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Abstract

Photothermal therapy (PTT) is currently an auspicious approach in treating
cancer. This is exemplified by the use of gold nanorods (AuNRSs) that produce heat
in response to near infrared (NIR) irradiation. AUNRs are commonly prepared by
using a highly toxic surfactant, cetyltrimethylammonium bromide (CTAB). Because of
this, it is necessary to remove traces of CTAB while stabilizing the AuNR surface. In
this study, the encapsulation of AuNR in liposome to improve biocompatibility, is
reported. To develop this AUNR-multifunctional envelope-type nano device (AuNR-
MEND), an SS-cleavable and pH-activated lipid-like material was employed as a
component of the lipid envelope. Several methods were attempted in the process of
encapsulation. Here, AUNRSs were stabilized with bovine serum albumin (AuNR-BSA),
and then further encapsulated in the lipid envelope through ethanol dilution method.
Change in the (-potential of the nanopatrticles verified the modifications in coating.
Encapsulation was confirmed by transmission electron microscopy (TEM) images.
More importantly, the intrinsic properties of AuUNRs in terms of heat production in

response to NIR irradiation was retained after AUNR-MEND preparation.

The in vitro photothermal cytotoxicity of the AuNR-MEND was further
demonstrated in 4T1 mouse breast cancer cells. After NIR radiation (750—-900 nm) at
1 W/cm? for six minutes, the temperature of the medium was increased to
approximately 60°C, and cell viability was drastically decreased to approximately
11%. However, this cytotoxic effect cannot be explained simply using temperature
increase, since incubation of cells in medium that had been pre-warmed at 60°C
resulted in a slight decrease in viability (to approximately 70%). Intracellular delivery
of the AuNRs therefore is a key factor for the high photothermal cytotoxicity. At a low
dose, the photothermal cytotoxicity of AUNR-BSA was higher than that of AuUNR-
MEND. In contrast, a higher dose of AuNR-MEND resulted in the complete
destruction of the cells when subjected to NIR irradiation, while the cell survival rate
reached a plateau at 30% in the case of AUNR-BSA. Cellular uptake of AUNR-MEND
was shown to be dose-dependent and efficient. Moreover, the increase in caspase-3
production suggests that apoptosis was induced after treatment with the

nanoparticles.

vii



As for the in vivo study, AUNR-MEND was shown to be long circulating,
tumor-accumulating, and non-hepatotoxic in BALB/c mice. Thus, delivering AUNR by
means of functionalized lipid nanoparticles represents a promising approach to
induce NIR-triggered apoptosis without non-specific cytotoxicity. This doctoral work
offers an innovative concept of AuNR-encapsulation into the lipid particle for

applications of future tumor photothermal therapy.
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Chapter I: General Introduction and Research Objectives

A. Bulk and colloidal gold have different properties

Gold is known as the king of all elements. Because of its lack of reactivity,
many historical artifacts, coinage, and jewelry are made from it (Figure 1-1-a). It also
conducts electricity well, hence its wide use in electronics[1]. On the other hand,
colloidal gold has different properties, interacting with visible light to produce brilliant
colors. Because of this, early artists used them for stained glass windows (Figure 1-
1-b). Today, this property of gold nanoparticles have been harnessed by scientists
by controlling size, shape, and surface chemistry[2] (Figure 1-1-c), making them
invaluable to nanomedicine. Nanomedicine is the application of nanotechnology to
the biomedical sciences[3]. One gold nanoparticle used as a delivery system for
TNF-a is already in clinical development[4]. As of the moment, gold nanoparticles
have been synthesized in a variety of shapes: spheres, cages, cubes, frames, rods,
and many others[1]. Gold nanorods, because of its unique absorbance property, is

the focus of this study.



Figure 1-1. Different forms of gold in art and reagents. (a) The Golden Hat, Neues Museum, Berlin
(photo taken by the author). (b) A vitrage (stained glass window, photo from EPFL website)[5]. (c)
Solutions of gold nanopatrticles of various sizes (photo from Sigma-Aldrich website)[2].

