs seeds, (b) Au@Ag core-shell
nanoparticles, and (c) Au@Ag@Au core-shell-shell nanopatrticles, respectively.
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Figure 5.3. Representative extinction spectra of (a) SNPs and (b) GNPs before and after
mMiRNA functionalization. (c) Extinction spectra of GNP seeds, Au@Ag core-shell
nanoparticles, and Au@Ag@Au core-shell-shell nanopatrticles.

5.2.2 Experimental setup

The experimental setup for the second harmonic generation (SHG), which consists
of an ultrafast laser system, an optical setup, and a high-sensitivity spectroscopy detector,
has been described previously.?122:25 A portion of the Titanium:sapphire oscillator laser
beam, centered at 800 nm with 75 fs pulses at 80 MHz repetition rate and an average
power of 2.6 W, is used to seed the amplifier laser which pumps an optical parametric
amplifier (OPA) for tunable-wavelength laser light. The beam from the OPA is used for
irradiation studies at 400 nm and 530 nm, corresponding to the plasmon resonances of

the silver and gold nanoparticles, respectively. However for the CSS nanoparticles, the
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laser beam produced from the amplifier laser at 800 nm is used directly for the irradiation
studies, corresponding to the CSS plasmon resonance. For SHG measurements, the
remaining portion of the 800 nm oscillator laser is attenuated to an average power of 790
mW and is focused to a 1 cm quartz cuvette containing the nanoparticle sample. An
integrated data acquisition program controls a magnetic stir bar and a beam block to open
and shut every 20 s for collecting the SHG and background spectra in order to measure

the background-subtracted SHG signal as a function of time.
5.3 Results and Discussion

The release of miRNA from the surface of gold and silver plasmonic nanoparticles
is measured in real time using surface-specific SHG spectroscopy. Representative SHG
spectra, centered at 400 nm with a full width half-maximum of approximately 4.5 nm, of
nanoparticles and miRNA complex are shown in Figure 5.4. The miRNA-functionalized
nanoparticles have higher SHG intensities than the corresponding nanoparticles without
miRNA functionalization due to the increased surface charge density through the y®
effect, in agreement with our previous results.?*2> Upon irradiation at the nanoparticle’s
plasmon resonance, the nanoparticle absorbs energy, which leads to the cleaving of the
linker and the subsequent release of miRNA into solution, resulting in a lower SHG
intensity, as shown in Figure 5.4. These cleaving dynamics are caused by a photothermal
response of the plasmonic nanopatrticles or by generated hot electrons from the plasmon

resonance leading to cleaving of the linker, or by a combination of these two processes.

98



[EnY
o
|

GNP-miR-148b
530 nm Irradiation
B QO min ™= 10 min

o
o
]

o o
N ()]
] ]

Intensity (arb. units)
X
L

0.0 —

T T T T T T T
385 390 395 400 405 410 415
Wavelength (nm)

SNP-miR-21
0.8 4 [400 nm Irradiation
= Omin ™= 10 min

Intensity (arb. units)
¥
L

0.0 T T T T T T

385 390 395 400 405 410 415
Wavelength (nm)

600 — siRNA-CSS under
NIR Irradiation
500 — B 0 min

N 15 min

5 min

400 —

300 —

SHG Intensity (arb. units)

385 390 395 400 405 410 415 420
Wavelength (nm)

Figure 5.4. Representative SHG spectra of (a) SNPs, (b) GNPs, and (c) CSS
nanoparticles at different irradiation times at their corresponding plasmon resonances.
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The time-dependent SHG experiments for three sets of nanopatrticles are analyzed
using power-dependent fits. Higher irradiation powers lead to faster and more complete
photothermal cleaving, as shown in Figure 5.5. The experimentally obtained results are
fit to a pseudo first-order exponential function given by Esy; = A + B e **where k is the
cleaving rate and A and B are proportionality constants. The values of the fit parameters
are summarized in Appendix D. Figure 5.5c displays the obtained rate constants k plotted
as a function of laser power for the gold and silver nanoparticles, with corresponding
linear fits. The obtained slopes from the fits are (0.007 + 0.001) s~'mW~—"and (0.011 +
0.001) s~"mwW~"for the gold and silver nanoparticles, respectively. Similarly, the obtained
y-intercepts from the fits are (0.471 + 0.166) s~! and (0.366 + 0.147) s~ for the gold and
silver nanoparticles, respectively. The nonzero y-intercepts are caused by a small amount
of cleaving caused by the 800 nm laser needed for the SHG measurements. These
experimental results indicate that the photothermal release of mIRNA at the
corresponding plasmon resonance is approximately 1.5 times more efficient for silver
nanoparticles. This result can be attributed to a higher concentration of hot electron
formation in silver nanoparticles leading to higher cleaving efficiencies,®® although more
research is needed to study this process in greater detail. Additionally, control
experiments show that the SNP-miR-21 complex has only minimal cleaving upon
irradiation with 530 nm, as displayed in Figure 5.5a. In contrast, the GNP-miR-148b
complex has a greater amount of cleaving upon irradiation at 400 nm, as shown in Figure
5.5b. The gold nanoparticle plasmon peak is centered near 530 nm; however, the gold
nanoparticles still have significant absorption near 400 nm, as displayed in Figure 5.3b.

This absorption at 400 nm can raise the local temperature of the gold nanoparticle surface
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leading to the photothermal release of miRNA and the corresponding decrease in the

SHG intensity that is observed.
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Figure 5.5. SHG intensity of the miRNA-functionalized (a) silver and (b) gold nanoparticles
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respectively. (c) Rate constants plotted as a function of laser power.
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Figure 5.7a shows the power-dependent analysis of the photothermal release of
miRNA from CSS nanoparticle systems. The time-resolved results have a similar
behavior as gold and silver nanopatrticle where miRNA molecules are releasing from CSS
nanoparticle surface leading to a decrease in SHG intensity. Additionally, Figure 5.7b
shows the obtained rate constants plotted as a function of irradiation laser power.
Interestingly, in comparison to gold and silver nanoparticles, CSS nanoparticles have a
different behavior where the rate constant values plateau after approximately 100 mW,
indicating the complete release of miRNA above this irradiation power is not limited by
the laser power but is instead limited by the diffusion of nanoparticles through the aqueous
solution through the laser focus. For SNPs and GNPs, 200 mW of irradiation still shows
increasing cleaving rates, where a plateau is not observed. This result indicates that the
CSS nanopatrticles have a higher photothermal response, which could be attributed to a
faster phonon-phonon relaxation lifetime. The phonon-phonon relaxation lifetime of GNPs
and SNPs are approximately 100 ps?®6! and 85 ps,®! respectively. However, the phonon-
phonon relaxation lifetime of CSS nanoparticles is approximately 24 ps,?® leading to
enhanced photothermal properties. However, more work is needed to fully characterize

the photothermal response of each plasmonic nanoparticle sample.

Additional characterizations techniques such as extinction spectroscopy,
fluorescence spectroscopy, zeta-potential measurements, and confocal imaging results
are presented in Appendix D and are in general agreement with these SHG observations.
In summary, these studies demonstrate the potential of plasmonic nanoparticles for
photothermal release of small biological “cargo” molecules in real time. These

investigations of release kinetics of miRNA molecules from plasmonic nanoparticles using
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SHG spectroscopy provide detailed information for developing targeted drug-delivery

applications.
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Figure 5.7. (a) SHG intensity of the miRNA-functionalized CSS nanoparticles as a
function of time under varying laser irradiation powers under NIR irradiation. (b) Rate
constants plotted as a function of laser irradiation power.
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5.4 Conclusion

The photothermal release of miRNA from colloidal plasmonic nanoparticles are
investigated at their corresponding plasmon resonances using time-dependent SHG
spectroscopy. The miRNA is attached to the nanoparticle surface using a thermally-
cleavable linker prepared from Diels-Alder chemistry. The complete release of miRNA
occurs at lower power for CSS nanoparticle in comparison to GNPs and SNPs indicating
greater photothermal response of CSS nanoparticle at its corresponding plasmon
resonance. Additionally, the results from extinction spectroscopy, fluorescence
spectroscopy, zeta-potential measurements, and confocal microscopy imaging agrees
with the general observations from SHG measurements. These results provide a
framework for developing potential nanoparticle-based light-triggered drug-delivery

applications.
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Chapter 6. Concluding Remarks

6.1. Summary

Nanoparticle-based drug-delivery systems have long been an intriguing focus of
study and an enormous amount of knowledge has been obtained through experimental
and theoretical investigations. In this thesis, | have used the nonlinear optical technique
of second harmonic generation to study two different types of nanoparticle systems;

biological membranes and plasmonic nanoparticles.