B. Gold nanorods are used in photothermal therapy (PTT)

The properties of gold nanorods (AuNRs) are distinct compared to other gold
nanoparticles. They absorb near-infrared (NIR) light at around 800 nm because of
the longitudinal oscillation of electrons[6], a phenomenon known as surface plasmon
resonance (SPR)[7], and rapidly and efficiently convert it to heat through non-
radioactive processes, involving electron-electron and electron-photon coupling[8].
This property of AuNRs are used for a non-invasive therapeutic strategy called
photothermal therapy (PTT)[9].

PTT using AuNRs has been used for cancer therapy[1] because heat directly
damages cancer cells and also improves the efficacy and delivery of
chemotherapeutic drugs[10,11] (Figure 1-2). The absorption of AuUNRs in the NIR
region is especially helpful because 650 to 900 nm wavelength light—called the NIR
biological window—can penetrate tissues owing to the minimal absorption of water

and blood components like hemoglobin (Figure 1-3) [12,13].
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Figure 1-2. lllustration of anti-cancer photothermal therapy (PTT). AuNRs enter cancer cells, absorb
NIR light and convert it to heat, killing the cells.
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Figure 1-3. Relationship of absorption profile of gold nanorods (AuNRs) and the near-infrared (NIR)
tissue absorption window. (a) The absorption of “small” AuNRs prepared by Ali et. al.[14] at the NIR
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In synthesizing AuNRs, cetyltrimethylammonium bromide (CTAB), a cationic
surfactant containing a quaternary ammonium, is generally used as stabilizing agent
(Figure 1-4). CTAB is widely used in AuNR synthesis as a surface stabilizer as it is
convenient, common, and cheap. The high concentration used results in tightly
packed bilayers on AuNR surfaces, which contribute to repulsions, and consequently
prevention of aggregation, stabilizing the AuNRs[16]. However, CTAB is highly toxic
to cells because of its can infiltrate, damage, and create holes in the cell
membrane[17,18]. Therefore, it is necessary to find an alternative, non-toxic strategy
for stabilizing AuNRs in solution for translational applications. The main goal of this
study was to replace CTAB in the reaction sequence with a less toxic material, and
alternatively, to develop an envelope-type lipid nanoparticle with the objective of
delivering the AuNRs to cancer cells.
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Figure 1-4. Structure of cetyltrimethylammonium bromide (CTAB).

C. Liposomes as possible carriers of gold nanorods

The surface chemistry, or the properties of the ligands present on AuNR
surface, has a greater effect on cytotoxicity, both in vitro and in vivo, compared to
size or aspect ratio[16]. To improve the biocompatibility of AUNRS, liposomes can be
used to coat their surfaces. Liposomes are lipid-based carriers which, when
administered in vivo, extravasate poorly into tight endothelial junctions, reducing side

effects normally associated with free drugs[19], hence improving their safety profile.

Our laboratory has developed a kind of liposome which mimics envelope-type
viruses (Figure 1-5). Envelope-type viruses, whose genomes are coated with a
functionalized lipid envelope, have evolved to confer cellular targeting and the
subsequent control of intracellular trafficking[20]. Inspired by this viral mechanism,
multifunctional envelope-type nano device (MEND) has been used as a vehicle for
plasmid DNA and other nucleic acids[21]. This structure has great advantages, in

that various types of functional devices can be integrated within it, including



polyethylene glycol (PEG) to avoid clearance by the reticuloendothelial system
(RES) or mononuclear phagocyte system (MPS), and targeting ligands that are
designed to modify its surface[21,22].
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Figure 1-5. Similarities of multifunctional envelope-type nano device (MEND) and the envelope-type
virus. (a) lllustration of MEND[21,23]. (b) lllustration of influenza virus [24].

Along with the functional devices, some artificial materials were developed as
a component of the lipid envelope which respond to intracellular environmental
triggers[25-27] like low pH. The proton sponge or pH-buffering effect involves
compounds with buffering capacity and the ability to swell after protonation. During
protonation, H* ions and water flow inside the endosome, leading to rupture of the
membrane and release of the components. Tertiary amines with hydrophobic chains
have this property[28].

One example of such material is SS-cleavable and Proton-Activated Lipid-like
Material (ssPalm)[29], which was designed to deliver pDNA and other nucleic acids
to the cytoplasm (Figure 1-6). Similar to lipids, the material contains two
hydrophobic groups (myristic groups) that form a lipid envelope structure. The
material also mounts dual sensing motifs that are responsive to intracellular
environments: two tertiary amines as acidic pH-triggered positively-charged groups,
and disulfide bonding as an environment-triggered reducible group [22,30]. With the
aid of these functions, we assumed that the lipid particle could be efficiently taken up
by cells and that the AuNRs could then be released into the cytoplasm, resulting in
the promotion of photothermal effects (i.e., the induction of apoptosis and
necrosis[8,31,32]).
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Figure 1-6. Structure of SS-cleavable and proton-activated lipid-like material-myristyl (ssPalmM).

D. Research Objectives

The overall objective of this work is to develop envelope-type lipid-coated
AuNRs, and prove its applications in photothermal therapy while avoiding the non-
specific toxicities associated with CTAB. The dissertation is further divided into three

chapters to discuss specific parts of the nanoparticle development.

Chapter Il addresses the establishment a preparation method for the
nanoparticle. This includes the synthesis of AuNRs, discovery of the encapsulation
method using protein, and measurement of the physicochemical properties of AUNR-
MEND. Transmission electron microscopy (TEM) as a tool for verifying

encapsulation is also demonstrated.

Chapter lll explains the evaluation of photothermal cytotoxicity and cellular
uptake of AUNR-MEND using 4T1 mouse breast cancer cells. The design and
optimization of the assay is discussed, as well as the effects of various factors like
irradiation power, exposure time, and nanoparticle dose and coating. Apoptosis as a
mechanism of toxicity is considered. Cellular uptake is examined using fluorescence
microscopy and flow cytometry.

Chapter IV provides exploratory experiments on BALB/c mice through

pharmacokinetics and toxicity experiments.

The overall conclusion, implications, and possible future directions of this

research work is then elaborated on in Chapter V.



Chapter Il: Development of Lipid-Coated Gold Nanorods

A. Introduction

This chapter discusses how CTAB on the AuNR layer was replaced with
several molecules leading to the development of AUNR-MEND (Scheme 2-1). There
are several reported methods of CTAB replacement. AUNRs have previously been
coated with citrate, in a two-step process involving coating with polystyrenesulfonate
(PSS) as intermediate[33]. However, the use of PSS as a polymer replacement for
CTAB still causes some cytotoxicity because of its negative charge[34]. Other
polymers [polylysine (PLL), polyvinylpyrrolidone (PVP), starches, glycans] and
smaller molecules [mercaptocarboxylic acids (MCAs)] have been used as coating
too[35-37]. PEGylation is one of the most widely used methods in AuNR surface
modification because it can impart a high degree of stability[38] and biocompatibility
to AuNRs by the steric hindrance imparted by the long, hydrophilic PEG chains [39].

There has not been a published paper demonstrating the encapsulation of
AuNRs into liposomes through transmission electron microscopy (TEM).
Phospholipid-AuNR composites have been prepared before in one report, but
because of the lack of TEM images as evidence, it is unclear whether this has led to
encapsulation of liposomes formed by 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)[40].
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B. Results and Discussion
1. Synthesis of “Small” Gold Nanorods

The AuNRs were synthesized using a seedless approach as described by Ali
et. al[14]. The procedure is outlined in Scheme 2-2. Solutions of HAuCls, CTAB, and
AgNOs were mixed. Concentrated HCI is then added to lower the pH to around 2, to
lower the reducing potential of ascorbic acid[41,42]. Low pH contributes to a more
controlled growth of the nanorods. When ascorbic acid is added, Au®* is softly
reduced to Au*, changing the color of the solution from bright yellow to clear. A dilute
solution of NaBHa4 is then injected into the solution to create seeds in situ by reducing
Au* to Au. The small seeds then serve as starting points of growth of the nanorods.
After 12—-18 hours, the solution turns dark purple, indicating the formation of AUNRs.
It is then centrifuged and washed with deionized water to dilute CTAB to

approximately 1 mM.
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Scheme 2-2. A simplified outline of the synthesis of “Small” AuNRs using a seedless method, as
adapted from Ali et. al[14].