Membrane-based liposome systems are studied using second harmonic
generation spectroscopy for drug-like cationic molecules to determine adsorption free
energies, adsorbate concentrations, and molecular transport lifetimes. These molecule-
membrane interactions are influenced by electrolytes, chemical functional groups,
temperature, and the local environment.! Additionally, second harmonic generation
microscopy is used for imaging and characterization of molecular adsorption and
transport in living and dead H596 cells. The results are consistent with the general
concepts of molecular translocation developed in our liposome studies. The results also
show an interesting trend of time-dependent oscillations in the SHG signal in living cells
but not in fixed, dead cells, which is attributed to dynamic cycles of active transport of
ions by the cells in order to regulate membrane potential and local pH. Similarly, the
investigations are in agreement with our liposome work, where chemical functional groups
such as isothiocyanate is demonstrated to have a huge influence on molecule-membrane

interactions in H596 cells.
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Plasmonic nanoparticles are synthesized and functionalized with drug-like miRNA
molecules to study the photothermal release kinetics in colloidal gold, silver, and gold-
silver-gold core-shell-shell plasmonic nanoparticles under irradiation at their
corresponding plasmon resonances with monitoring using time-dependent second
harmonic generation spectroscopy.?2 The research demonstrates a higher photothermal
efficiency for gold-silver-gold core-shell-shell plasmonic nanoparticles, which has its

plasmon resonance in the near-infrared biological window.

In summary, surface-specific second harmonic generation is shown to be a very
promising platform to study several microparticle-based and nanoparticle-based systems

for developing potential drug-delivery applications.
6.2. Ultrafast and Nonlinear Spectroscopy of Nanomaterials

A minor part of my graduate career also focused on using ultrafast pump-probe
reflectivity to study heating and melting dynamics in aluminum thin film samples of
different thicknesses deposited on silica substrates. The results indicate that
nanomaterial thin films becomes bulk-like as the thickness increases past the
characteristic heat penetration depth, which is estimated to be approximately 170 nm for
aluminum. Additionally, optical microscopy images are taken for samples before and after
laser irradiation to further characterize the laser-induced heating and melting. The results
suggest the important influence of power-dependent and thickness-dependent heating
and melting dynamics for aluminum thin films. Broadly, this work can give fundamental
information for improving selective laser melting and 3D printing of metals. A manuscript

is currently in preparation on this work, for which | am a co-author.
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Additionally, I also had the great opportunity to work on in situ characterizations of
plasmonic nanoparticle growth dynamics in aqueous solution. The changes in
nanoparticle size and surface morphology are investigated using our home-built setup
that combines time-dependent extinction spectroscopy and second harmonic generation
spectroscopy simultaneously to monitor the nanoparticle growth in real time under varying
reaction conditions. Using this setup, our group has studied growth dynamics of colloidal
gold nanoparticles, gold-silver core-shell nanoparticles, and silver-gold core-shell
nanoparticles.*® The utilization of linear and nonlinear spectroscopy to study nanopatrticle
growth captures changes in the nanomaterial bulk and surface during reaction times,
providing crucial information about short-lived intermediates, associated growth kinetics,
and surface modifications. This in situ characterization technique provides new

approaches for tailoring plasmonic nanoengineering and associated applications.
6.3. Future Work

The surface-specific second harmonic generation technique can be applied to
study a variety of fundamental molecule-membrane interactions. In future work, new
triphenylmethane dyes can be used to study liposomes and cells. For example, a
malachite green molecular scaffold with an added NO: that has a larger dipole moment
than malachite green and malachite green isothiocyanate can be investigated.
Additionally, malachite green with added hydrophilic or hydrophobic groups like chlorine
or benzene can be studied in different liposome samples or cell samples, along with
molecular dynamics simulations, to investigate the role of chemical modifications in
improving drug delivery. This work can lead towards ambitious aspirations that would

functionalize existing drug molecules like doxorubicin or paclitaxel with isothiocyanate or
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other targeted functional groups, then study the molecular binding and transport in
liposomes and cells. Similarly, the basic principles discussed in Chapters 2, 3, and 4 can
be applied to bacterial cells to determine which factors, including chemical functional
groups and the local environment, can be utilized for enhancing molecular translocation
through bacterial cell membranes while identifying universal and specialized concepts for
improving drug delivery. Additionally, the cell work discussed in Chapter 4 can be further
extended using healthy cell lines for direct comparison between cancerous cells and
healthy cells to reveal potential new insights on molecule-membrane interactions

involving both passive and active transport.

Photothermal applications of gold and hybrid plasmonic nanoparticles in tumor
therapy has shown remarkable promise over the past 15 years. In this regard, the Haber
Lab has been extensively working on the characterization of novel gold-silver-gold core-
shell-shell nanoparticles and their wavelength-dependent photothermal efficiencies. In
future work, we can continue these studies by measuring photothermal efficiencies of
novel gold-silver-gold core-shell-shell nanoparticles with continuous lasers, oscillator
lasers, and amplifier lasers to study the influence of pulse power, pulse duration, and
repetition rate. Similarly, we can extend these investigations where colloidal suspensions
of tumor cells can be added to gold-silver-gold core-shell-shell nanopatrticles in solution
then irradiated with different types of laser light. Additionally, light-triggered release of
MiRNA can be investigated with rough and smooth gold-silver-gold core-shell-shell
nanoparticles, at its corresponding plasmon resonance, to understand the effect of

plasmonic hot spots in photothermal drug-delivery systems.
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In summary, second harmonic generation is demonstrated to be a promising and
powerful technique for time-dependent and surface-sensitive investigations of colloidal

nanoparticle-based drug-delivery systems.
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Appendix A. Supplementary Material for Chapter 2

A.1 Lipid Concentration Determination and Liposome Size Distributions

The total lipid concentrations were determined by a modified Bartlett assay, which
is based on the colorimetric determination of inorganic phosphate, and has been reported
previously.! Briefly, phospholipids in liposomes were converted to inorganic phosphate
by perchloric acid, followed by the formation of phosphor-molybdic acid after the addition
of ammonium molybdate in an acidic condition. The phosphor-molybdic acid was then
reduced by Fiske-Subbarow reducer, producing a blue solution, and its absorbance was
measured at 800 nm. The calibration curve for the Bartlett assay, as shown in Figure A.1,
is fit with a linear equation with a slope of 0.00326 + 0.00004 and a y-intercept of —0.002
+ 0.003. The R?value for the fit is 0.9991. The zeta potentials of different liposomes at 5
mM citrate buffer of pH 4.0 is displayed in Table A.1. Similarly, the representative DLS
size distributions are shown in Figure A.2. The representative sizes obtained are 137 +
42 nm, 156 + 58 nm, 151 + 64 nm, and 158 + 67 nm, respectively, for DOPG, DOPS,
DOPC, and QPADOPE liposomes. Similarly, the polydispersity index (PDI) values are
0.07, 0.09, 0.10, and 0.20, respectively, for DOPG, DOPS, DOPC, and QPADOPE
liposomes. Zeta potential and dynamic light scattering measurements are taken using a
Zetasizer Nano ZS from Malvern Instruments Inc., UK. Absorption measurements are

done using a UV-vis spectrometer from PerkinElmer, Boston, MA, U.S.A.
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Table A.1. Zeta Potentials of Different Liposome Samples
Buffer Zeta Potential (mV)
(pH 4.0) DOPG DOPS | QPADOPE | DOPC
5.0 mM -732+ | -748+1.7 -67.3 -21.7 +
citrate 1.1 1.5 2.3
041 o Experiment
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Figure A.1. Bartlett assay calibration for determining the lipid concentration.
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Figure A.2. Size distributions measured by dynamic light scattering for DOPG, DOPC,
DOPS, and QPADOPE liposomes.

A.2 SHG Adsorption Isotherm to PSS Microparticles

Adsorption isotherms for malachite green isothiocyanate (MGITC) adsorbing to the
surface of polystyrene sulfate (PSS) microspheres in agueous colloidal suspension are
determined using SHG measurements for comparison to the liposome results presented
in the manuscript. The PSS microspheres are purchased from Polysciences and are
diluted in nanopure water to a concentration of 1.8 x 10%° particles/mL. The experimental
setup is the same as the one used for the liposome measurements, with the same data
analysis procedure.? To our knowledge, no work has previously reported SHG
measurements for MGITC adsorbing to polystyrene microspheres in water. MGITC shows
an SHG signal that is approximately 12 times greater than from MG at the same
concentration of 0.75 pM, as shown in Figure A.3a. The experimentally obtained

isotherms are fit with the modified Langmuir isotherm model as displayed in Figure A.3b.
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Using the modified Langmuir model, the corresponding adsorption free energy 4G is
-13.6 + 0.05 kcal/mol with an equilibrium constant K value of (9.9 + 0.9) x 10° and an
Npax Value of 0.2 + 0.003 puM. The adsorption free energy of MGITC in PSS is stronger
in comparison to liposomes and is in general agreement with the literature trends.?
Similarly, the adsorption free energy also correlates that the electrostatic binding of
MGITC in polystyrene sulfate microspheres is stronger than that of malachite green (MG).
The reported value for the adsorption free energy of MG in polystyrene sulfate
microspheres is —11.1 + 0.1.2# Interestingly, the reported N,,,,, value of MG in polystyrene
sulfate microspheres is 1.2 + 0.2 uM?, which is approximately 6 times larger than for
MGITC.12 A similar trend has been reported in the literature where a strong electrostatic
attraction between triphenylmethane dye molecules and colloidal polystyrene

microspheres leads to higher dye-dye repulsions, leading to diminished values of N,,,,.?
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Figure A.3. (a) Representative SHG spectra of polystyrene sulfate microspheres with
0.75 uM of MGITC and MG. (b) SHG-determined adsorption isotherm of MGITC with
polystyrene sulfate microspheres.
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A.3 Additional Details on SHG Measurements of Molecular Interactions with
Liposomes

Figure A.4a shows the extinction spectrum of MGITC in citrate buffer at pH 4.0 for
different experimental times indicating the stability of the MGITC dye in solutions under
these conditions. Additionally, a schematic energy level diagram of the MGITC dye is
shown in Figure A.4b, where resonance enhancement at 2w occurs corresponding to the
transition from ground state So to the vibrationally excited S2 state. The transport times
of MGITC through the bilayers of DOPG, DOPS and DOPC liposomes are listed in Table
A.2. Similarly, the obtained rate constants (z~1) for liposomes also have a similar trend
as the transport times, as shown in Figure A.5. The interaction of MGITC with the
QPADORPE liposomes and with 5.0 mM citrate buffer of pH 4.0 is also studied using SHG
measurements, as displayed in Figures A.6a and A.6b. These corresponding SHG
intensities are plotted as a function of concentration with linear fits, as shown in Figures
A.7a and A.7b. These SHG signal intensities are normalized consistently with Figures 2.2
and 2.3 in Chapter 2 as well as Figures A.6a and A.6b such that Igy; = E4,;. The
obtained slopes from the fits are (0.017 + 0.001) uM~" and (0.015 + 0.001) pM~" for
Figures A.7a and AT7b, respectively. These corresponding SHG intensities are
approximately equal indicating no observed adsorption to the QPADOPE liposomes, to
within experimental uncertainty. Additionally, the SHG time traces in Figure A.6a do not
change with time, confirming that no transport occurs. As described in Chapter 2, these
signals are understood to be primarily from hyper Rayleigh scattering from MGITC. The
value of the slope from Figure A.7b is used for a in the SHG fits described in Equation

2.2 of the Chapter 2.
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In order to investigate the possible counterion effect, the transport kinetics of the
MGITC dye molecule are studied with DOPG liposomes in 5.0 mM citrate buffer of pH 4.0
with no additional potassium perchlorate and with 5.0 mM additional potassium
perchlorate (PP) at two different MGITC concentrations. The SHG time traces, shown in
Figure A.8a only shift down slightly upon addition of PP, similar to our previous studies
with MG and potassium chloride (KCI).%® These results indicate that the perchlorate ion
does not cause significant or unexpected counterion effects with MGITC. Additionally,
there is no significant change in the MGITC spectrum upon addition of 5.0 mM PP, and

the dye remains stable over time, as shown in the extinction spectra in Figure A.8b.
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Figure A.4. (a) Extinction spectrum of MGITC in citrate buffer of pH 4.0 at various times.
(b) Energy level diagram of MGITC dye molecule, showing resonance enhancement of
SHG.
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Table A.2. Transport times of MGITC in DOPC, DOPS and DOPG liposomes

MGITC (uM) Transport Time (second)

DOPC DOPS DOPG
0.16 500 + 81 364 + 32 360 + 17
0.53 400 + 40 338 +21 327 +12
1.06 334 + 25 280 + 20 304 +6
1.31 238 + 16 114 + 4 168 + 10
1.57 222 £ 17 158 +5 156+ 9
1.94 208 + 17 121 +6 123+8
2.06 200 + 8 143 +9 115+ 12
2.55 167 +5 133+5 83+4
3.44 143+ 4 121 +£3 67 +3
4.75 125+ 3 130+ 6 55+3
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Figure A.5. Variation of the transport rate constant as a function of MGITC
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pH 4.0.
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Figure A.6. SHG time profiles upon addition of various concentrations of MGITC to (a)
QPADORPE liposomes and (b) 5 mM citrate buffer at pH 4.0.
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lines). The inset of (a) shows the molecular structure of QPADOPE.
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DOPG liposomes at different buffer conditions. (b) Absorption spectra of malachite
green isothiocyanate in citrate buffer with 5 mM potassium perchlorate at pH 4.0 at
various times.

126



A.4 Molecular Dynamics Simulations Details

The CHARMM-GUI Membrane Builder®” was used to build the initial structures of
DOPC and DOPG membranes. Each bilayer initially had 72 phospholipid molecules.
These bilayers were then solvated with 6075 SPC/E8 water molecules using Packmol.®
Since DOPG molecules are negatively charged, 72 K* ions were added to the DOPG
system to neutralize the system charge. The box dimensions of the solvated membranes
were approximately 59.0 x 62.0 x 126.0 A3 for DOPC, and 57.0 x 60.0 x 124.0 A3 for
DOPG. Molecular dynamics simulations were carried out using LAMMPS program
(version 05 Sep 2014)°with the all-atom general AMBER force field (GAFF).1! The partial
charges of the optimized structures were calculated by the RESP fitting technique'?13
using the HF/6-31G* method in Gaussian 09 suite of programs.'4 The input files for the
simulations were generated using the Moltemplate'® package. The energies of these
initial solvated DOPC and DOPG systems were minimized followed by a 5 ns simulation
in the isothermal-isobaric (NPT) ensemble and then a 10 ns simulation in the canonical
(NVT) ensemble. Both systems were then replicated along the x-axis and simulated for a
further 5 ns in the NVT ensemble. The final simulation box dimensions were
approximately 95.5 x 48.0 x 120.0 A3 for DOPC systems, and 94.5 x 50.0 x 115.0 A3for

DOPG systems.

The MG and MGITC structures were built using the Avogardo'® package and the
structures were optimized using Gaussian 09 suite of programs# with the HF/6-31G*
method. The partial charges were calculated by the RESP fitting technique'?*2 using the
HF/6-31G* method. Then four different systems were generated by inserting one

molecule of either MG or MGITC with their respective counter ion (Cl- for MG and ClO4
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for MGITC) into the solvated DOPC and DOPG membrane systems that were already
equilibrated. Energy minimization was performed on all four systems, which were then
equilibrated in the NPT ensemble for 1 ns. Each system was then simulated for a total of
10 ns. The Langevin thermostat!’ with a collision frequency of 1 ps* was applied to control
the temperature at 303 K. The pressure of the system was controlled at 1 atm by applying
the Berendsen barostat'® with a damping time of 1 ps and an isothermal compressibility
of 4.6 x 10 ® atm™. The pressure was controlled semi-isotropically (only along the z-
component of the system) as has been used previously.’® The SHAKE algorithm was
used to constrain the bond lengths and bond angles for the water molecules and the
periodic boundary condition was used for all four systems. Electrostatic interactions were
calculated using the PPPM (particle-particle particle-mesh) method?° and the non-bonded
Lennard-Jones interactions were cutoff beyond 10 A. The time step used for these

simulations was 2 fs.