The AuNRs were then observed under TEM to check its morphology and size
(Figure 2-1). Monodisperse nanoparticles were achieved, with no evident
aggregation. The dimensional data of 186 nanorods from the images was measured
using ImageJ[43,36] (Figure 2-1-c-d). The histograms that were generated from the
lengths and widths of individual particles indicate a single-peak distribution. The
mean length is 29 £ 7.1 nm while the mean width is 8 £ 1.3 nm. The aspect ratio can
be derived by dividing the length over the width, with the result being 3.6. Compared
to 60-nm nanorods, there are less researches about “small” AuNRs. However, it was
reported that 28-nm rods are more effective than longer nanorods in absorbing light

and converting it to heat[44], making them better photothermal therapy agents.
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Figure 2-1. Shape and dimensions of AUNRs. (a-b) Electron microscopic images of AUNR-CTAB. (c-
d) The individual length (c) and width (d) of the CTAB-stabilized AUNRs were evaluated using ImageJ,
and their distributions are shown as histograms generated using R studio.

2. Discovery of the Encapsulation Method

After synthesizing the nanorods, the next step would be to encapsulate it into
MEND. However, this has not always been straightforward since AUNR-CTAB could
not be directly encapsulated. The original idea was that CTAB must first be removed
and replaced with a ligand which is more biocompatible, prior to encapsulation into

MEND. The attempts are outlined as follows:

a. Replacement of CTAB with oleate, and then encapsulation;

b. Replacement of CTAB with oleate, addition of luc pDNA and protamine,
and then encapsulation;

c. Replacement of CTAB with oleate, addition of protamine, and then
encapsulation; and,

d. Replacement of CTAB with BSA, and then encapsulation (final method).
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Initial attempts to encapsulate AUNR into MEND failed until the discovery that
proteins can help with the encapsulation. First, replacement of CTAB with oleate was
attempted because it is a naturally-occurring fatty acid and is thus seen as less toxic
than CTAB (Scheme 2-3). And then, after addition of plasmid DNA (pDNA) and
protamine was explored, encapsulation was achieved. In the end, another
biocompatible molecule, bovine serum albumin (BSA), was used as encapsulating
agent. The steps leading to the eventual use of this method is briefly discussed in

this part first.
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Scheme 2-3. Hypothesized scheme of AUNR-MEND preparation using oleate.

a. Replacement of CTAB with oleate, and then encapsulation

The procedure for this step was adapted from Murakami et. al[45]. Briefly,
AuNR-CTAB was heated with a dilute solution of sodium oleate (Scheme 2-3). The
excess oleate was then washed with water and removed by centrifugation. The
AuNR-oleate suspended in buffer was then encapsulated into MEND using the
alcohol dilution method (Scheme 2-4). In this method of liposome preparation, the
lipid mixture is dissolved in ethanol. The alcoholic solution is then rapidly diluted with
a buffer solution containing the cargo. This lowers the lipid concentration beyond
their critical micelle concentration (CMC), forming liposomes. The organic solvent is

then washed with buffer through centrifugal filtration[29,46].
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Scheme 2-4. Brief illustration of AUNR-MEND preparation using the alcohol dilution method.

However, when the resulting nanoparticle was viewed under TEM, no
encapsulation was observed (Figure 2-2). Instead, AuUNRs adsorbed on the surface
of liposomes. It is possible that oleate simply mixed with the other lipids to form
liposomes, leaving the nanorods unencapsulated but still attached to the lipids. This
type of nanoparticles have been previously reported as Liposome-AuNR hybrids and

has been used to deliver siRNA into cells through a heat-triggered response[47,48].