The umbrella sampling method?? was used to determine the free energy profile of the
adsorption of the two dyes on the two membranes. The starting structures for the umbrella
sampling windows for each case were taken from the respective regular canonical
simulations. The collective variable was the distance in the z-direction between the center
of mass (COM) of the lipid bilayer and the COM of the dye molecule. For each system 20
umbrella sampling windows were simulated with a step-size of 1.5 A and a harmonic force
constant of 3 kcal/mol. The simulation time for each window was 18 ns. The weighted
histogram analysis (WHAM) method?222 was used to derive the potential mean force for
the adsorption processes of each dye molecules. Only the last 14 ns of each umbrella

sampling window was used for this analysis. The calculation of the statistical error with
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the potential mean force was calculated using the block averaging method with each

block having 3.5 ns of simulation time.

The surface of the DOPC membrane was defined as the average z-coordinates of the
nitrogen atom of each DOPC molecule on one side of the membrane. Similarly, the
surface of the DOPG membrane was determined using the average z-coordinates of the

oxygen atom of each DOPG's furthest hydroxyl group on one side of the membrane.
Orientation Analysis

In order to determine the orientation of each dye molecule when they are at the surface
of the DOPC and DOPG membrane, the distribution of the distance in the z-direction
between different reference atoms of the dye molecule and the COM of the lipid bilayer
was used. The two nitrogen atoms of the amine group and the carbon atom in the third
phenyl group in each dye molecule were used as the reference atoms for this analysis
(See Figure A.9a and A.9b). All four distributions of the distances (Figures A.9c — A.9f)
are shown for when the dye molecules are at the surface of the membranes. Specifically,
for MG and MGITC in DOPC these distances were taken from the window with the
collective variable set to 22.5 A. The average distance (along the z-direction), D1,
between the COM of the dye molecule and the surface was found to be 0.4 + 0.2 A for
MG in DOPC. According to Figure S9c, one of the nitrogen atoms of the amine group is
directed towards the membrane and the other two atoms (nitrogen and carbon) are
directed away from the DOPC membrane. The average distance (along the z-direction),
D1, between the COM of the dye molecule and the surface was found to be 0.7 + 0.2 A

for MGITC in DOPC. From Figure A.9d it is clear that the carbon atom with the NCS group
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is directed towards the membrane. Figures A.9e and A.9f show the orientations of the two
dye molecules in the DOPG membrane. For the distance analyses, the window with the
collective variable set to 19.5 A was used. The average distance, D2, between the COM
of the dye molecule and the surface was found to be 0.3 + 0.2 A for MG in DOPG and 0.2
+ 0.2 A for MGITC in DOPG. In both of these systems an extra amine group nitrogen
atom is also directed towards the DOPG membrane other than the group that was

directed towards the DOPC membrane.
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Figure A.9. N and C atoms used in the distance distribution (along the z-direction)
calculations for (a) MG and (b) MGITC molecules, respectively. The carbon atoms are
represented in cyan, sulfur atoms in yellow, nitrogen atoms in blue, and hydrogen in
white. Distributions of the distances (along the z-direction) between the defined N and C
atoms of the dye molecules in different lipid bilayer from (c) MG in DOPC, (d) MGITC in
DOPC, (e) MG in DOPG, and (f) MGITC in DOPG. D1 is the distance between the COM
of the dye and the surface of the DOPC membrane. D2 is the distance between the
COM of the dye and the surface of the DOPG membrane.
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Distribution of the Electron Density

Using the Gaussian 09 suite of programs'* with the RESP fitting technique,>*3 the
electron density distribution maps of MG and MGITC dye molecules were obtained. For
these calculations, HF/6-31G* method and basis set were used. The two electron density
maps are shown in Figure A.10. Comparing the two electron density maps, the electron
density is more negative on the NCS group of the MGITC molecule whereas the electron
density of MG is distributed more evenly throughout the molecule, resulting in MGITC

having a higher dipole moment of 10.59 Debye as compared to 2.28 Debye for MG.

9
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Figure A.10. Distribution of the electron density around the dye molecule for (a) MG and
(b) MGITC. The carbon atoms are represented in ash, sulfur atoms in yellow, nitrogen
atoms in blue, and hydrogen atoms in white.
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A.5 Error Analysis of Fits

The R2-values obtained for time-dependent exponential fits are summarized in Table A.3.
Similarly, the R?-values obtained for modified Langmuir fits are shown in Table A.4.

Table A.3. R?-values of time-dependent exponential fits.

R2-Values of exponential fits
MGITC (uM) DOPG DOPS DOPC
0.16 0.93 0.89 0.89
0.53 0.99 0.99 0.95
1.06 0.96 0.98 0.93
1.31 0.97 0.99 0.95
1.57 0.97 0.93 0.97
1.94 0.99 0.75 0.97
3.44 0.96 0.97 0.99
4.12 0.96 0.99 0.99
4,75 0.99 0.99 0.99

Table A.4. R?-Values of Modified Langmuir Fits

Liposome DOPG DOPS DOPC
R?-Value 0.955 0.974 0.969
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Appendix B. Supplementary Material for Chapter 3

B.1. Lipid Synthesis, Concentration Determination, and Liposome Size
Distributions

The 1,2-dioleoyl-sn-glycero-3phospho-(1’rac-glycerol) (DOPG) lipid synthesis
protocol has been reported previously.'3 For determination of the lipid concentration,
perchloric acid was used to convert phospholipids to inorganic phosphates. The addition
of ammonium molybdate in an acidic condition leads to the formation of phosphor-
molybdic acid, which was then reduced by Fiske-Subbarow reducer, producing a blue
solution for absorbance measurements at 800 nm. Absorption measurements were done
using a UV-vis spectrometer from PerkinElmer, Boston, MA, U.S.A. The calibration curve
for the Bartlett assay, as shown in Figure B1, is fit with a linear equation with a slope of
0.00300 £ 0.00004, a y-intercept of —0.002 + 0.003, and an R?value of 0.999 for the fit.
The dynamic light scattering (DLS) size distribution is shown in Figure B2 with a size of
137 + 42 nm and a polydispersity index of 0.07 for the DOPG liposomes in 5 mM citrate

buffer with pH 4.0. The molecular structure of DOPG is shown in Figure B3.
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Figure B.2. Size distribution measured by DLS for the DOPG liposome sample.
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Figure B.3. Molecular structure of DOPG.

B.2. Additional Details on SHG Measurements of Molecular Interactions with

Liposomes

Representative second harmonic generation (SHG) spectra of the liposome and
malachite green (MG) samples are shown in Figure B4a. The SHG spectrum of the DOPG
liposomes upon addition of 15 uM MG at 25 °C at 50 pM lipid concentration in 5.0 mM
citrate buffer of pH 4.0 shows a strong SHG signal centered at 400 nm with a full width at
half maximum of 4.5 nm. The small signal at wavelengths greater than 410 nm is due to
two-photon fluorescence from MG,?# and is clearly separated spectroscopically from the
SHG signal. The SHG intensity is enhanced by approximately 2.5 times in comparison to
the hyper-Raleigh scattering (HRS) signal generated from free dye molecules alone,>®
confirming molecular adsorption of MG to the liposome surface. In contrast, the SHG
signal from the liposomes alone is much lower, in agreement with our previous studies.??3
For a direct comparison, all SHG intensities are normalized with respect to the DOPG
liposomes upon addition of 15 uM MG at 25 °C. Figure B4b displays the SHG spectra of
DOPG liposomes immediately after the addition of 15 pM MG under different
temperatures ranging from 25 °C to 40 °C. The SHG intensity is found to decrease as

temperature is increased, which is primarily attributed to the change in the orientational
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distribution of the dipole moment of the adsorbed MG dye molecules at the liposome
interface,’” as discussed in greater detail in the Chapter 3 and later in this Appendix using

results obtained from molecular dynamics (MD) simulations.
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Figure B.4. (a) SHG spectra of DOPG liposomes in the presence of 0 uM and 15 uM MG
compared to 15 pM MG alone. Inset shows MG molecular structure. (b) SHG spectra of
DOPG liposomes immediately upon the addition of 15 uM MG at different temperatures.
All samples are in 5.0 mM citrate buffer at pH 4.0.
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The determined rate constants (1) for different temperatures are plotted as a
function of MG concentration at different temperatures, as shown in Figure B5, with
corresponding linear fits for each temperature. The slopes of obtained rate constants from
Figure B5 are plotted as a function of temperature and are displayed in Figure B7. The
transport times are also tabulated in Table B1. The HRS intensities obtained for different
MG concentrations in 5 mM citrate buffer with pH 4.0 at 25 °C and 40 °C are shown in
Figure B6 with corresponding linear fits. The HRS signal is from incoherent second-order
scattering which arises from orientational and density fluctuations of molecules in the bulk
solutions.® The HRS signal has the same spectra as the SHG signals, centered at 400

nm, and the same data acquisition and analysis procedures are used.
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Figure B.5. Variation of the transport rate constant as a function of MG concentration for
DOPG liposomes in 5.0 mM citrate buffer of pH 4.0 at different temperatures with
corresponding linear fits.
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with a linear fit (black line).