Figure 2-2. Electron microscopic images of AuNR-oleate adsorbed on liposome surfaces.

b. Replacement of CTAB with oleate, addition of luc pDNA and

protamine, and then encapsulation

The unexpected similarity of the produced nanoparticles to the previous
reports [47,48] led to the exploration of its possible use in heat-triggered gene

delivery. A core particle of luc pDNA condensed with protamine was then mixed with

12



AuNR-oleate prior to liposome preparation (Scheme 2-5). The expectation was that
pDNA would be encapsulated inside the liposome-AuNR hybrid. Surprisingly, the
nanoparticles observed showed that multiple AuNRs were encapsulated inside
liposomes (Figure 2-3).
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Scheme 2-5. Hypothesized scheme of AuNR-MEND preparation using oleate, luc pDNA, and
protamine.

Figure 2-3. Electron microscopic images of multiple AUNRs encapsulated in a liposome with the aid
of luc pDNA and protamine.

This meant that either the pDNA or the protamine was the driving force for
encapsulation. Plasmid DNA is a large biomolecule by nature, which needs to be
condensed with protamine prior to encapsulation. Hence, it is unlikely that this could
have caused the encapsulation of AUNRs. Protamine was the more probable cause
of encapsulation. The attempt to encapsulate pDNA with liposome-AuNR hybrids
was then abandoned and the lead with protamine was pursued.

13



c. Replacement of CTAB with oleate, addition of protamine, and then

encapsulation

In the third attempt, only protamine was added to AuNR-oleate prior to
liposome preparation (Scheme 2-6). Judging from the TEM images (Figure 2-4),
AuNRs were clearly inside the liposomes, confirming the hypothesis that it was the
cause of encapsulation. The images also show single nanorods inside the lipid

structure.
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Scheme 2-6. Hypothesized scheme of AUNR-MEND preparation using oleate and protamine.

Figure 2-4. Electron microscopic images of AUNR-oleate-protamine-MEND.

Protamine is an arginine-rich (70%) protein, making it basic[49]. It also has
cysteine residues which can be used to interact with DNA[50]. Both features can
help explain its interaction with AuNR-oleate. At acidic and neutral pH, protamine
would be cationic; hence, it would interact with the oleate lipid layer through
electrostatic forces. It is also possible that the —SH group in the cysteine residues
could form a coordinate bond with the Au in the AuNR surface. Aside from these
features of protamine, AuNR-oleate can successfully fuse with low-density

14



lipoprotein (LDL)[45]. While there are no in-depth studies of AuNR-protamine
interaction, the above statements could explain the encapsulation of AUNR-oleate

inside the liposomes using protamine.

d. Replacement of CTAB with BSA, and then encapsulation

Even if the encapsulation of AuNR inside liposomes was successful using
protamine, some problems were identified in this procedure. First, the preparation of
AuNR-oleate resulted to diluted AuNRs. The concentration was often already low
prior to encapsulation with MEND. When repeatedly washed, the nanoparticles
tended to aggregate. Second, as mentioned already, AuNR-protamine interactions
are less studied, compared to other proteins like BSA. It has been reported that RNA,
protamine, and Au nanospheres show some interaction[51] but it is unknown
whether this data to can be extended to protamine-AuNR interactions since the
spheres and rods also have different surface chemistry. On the other hand, BSA is a
known suspending agent and has been reported to stabilize AuNRs over a wide
range of temperature and pH[52]. AuNR-BSA can also be prepared in high
concentrations [~optical density (OD) 30] without aggregation (Figure 2-5), which is
ideal for MEND preparation. The replacement of CTAB with BSA is illustrated in
Scheme 2-7. BSA can strongly interact with AuNRs through the —SH group in its
cysteine residues[53] but hydrophobic interactions are said to dominate BSA-AuNR
interactions[54]. Electrostatic interactions were also reported to play a role[55]. It has
been proven through Surface-Enhanced Resonance Spectroscopy (SERS) that BSA
completely replaces CTAB from the AuNR surface through the process described
below[52].
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Scheme 2-7. Brief illustration of CTAB replacement by BSA to form AuNR-BSA.

Figure 2-6. Structure of bovine serum albumin (BSA) from Bujacz et. al.[56].
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After coating the particles with BSA, they were then encapsulated into MEND
using the alcohol dilution method as described above. TEM images confirmed that
the AuNRs were encapsulated inside the lipid structures (Figure 2-7-a-b). During
this process, the lipids could have possibly spontaneously formed vesicles through
electrostatic interactions with the negatively charged AUNR-BSA and the positively
charged ssPalmM. BSA has several hydrophobic pockets in its subunits: FAL in
subunit 1B, FA3 and FA4 in subunit IlIA, and FA7 in subunit IIA (Figure 2-6)[56].
These hydrophobic pockets could have interacted with the lipids[57] in MEND
resulting in the encapsulation of AUNR-BSA. This is the first report of encapsulation

of AUNRs into liposomes using protein.

However, encapsulation of proteins in liposomes are possible and the same
driving forces could have contributed to AUNR-MEND formation. Components like
cholesterol have been reported to be important in enhancing encapsulation of

proteins into liposomes[58].
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Figure 2-7. Electron microscopic images, and encapsulation and size data of AUNR-MEND. (a-b)
TEM images of the AUNR-MEND, prepared by coating the AuUNRs with BSA prior to encapsulation in
the MEND. The lipid layer was stained with 1% phosphotungstic acid. (¢) Percentage of encapsulated
and unencapsulated nanoparticles obtained by manual counting (n = 62). (d) The individual diameter
of AUNR-MEND was evaluated using the ImageJ software, and its distribution is shown as a
histogram.

As previously observed with protamine, single nanorods were found inside
liposomes. However, some liposomes contain more than one nanorod, and some
nanorods are not encapsulated at all. From the TEM images, a total of 62
nanostructures were then counted and classified into “unencapsulated”, “1 nanorod
encapsulated”, “2 nanorods encapsulated”, or “3 or more nanorods encapsulated”
(Figure 2-7-c). The % encapsulation was then calculated, showing that a total of
91.9% of the nanorods were encapsulated. However, only 77.4% contained single
nanorods inside the liposomes. The average diameter of the spherical AUNR-MEND
particles was also measured using ImageJ (Figure 2-7-d). A single distribution peak
can be derived from its histogram, with the average diameter being 68 + 18.3 nm.
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3. Physicochemical characteristics of AUNRs

It is important to monitor the change of physicochemical properties of AUNR
throughout the preparation. The UV-Vis-NIR spectrum, together with TEM, gives
important clues on the aggregation level of AuNRs[41]. The absorbance at ~800 nm
[Longitudinal Surface Plasmon Resonance (LSPR) peak] is also an essential
property to maintain, since the photothermal effect will be lost if this peak is
diminished. Figure 2-8-a shows that the LSPR peak shifted slightly to a longer

wavelength during the preparation. This is indicative of a change of refractive index
on the AuNR surface[35].
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Figure 2-8. Physicochemical properties of AuNR preparations. (a) Normalized NIR absorbance

profiles and (b) ¢ -potentials of AUNR-CTAB, AuNR-BSA, and AuNR-MEND. Error bars represent +
S.D. for three different experiments performed in triplicate.
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The C-potential is a measure of the surface charge of a particle. The original
CTAB-stabilized AuNRs were positively charged, since CTAB contains a quaternary
ammonium group. The replacement of CTAB as the coating material with BSA then
resulted in a drastic inversion in the -potential from +24 + 1.4 to -20 + 1.0 mV
(Figure 2-8-b). Since the isoelectric point (pl) of BSA is 4.7, it is largely negative at
pH 7.4[59]. After encapsulation into MEND, the C -potential became nearly neutral (-

5.7 £ 1.44 mV). This is important for nanoparticle biocompatibility.