Table B1: Transport times of MG in DOPG liposomes at different temperatures

Transport Time (s)

MG (UM) 25°C 30 °C 35°C 40 °C
151 311 +72 199 + 54 137 + 23 104 + 43
4.16 213 +11 134 + 31 103 +12 52+7
5.30 163 +11 102 +10 7915 39+7
7.72 141 + 15 56 +8 47+ 6 29+4
10.12 104 +6 385 33+4 20+ 2
12.62 52+2 295 20+ 2 15+1
15.00 509 24+ 3 17+3 12+1
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Figure B.7. HRS signal intensity of citrate buffer as a function of added MG concentration
(blue and red circles) compared to linear fits (black lines) at 25 °C and 40 °C, respectively.
B.3. Second harmonic generation studies of colloidal polystyrene sulfate particles
Adsorption isotherms for MG adsorbing to the surface of polystyrene sulfate (PSS)
microspheres in aqueous colloidal suspension are determined using SHG measurements
for comparison to the liposome results presented in the manuscript. These results
demonstrate the general applicability of temperature-dependent SHG adsorption
isotherm measurements for determining enthalpy and entropy, while also providing
relevant comparisons to the results from the DOPG liposomes. The PSS microspheres
of diameter 1.06 + 0.03 um are purchased from Polysciences and are diluted in nanopure
water to a concentration of 1.8 x 10%° particles/mL. The experimental setup is the same
as the one used for the liposome measurements, with the same data analysis procedure.
The adsorption of MG to polystyrene sulfate particles (PSSPs) in water is driven by the
electrostatic force between the positively-charged amine group of MG and the negatively-

charged sulfate group at the PSSP surface.®® The SHG adsorption isotherms for this
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system are studied as a function of temperature, with the results shown in Figure B8 for
temperatures of 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C. The experimentally obtained
isotherms are fit using the modified Langmuir model, as described previously. The fitting
parameters obtained from the modified Langmuir fits are listed in Table B2. The obtained
equilibrium constant is a measure of the electrostatic interaction between the charged
dye and microparticle interface. However, the value of the equilibrium constant does not
change to within the experimental uncertainty for the temperature range studied here.
The obtained adsorption equilibrium constants for 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C
are (2.37 £0.32) x 109, (1.9 + 0.53) x 10°, (2.49 + 0.32) x 10°, (2.81 + 0.32) x 10°, and
(2.27 £ 0.54) x 10°, respectively. In comparison to the liposome results presented in the
manuscript, the obtained adsorption equilibrium constants are larger in magnitude
indicating a stronger interaction between MG and PSSPs, in agreement with the previous

studies.3:10

The free energy of adsorption, obtained from AG = —RT InK, is plotted as a
function of temperature, as shown in Figure B9. Here, the results are fit to a line with AG =
AH — TAS to provide the thermodynamic properties of the molecular adsorption, where
AH is the change in adsorption enthalpy, 4S is the change in adsorption entropy, and T is
the temperature. The calculated AH from the y-intercept is 0.45 £ 1.00 kcal/mol, indicating
that the net change in adsorption enthalpy is approximately zero to within experimental
uncertainty. The calculated AS from the linear slope is 0.044 + 0.003 kcal/K-mol. This
change in entropy is a full accounting of the adsorption process, including the change in
entropy of the adsorbate molecules and the solvated microparticle surface. The

adsorption process is described by free dye molecules adsorbing to “empty” adsorption
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sites, which are then converted to “filled” adsorption sites.?*'! The molecular adsorption
of the MG adsorbates alone should have negative entropy as these MG molecules are
more ordered when adsorbed to the nanopatrticle surface. However, the adsorbate MG
molecules are replacing water molecules and counterions that were originally at the
nanopatrticle surface. Since each MG adsorbate molecule will replace numerous water
molecules and counterions due to their relative sizes, an overall increase of entropy
occurs upon adsorption, when given a full account. For this particular case, where 4H is
approximately equal to zero to within the experimental uncertainty, the overall condition
is AG ~ —TAS, so the molecular adsorption process is expected to be spontaneous at all
aqueous temperatures.

The obtained values of N,,,, from the temperature-dependent SHG adsorption
isotherms are 0.027 + 0.001 pM, 0.070 = 0.001 pM, 0.138 + 0.016 pM, 0.162 + 0.002
MM, and 0.237 + 0.028 uM for 20 °C, 30 °C 40 °C, 50 °C, and 60 °C, respectively. The
Nnqx Values all increase with increasing temperature. This trend is in agreement with the
liposomes results as well. It is important to point out that in comparison to PSSPs,
liposomes systems are more complicated as both adsorption and transport takes place.
Additionally, the N,,,, values increase approximately 10-fold as the temperature is
increased from 20 °C to 60 °C indicating that the PSSP double layer is more susceptible
to temperature changes than the lipid bilayer. As temperature increases, the collision
frequency of MG and counterions at the surface increase. This may result in increased
ion-pairing and decreased adsorbate-adsorbate repulsion as the temperature increases,
leading to larger N,,,, values. The SHG intensities at the plateau region also increase as

the temperature increases due to these larger N,,,, values. This trend is the opposite as
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compared to results obtained with the liposomes, illustrating the importance of

considering both N,,,, and orientation angle at the colloidal surface.
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Figure B.8. SHG-determined adsorption isotherms for MG with PSSPs at different
temperatures.

-12.0

-12.5

® Experimental Results
B | inear Fit

-13.0

AG (kcal/mol)

-13.5

-14.0

-14.5 —

I I I I
300 310 320 330
Temperature (°C)
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145



Table B2. List of Variables and Fitting Parameters Obtained from the Modified

Langmuir Isotherm Model for MG to PSSPs at Different Temperatures

Temperature K (109) Nmax (ULM) -AG (kcal/mol)
293 K 20°C 2.37+£0.32 0.027+£0.001 |126+0.1
303 K 30°C 1.90 +0.53 0.070+0.001 |12.8+0.1
313K 40°C 2.49 + 0.37 0.138+0.016 |13.4+0.1
323K 50°C 2.81+0.33 0.162 £0.002 |13.9+0.1
333K 60°C 2.27+0.54 0.237 £0.028 |14.2+0.2

B.4. Additional details on estimating counterion concentrations

Using the Gouy-Chapman model, the relative percentage change of the citrate
counterion concentration near the surface of the liposome is approximated at different
temperatures.?13 Here, the citrate counterion concentration is calculated as a function of
distance and is integrated from O A (the surface) to 20 A, as a reasonable estimate for

the distance where ion-pairing with MG can occur near the liposome surface. The Debye

length is approximated using the equation k=1 = /2;;?’% where €, is the dielectric
A

constant of water, €, is the permittivity of free space, kjz is the Boltzmann constant, T is
the bulk temperature, N, is Avogadro’s number, I is the ionic strength of 5 mM citrate
buffer, and e is the elementary charge. Using this equation, the Debye length is calculated
to be approximately 2.0 nm. Additionally, the potential is determined from O to 20 A using
the equation, ®, = ®,e~** where @, is the potential at the surface, @, is the distance
dependent potential, k=1 is the debye length, and x is the distance from the surface. The

zeta potential for our liposome sample is measured to be =70 mV. For this approximation,
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the potential at the surface is assumed to be more negative than the measured zeta
potential, with ®, = =80 mV. The obtained potentials are used to determine the change

in counterion concentration as a function of distance using the equation Q,(x) =

Z]'F(Dx

FXzjcie""rT ), where Q, is the volume charge density, F is Faraday’s Constant, z; is the
charge of the j*" ion, ¢; is the bulk concentration of the j* ion, and R is the universal gas
constant. Using these equations, we determine that there is a 13% increase in citrate
counterion concentration over this distance range as the bulk temperature increases from
25 °C to 40 °C. This result is in general agreement with our observations from adsorption
isotherm experiments where increased N,,,, Vvalues were attributed to increased
counterion pairing at higher temperatures. Increased counterion pairing will decrease
adsorbate-adsorbate repulsions leading to larger N,,,, values.
B.4. Molecular Dynamics Simulations Details

The initial lipid bilayer with 72 DOPG molecules is built using the CHARMM-GUI
Membrane Builder'415 followed by the solvation of the system with 6075 SPC/E® water
molecules and 72 K* ions to neutralize the system charge using the Packmol'’ software
package. The partial charges of the optimized structures are calculated by the RESP
fitting technique!®® using the HF/6-31G* method in Gaussian 09 suite of programs.?® The
initial box dimensions of the system are 57.0 A x 60.0 A x 124.0 A. The Moltemplate?!
package is used to generate the input files for the molecular dynamics simulations. Using
the LAMMPS program (version 05 Sep 2014)%? molecular dynamics simulations are
carried out with the all-atom general AMBER force field (GAFF)?3 at a temperature of 303
K. In order to equilibrate the system, an initial energy minimization followed by a 5 ns

simulation in the isothermal-isobaric (NPT) ensemble and then a 10 ns simulation in the
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canonical (NVT) ensemble are performed. The system is then replicated along the x-axis.
This elongated system is further simulated for 5 ns in the canonical (NVT) ensemble
making the final simulation box dimension approximately 94.5 A x 50.0 A x 112.0 A.
The next steps of the simulation process are to introduce the MG molecule to the
pre-equilibrated DOPG system followed by equilibration of the system at the two different
temperatures. For this purpose the MG molecule is built using the Avogardo?* package
and the structure optimization and the partial charge calculations (by the RESP fitting
technique'®*®) are performed using the Gaussian 09?° suite of programs with the HF/6-
31G* method. The MG molecule is then added to a vacuum layer of length 15 A in the z-
direction of the pre-equilibrated DOPG membrane system. This system is then simulated
at two different temperatures (303 K and 313 K). For each system, equilibration
simulations in the isothermal-isobaric (NPT) ensemble for 5 ns and in the canonical (NVT)
ensemble for 10 ns are performed. The final simulation box dimensions are approximately
94.5 A x50.0 A x 115.0 A for the system simulated at 303 K and 94.0 A x 50.0 A x 117.5
A for the system simulated at 313 K. A simulation for another total of 10 ns follows these
simulations. To maintain the temperatures at 303 K and 313 K, the Langevin thermostat?®
with a collision frequency of 1 ps* is applied. The pressure of the system is controlled
semi-isotropically (only along the z-component of the system) which has been used
previously by by Mario Orsi et al.?® at 1 atm, using the Berendsen barostat?’ with a
damping time of 1 ps and an isothermal compressibility of 4.6 x 10 - atm™ in both
simulations. Periodic boundary conditions with the SHAKE algorithm are used for these
simulations for the water molecules to restrain the structure of the water molecules.

Electrostatic interactions are calculated using the particle-particle particle-mesh (PPPM)?8
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method and the non-bonded Lennard-Jones interactions are cutoff beyond 10 A. A 1 fs
time step is used for both the simulations at the two temperatures.

In order to obtain the free energy profile of the adsorption process of the MG molecule
on to the DOPG membrane at the two different temperatures, an enhanced sampling
technique, namely the umbrella sampling method,?® is used. The final structures from the
canonical simulations performed before are used as the starting configurations for the
umbrella sampling windows. For these umbrella sampling simulations, the distance in the
z-direction between the center of mass (COM) of the MG molecule and the COM of the
DOPG membrane is used as the collective variable. For each system, 32 umbrella
sampling windows (each with 18 ns) are simulated, with a step-size of 1.5 A and a
harmonic force constant of 3 kcal/mol. To derive the potential of mean force (free energy)
from the umbrella sampling simulations, the weighted histogram analysis (WHAM)30:31
method is used. For this process, only the last 14 ns of each umbrella sampling window
is used. Using the block averaging method with 3.5 ns of simulation time for each block,
the statistical error with the potential of mean force is calculated. The average surface of
the DOPG membrane is determined using the average z-coordinates of the oxygen atom
of each DOPG’s furthest hydroxyl group on one side of the membrane. In addition, the
change in the normalized water number density is used to determine the membrane-water
interface. For this analysis the umbrella sampling window when the COM of the MG
molecule is approximately 25 A away from the average membrane surface is used. In
order to obtain the water number density, the number of water molecules in a water layer

with 1 A thickness in the z-direction is counted and binned.
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B.5. Canonical Simulations

Prior to the umbrella sampling simulations, 20 ns of canonical simulations are
performed. Figure B10 shows the distance in the z-direction between the COM of the MG
molecule and the COM of the DOPG membrane for the canonical simulations for the two
different temperatures. The average surface of the DOPG membrane is determined using
the average z-coordinates of the oxygen atom of each DOPG'’s furthest hydroxyl group
on one side of the membrane and the interfacial region is determined using the

normalized water number density.
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Figure B.10. The distance in the z-direction between the COM of the MG molecule and
the COM of the DOPG membrane for 303 K and 313 K temperature for the canonical
simulations. The horizontal dotted lines represent the average interface for 303 K (black)
and 313 K (red). The dashed lines represent the normalized water number density for
303 K (black) and 313 K (red).
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According to results in Figure B10, the MG molecule gets adsorbed more rapidly
to the DOPG membrane at the higher temperature compared to the lower temperature
simulation. Figure S11 shows a representative snapshot of the MG molecule adsorbed
on to the DOPG membrane during the canonical simulation under 313 K temperature.
The MG molecule at the lower temperature takes much longer to reach the interface and
does not readily penetrate the membrane, unlike in the higher temperature case. This
indicates that the higher energy barrier at the lower temperature simulation hinders the
adsorption process of the MG molecule as compared to the higher temperature

simulation.

Figure B11. A representative snapshot of the MG molecule adsorbed on to the DOPG
membrane during the canonical simulation under 313 K temperature (on the left) and the
zoomed-in view of the snapshot. (on the right)

B.6. Orientation Calculations

In order to gain a molecular level understanding of the change of SHG intensities
at different temperatures, the orientation angle 6 (Figure Bl2a) between the dipole

moment vector V,; of the MG molecule and the vector normal to the membrane surface V;
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pointing to the solvent side, with the MG molecule at different distances in the z-direction
from the COM of the membrane is calculated. The results from this analysis is shown in
Figure B12. This specific type of orientational distribution has been used to gain an
understanding of molecular ordering at interfaces in previous MD studies.®? Figure B12b
shows that the dipole vector of the MG molecule always forms a narrow distribution at an
angle greater than 90°, with the two amine groups of the MG molecule directed towards
the membrane, at the lower temperature. This demonstrates that the orientation of the
MG molecule is well ordered at the aqueous solution-membrane interface at the lower
temperature, thereby enhancing the intensity of the SHG signal. In contrast, at the higher
temperature, the angular distribution is much broader with a wider range of angles
indicating a less-ordered interfacial structure due to the weakened interaction between
the MG and the DOPG molecules, as shown in Figure B12c. This contributes to the lower
observed SHG intensity at higher temperatures. The MD simulations are also used to
study the displacement of the water solvent molecules caused by the MG molecular
adsorption, as explained in greater detail in the section below. According to the results
shown in Figure B13, approximately 50 — 70 water molecules are displaced when MG
adsorbs to the DOPG membrane at both 303 K and 313 K. This is also in agreement with
the SHG experimental results, where a positive change in entropy is observed due to
adsorption from a large number of interfacial water molecules being displaced from every

singular MG molecular adsorption event that occurs.
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Figure B12. (a) Definition of the orientation angle 8 of MG. V, is the dipole vector of the
MG molecule, and V; is the vector normal to the DOPG membrane surface, pointing in
the direction of the solvent side. The probability distribution of the angle 6 for different
umbrella sampling windows at (b) 303 K and (c) 313 K. The legend in (b) indicates the
distance in the z-direction between the COM of the DOPG membrane and the COM of
the MG molecule for both (b) and (c).
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B.7. Water Displacement Calculations