The hydrodynamic diameter was noticeably larger than the TEM-based
diameter (Figure 2-7-d) since this includes the water molecules adsorbed on the
hydrophilic surface of AuNR-MEND. The size profile showed a homogenous
distribution with a single peak at 92 + 4.4 nm, indicating that it was monodisperse
and overall spherical (Figure 2-9). When the hydrodynamic size profiles of AUNR-
CTAB and AuNR-BSA were measured, many peaks were observed, including those
appearing at >10 nm (Figure S-1), which is due to the rotational diffusion exhibited

by non-spherical particles[34,60].

This size is also ideal for biological applications, being less than 200 nm[19].

This is tackled in greater detail in Chapter IV.
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Figure 2-9. Size distribution of AUNR-MEND evaluated by dynamic light scattering (DLS).
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4. Measurement of AUNR-BSA concentration

To convert the OD of AuNRs to Au concentrations, solutions of AUNR-BSA
were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES). This was performed to know the exact Au concentrations used in the
proceeding biological assays. OD at Amax is shown to be predict AUNR concentration

in a linear manner from OD 0 to 1 (Figure 2-10).
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Figure 2-10. Relationship AuNR optical density with Au concentration in mg/L as measured using
inductively-coupled plasma atomic emission spectroscopy (ICP-AES).

C. Conclusion

AuNRs were synthesized by the seedless method and yielded monodisperse
nanoparticles with 29 nm x 8 nm dimensions. It was discovered that elimination of
CTAB and encapsulation into MEND was not straightforward but was finally
achieved with the addition of protein. NIR absorption was maintained throughout the
encapsulation method, while the ¢-potential changed, and turned neutral after the
final step. The hydrodynamic diameter of AUNR-MEND was 92 nm. From the TEM
images and physicochemical properties, it can be concluded that the preparation
method was established and that AUNR-MEND was ready to be tested for biological
applications.
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D. Experimental Section

1. AuNR Synthesis

HAuUCls (cat. # 520918-1G), NaBH4 (cat. # 213462-25G), AgNOs (cat. #
S6506-5G), CTAB (cat. # H5882-100G), ascorbic acid (cat. # A92902-25G), and
BSA (cat. # A6003-25G) were purchased from Sigma-Aldrich. Hydrochloric acid (cat.
# 080-01006) were purchased from Wako. AuNRs were prepared by seedless
synthesis following the method of Ali et. al., with some modifications[14]. The growth
solution was prepared at 25-30 °C in a 500-mL plastic bottle. CTAB (200.0 mL, 0.2
M) was added to 200.0 mL of HAuCls (1.0 mM). AgNOs (10.8 mL, 4.0 mM) was then
added, after which the bottle was inverted once to gently mix the reagents. HCI
(320.0 pL, 37%) was then added to the solution to lower the pH to around 2.
Afterwards, ascorbic acid (280 pL, 78.8 mM) was added to the solution. The tube
was then gently inverted multiple times until the solution became clear. Ice-cold
NaBHa4 (600 uL, 10 mM) was immediately injected to the growth solution, resulting in
a slow change in color to purple. The reaction was then placed in an incubator
(maximum 30 °C) and allowed to react overnight. The solutions were centrifuged for
15 min at 14,500 rpm, and the supernatant was removed. The precipitate was
resuspended in water and spun down under the same centrifugation conditions. The
supernatant was again removed and then resuspended in 1 mM CTAB.