In order to analyze the displacement of water molecules as the MG molecule
adsorbs to the DOPG membrane, the change in the number of interfacial water molecules
is calculated. This interfacial water layer is defined as the water molecules which are
within 3.5 A along the z-direction from the average surface of the membrane. The average
surface of the DOPG membrane is determined using the z-coordinates of the oxygen
atom of each DOPG’s furthest hydroxyl group on one side of the membrane. Figure B13
shows the number of water molecules in the layer within 3.5 A from the average surface
of the membrane for different umbrella sampling windows calculated as a function of the
separation in the z-direction between the MG molecule and COM of the membrane.
According to these results, the number of water molecules decreases more rapidly at the
higher temperature as the MG molecule approaches the membrane, as compared to the
lower temperature case. This is consistent with the orientation angle distributions
observed for the dye at two temperatures. For the higher temperature the orientation
angle distribution is much broader and more random while it is more ordered in the lower
temperature simulations. Since the dipole vector distribution is broader at higher
temperature, the MG molecule clearly shows greater orientational variability during
adsorption to the membrane, which results in more water molecules being displaced near

the membrane surface at the higher temperature.
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represent the average interface for 303 K (black) and 313 K (red). The dashed lines
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B.8. Error Analysis of Fits

The R2-values obtained for time-dependent exponential fits of the SHG results
from Figure 2 are summarized in Table B3. Similarly, the R2?-values obtained for the
modified Langmuir fits of the SHG results for the liposomes and PSSPs are shown in

Tables B4 and B5, respectively.
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Table B3: R? values of time-dependent exponential fits of the SHG results

R2-values of exponential fits
MG (UM) 25°C 30 °C 35°C 40 °C
1.51 0.999 0.994 0.997 0.997
4.16 0.998 0.996 0.998 0.998
5.30 0.996 0.997 0.999 0.995
7.72 0.998 0.999 0.998 0.991
10.12 0.999 0.999 0.999 0.997
12.62 0.999 0.999 0.999 0.999
15.00 0.999 0.999 0.999 0.999

Table B4: R? values of modified Langmuir fits from SHG results for liposomes

Temperature 25°C 30 °C 35°C 40 °C

R? —value 0.989 0.993 0.995 0.989

Table B5: R? values of modified Langmuir fits from SHG results for PSSPs

Temperature 20 °C 30 °C 40 °C 50 °C 60 °C

R? —value 0.964 0.989 0.978 0.988 0.966
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Appendix C. Supplementary Material for Chapter 4

C.1. Additional details on SHG microscopy experiments

Additional measurements of time-dependent second harmonic generation (SHG)
microscopy for 0.1 yM malachite green isothiocyanate (MGITC) dye with fixed H596 cells
are obtained and analyzed for determining the kinetics of adsorption and transport, with
representative images displayed in Figure C.1. Here, the time-resolved results show that
the peak SHG signal for this experiment is reached at approximately 55 minutes after
adding the MGITC, in general agreement with the results presented in Chapter 4. The
time-resolved SHG images are averaged over five regions of interest (ROIs), as shown
in Figure C.2, and the signal decay after the maximum is fit to an exponential equation,
as described in Chapter 4, to obtain the transport lifetime 7 of 19 + 1 minutes. This lifetime
is in excellent agreement with the results shown in Chapter 4 for a different fixed cell using
the same experimental conditions. As described in the Chapter, there is greater
heterogeneity in SHG intensity over different ROIs in the fixed cells, which can be
attributed to changes in lipid composition and a lack of membrane integrity that can lead

to variations in dye adsorption and aggregation at different locations.

0 min 37 min 55 min 79 min 162 min

Figure C.1. Time-dependent images for 0.1 yM MGITC with fixed H596 cells.
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Figure C.2. (a) Representative zoomed SHG image for 0.1 uM MGITC added to fixed
H596 cells at 57 minutes, showing different ROIs. Time profiles for molecular adsorption
and transport for 0.1 uM MGITC added to fixed H596 cells at (b) different ROIs and (c)
using the average of all ROIs. The solid black line is the best fit.
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Interestingly, the SHG intensity time profiles for this experiment show that the signal does
not go to zero at long times. This indicates a remaining difference in MGITC populations
at the inner and outer membrane surface.

For additional analysis, the SHG time traces are also plotted for an individual ROI
covering the entire cell. Figure C.3, and C.4 represents the SHG intensity profiles for 0.1
MM MGITC and 0.1 uM MG with living H596 cells, respectively. The ROIs in these
experiments have areas of 12 x 13 um? and 21 x 21 um? for MGITC and MG, respectively.
The oscillations in SHG intensity are very prominent even when the ROI covers the entire
cell. Additionally, the results for 0.1 uM MGITC with fixed H596 cells are represented in
Figure C.5 and C.6, respectively, with ROI areas of 63 x 12 pm? and 44 x 15 um?,
respectively. The general trend for molecular adsorption and transport is observed for
fixed cells as well; however, the SHG intensities have considerably less oscillations, in

agreement with the observations described in Chapter 4.
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Figure C.3. (a) Representative zoomed SHG image for 0.1 uM MGITC added to living
H596 cells at 34 minutes, showing a ROI covering the entire cell. (b) Time profiles for
molecular adsorption and transport for 0.1 uM MGITC added to living H596 cells for this

larger single-cell ROI.
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Figure C.4. (a) Representative zoomed SHG image for 0.1 pM MG added to living H596
cells at 75 minutes, showing a ROI covering the entire cell. (b) Time profiles for molecular
adsorption and transport for 0.1 uM MG added to living H596 cells for this larger single-

cell ROI.
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Figure C.5. (a) Representative zoomed SHG image for 0.1 uyM MGITC added to fixed
H596 cells at 55 minutes, showing a ROI covering the entire cell. (b) Time profiles for
molecular adsorption and transport for 0.1 uM MGITC added to fixed H596 cells for this

larger single-cell ROI.
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Figure C.6. (a) Representative zoomed SHG image for 0.1 uM MGITC added to fixed
H596 cells at 55 minutes, showing ROI covering the entire cell. (b) Time profiles for
molecular adsorption and transport for 0.1 uM MGITC added to fixed H596 cells for this

larger single-cell ROI.
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Figure C.7 shows SHG microscopy images for H596 cells only using the
fundamental laser wavelength of 850 nm and 750 nm, respectively. Similarly, Figures C.8
displays SHG microscopy images for 4.0 uM MG dye only at different times. In both cases,

the SHG intensities are very low and no time dependence in the SHG images are

observed.

Figure C.7. SHG microscopy images for H596 cells only at (a) 850 nm and (b) 750 nm,
respectively.

Figure C.8. SHG microscopy images for 4.0 uM MG dye only at (a) 5 min and (b) 8 min,
respectively.

C.2. Cytotoxicity of Malachite Green
H596 cells are cultured in a 96 well plate at 15,000 cells/well and incubated
overnight in the dark at 37 °C under 5% CO2 and 95% air in a humidified incubator. After

24 hours, the wells are dosed with 2.8 mM, 1.4 mM, and 0.7 mM of malachite green (MG)
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for 2 hours, 1 hour, and 30 minutes, respectively, with each concentration and time
completed in triplicate for statistical analysis. After the cells are dosed with MG, 20 mL of
CellTiter96®AQueous One solution reagent is added to each well containing 100 mL of
culture medium. The plate is then incubated for 2 hours in the dark at 37°C under 5% CO,
and 95% air in a humidified incubator. Following incubation, absorbance measurements
are taken at 490 nm using an Eppendorf PlateReader AF2200 to determine the cell
viability.t

Figure C.9. shows the cytotoxicity results for three different concentrations of MG
dye. These concentrations are higher than the 0.1 uM concentration used in the SHG
microscopy experiments. For 0.7 uM, we can observe that cell viability of MG
approximately 100%, to within experimental uncertainty. These results indicate that the
MG dye is not toxic for 2 hours under this concentration. However, the combination of the

dye and the laser irradiation together may result in increased toxicity to these cells.
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Figure C.9. Comparison of cytotoxicity percentage of H596 cells exposed to 2.8 uM, 1.4
uM, and 0.7 uM concentrations of malachite green over different times.
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C.3. Error Analysis of Fits

The R2-values obtained for time dependent exponential fits are summarized in Table S1.

Table S1: R?-values of time-dependent exponential fits

Concentration of Dye R2-values

Experiment with living cell

0.1 uM MG 0.900

0.1 uM MGITC 0.969

Experiment with fixed cell

0.1 uM MGITC 0.978

0.1 uM MGITC 0.987

C.4. Notes

(2) Fontenete, S.; Leite, M.; Cappoen, D.; Santos, R.; Ginneken, C. V.; Figueiredo,
C.; Wengel, J.; Cos, P.; Azevedo, N. F. Fluorescence in vivo hybridization (FIVH) for
detection of Helicobacter pylori infection in a C57BL/6 mouse model. PLoS One 2016,
11, e0148353.
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Appendix D. Supplementary Material for Chapter 5

D.1. Additional characterization for miRNA release

Figure D.la. shows the zeta potentials of the nanoparticle samples at different
light-emitting diode (LED) light energies at their respective plasmon wavelengths. To
further investigate the extent of release at their plasmon wavelengths, fluorescence
measurements of the released miRNA in the supernatant are taken after irradiation at
530 nm and 405 nm with increasing incident light exposure. These results are presented
in Figure D.1b. In these samples, miR-21 on SNPs are tagged with Cy3 molecules, while
miR-148b on GNPs are labelled with FAM. As shown, the photothermal release is
achieved at each nanoparticle’s plasmonic wavelength, while almost no release is
observed upon reversal of the applied light wavelengths. Furthermore, at equal light
energy outputs, the SNPs exhibits much more robust miRNA release as compared to the

GNPs.
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Figure D.1. (a) Zeta potential measurements of miRNA-nanoparticle conjugates for silver
and gold surfaces with increasing doses of incident light. (b) Normalized fluorescence
measurements of nanoparticle supernatant solutions, irradiated at 405 and 530 nm
wavelengths. Gold nanoparticle surfaces in this experiment are modified with Diels-Alder
linked miRNA mimic-FAM dye molecules, while silver nanopatrticles are surface-modified
similarly with Cy3-tagged dye molecules.
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Figure D.2. Molecular structures of (a) Cy3 and (b) FAM molecules, respectively.!?
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Figure D.3. Representative absorption and emission spectra’s of (a) Cy3 and (b) FAM
molecules.!?

D.2. Additional Extinction Spectroscopy and Dynamic Light Scattering
Measurements for Silver and Gold nanoparticles

The extinction spectra for miRNA-functionalized gold nanoparticles and miRNA-
functionalized silver nanopatrticles are shown in Figures D.4 and D.5, respectively. For
both sets of nanoparticles, the extinction spectra has significant red-shifting upon miRNA
functionalization. However, the extinction spectra are blue-shifted after irradiating the
nanoparticles at their corresponding plasmon resonances. These results further indicate
that the oligonucleotides have released from the surface of the gold and silver
nanoparticles. The general trend obtained from extinction spectroscopy is in excellent
agreement with the SHG observations shown in Chapter 4. Similarly, the nanoparticles
functionalized with miRNA have larger hydrodynamic radii, as measured by dynamic light
scattering, as shown in Figures D.6 and D.7, confirming the increase in size due to the

added miRNA, which is in general agreement with our previous studies.3®
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Figure D.4. Extinction spectra of the GNPS, the miRNA-functionalized GNPs, and the
miRNA-functionalized GNPs after laser irradiation with 530 nm wavelength.
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Figure D.5. Extinction spectra of the SNPs, the miRNA-functionalized SNPs, and the
miRNA-functionalized SNPs after laser irradiation with 400 nm wavelength.
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Figure D.6. Size distributions measured by dynamic light scattering for GNPs and the
miRNA-functionalized GNPs.
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Figure D.7. Size distributions measured by dynamic light scattering for SNPs and the
miRNA-functionalized SNPs.

The experimentally obtained SHG time-traces are fit with single exponential
functions, as explained in Chapter 4. Tables D.1, D.2, and D.3 show the tabulated values

for the fitting parameters for the silver, gold, and gold-silver-gold core-shell-shell
nanoparticle systems, respectively.
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Table D.1. Fit parameters obtained for the SNP-miR-21 nanoparticle system at different

400 nm laser powers

Power (mW) Fit Parameters (SNP-miR-21)
A B k (102 s?)
35 0.652 £ 0.001 0.353 £ 0.005 0.85+0.02
85 0.603 £ 0.001 0.405 £ 0.005 1.23+0.03
140 0.553 £ 0.001 0.432 £ 0.007 1.80 £ 0.05
200 0.504 + 0.001 0.472 £+ 0.012 2.67+0.13

Table D.2. Fit parameters obtained for the GNP-miR-148b nanoparticle system at

different 530 nm laser powers

Power (mW) Fit Parameters (GNP-miR-148b)
A B k (102 s
35 0.803 £ 0.001 0.188 + 0.005 0.82 +0.04
85 0.754 + 0.001 0.242 + 0.006 1.03 £ 0.04
140 0.699 £ 0.001 0.298 £ 0.005 1.34 £ 0.04
200 0.635 £ 0.001 0.356 + 0.008 2.04 £0.09

Table D.3. Fit parameters obtained for the CSS-miR-148b nanoparticle system at different

800 nm laser powers
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Power (mW) Fit Parameters (CSS-miR-148b)
A B k (102 s?)
0 96.4 +2.3 43+20 0.03+0.15
20 65.4+0.7 35.8+1.1 0.78 £ 0.06
50 60.4 £ 0.5 419+11 1.12 £ 0.06
100 52.2+0.2 479106 1.77 £ 0.04
200 46.6 +0.3 54.0+1.0 1.85+ 0.06

D.3. In vitro photo-release of GNPs and SNPs using confocal imaging

Working in collaboration with Prof. Daniel Hayes and his research group at Penn
State University, these miRNA-functionalized GNPs and miRNA-functionalized SNPs
were used in confocal microscopy to investigate the photothermal release of the Diels-
Alder linked and FAM-tagged oligonucleotides in vitro between the two sets of
nanoparticles. The results are in general agreement with the SHG measurements where
SNP shows higher release of FAM-tagged oligonucleotides. Figures D.6 and D.7 display

the confocal imaging results obtained for two sets of nanoparticles at different

wavelengths.
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Figure D.8. Colocalization of GNPs (red) & conjugated FAM molecules (green) in hASCs.
Irradiation at 400 nm (50 J) and 530 nm (565 nm).
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Figure D.9. Colocalization of SNPs (blue) & conjugated FAM molecules (green) in hASCs.
Irradiation at 400 nm (50 J) and 530 nm (565 nm).

D.4. Notes

(1)  https://www.idtdna.com/site/Catalog/Modifications/Product/1108.

(2) https://www.jenabioscience.com/probes-epigenetics/protein-labeling/labeling-of-
purified-proteins/fluorescent-amine-labeling/fp-201-cy3-cy3-protein-labeling-kit.

(3) Abu-Laban, M.; Kumal, R. R.; Casey, J.; Becca, J.; LaMaster, D.; Pacheco, C. N.;
Sykes, D. G.; Jensen, L.; Haber, L. H.; Hayes, D. J. Comparison of thermally actuated
retro-diels-alder release groups for nanoparticle based nucleic acid delivery. J. Colloid
Interface Sci. 2018, 526, 312-321.

(4) Kumal, R. R.; Abu-Laban, M.; Hamal, P.; Kruger, B.; Smith, H. T.; Hayes, D. J.;
Haber, L. H. Near-Infrared Photothermal Release of siRNA from the Surface of Colloidal
Gold-Silver—Gold Core—Shell-Shell Nanoparticles Studied with Second-Harmonic
Generation. J. Phys. Chem. C 2018, 122, 19699-19704.

(5) Kumal, R. R.; Abu-Laban, M.; Landry, C. R.; Kruger, B.; Zhang, Z.; Hayes, D. J.;
Haber, L. H. Plasmon-enhanced photocleaving dynamics in colloidal microRNA-
functionalized silver nanoparticles monitored with second harmonic generation. Langmuir
2016, 32, 10394-10401.
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