2. Stabilization of AUNRs by BSA

Stabilization with BSA was carried out according to the procedure by Tebbe
et. al.[52], with minor modifications. The AuNRs in 1 mM CTAB from the previous
step were slowly added to a solution of BSA solution (10 mg/mL) in 0.02% citrate
(pH 7.4) under ultrasonication (Branson Digital Sonifier-250, Danbury, CT) in a 1:1
v/v ratio. The mixture was then further sonicated for 30 min in a bath sonicator (Aiwa
AU-25C, Aiwa Co., Tokyo) and then centrifuged (10,000 rpm, 15 min). The pellet
was then resuspended in a 10 x diluted BSA solution (1 mg/mL BSA, 0.02% citrate,

pH 12), and then stirred for at least 24 h at 4 °C. The solution was then centrifuged
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(10,000 rpm, 15 min), and the pellets were then resuspended in water (pH 11-12) to

achieve the desired concentration (~ OD 30).

3. Preparation of MEND

MEND was prepared using the alcohol dilution method[29,30]. AuUNR-BSA
was encapsulated into a lipid envelope with a composition of
ssPalmM:DOPE:cholesterol (5:2:3 molar ratio) plus 10 mol% of DMG-mPEG2000. The
lipids (500 nmol total) were dissolved in 100 uL of ethanol, and then rapidly diluted
with 130 pL of AuUNR-BSA solution (OD 30) in 420 yL malate buffer (20 mM, pH 4).
The solution was then further diluted to approximately 5% v/v ethanol by immediately
adding malate buffer (20 mM, pH 4). The diluted nanoparticle preparation was
afterwards filtered and concentrated by centrifugation using an Amicon Ultra 4
(Millipore) ultrafilter (1,000 g, 15 min, 30 °C). The remaining suspension on the upper
column was resuspended in PBS (pH 7.4), and again centrifuged using the same
conditions. The AuNR-MEND concentration was then measured using UV-Vis-NIR
spectroscopy (Beckman Coulter DU 730) and expressed in optical density (OD) at

wavelength of maximum absorbance (~800 nm).

4. Physicochemical characterization

The diameter and C-potential of the nanoparticles were determined using an
electrophoretic light-scattering spectrophotometer (Zetasizer, Malvern Instruments
Ltd.). For TEM observations, the nanoparticle suspensions were mounted on a
copper grid (Cat. No. 6511, Nisshin EM Co. Ltd., Tokyo), lipids were stained with 1%
phosphotungstic acid, and then dried overnight prior to being observed using a
Hitachi HD2000 scanning transmission electron microscope with a voltage of 200kV.
The average length and width of individual AUNRs as well as the diameter of AUNR-
MENDs in TEM were measured by ImageJ software[43]. The histograms were then
generated using RStudio. Encapsulated and unencapsulated AuNRs were counted

to estimate % encapsulation.
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5. Measurement of Au concentration by ICP-AES

The Au concentration was measured using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). AuNR-BSA solutions with known OD was
desiccated overnight and digested with aqua regia (1 mL) at 80 °C for 10 h to enable
complete ionization of Au. The solutions were diluted with 10 mL of deionized water
and subjected to spectroscopic analysis[61]. A calibration curve for Au** at various

concentrations was made using a commercial standard[62].
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Chapter lll: Evaluation of Photothermal Cytotoxicity and

Cellular Uptake

A. Introduction

The working hypothesis in this doctoral work is that AUNR-MEND is taken up
by the cell through endocytosis and then once inside, NIR irradiation can be used.
The nanoparticles then absorb NIR light and convert it to heat, damaging intracellular
components, and eventually killing the cell (Figure 3-1). It is possible that cell death
may be initiated by apoptosis, a process of controlled cell death, where the cell is
demolished from within, minimizing damage to neighboring cells[63]. This chapter
examines the photothermal cytotoxicity and cellular uptake of AUNR-MEND and
other nanoparticles on 4T1 mouse breast cancer cells.
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Figure 3-1. Proposed mechanism for cell damage: AuNR-MEND is taken up by the cells, and
subsequently generate heat in response to the NIR irradiation, consequently killing the cells.
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B. Results and Discussion

1. Design of photothermal cytotoxicity assay

Photothermal cytotoxicity requires measurement of cell survival after NIR
irradiation. The assay set-up (Figure 3-2) requires an NIR source, for which, a xenon
(Xe) lamp is used. The Xe lamp provides a continuous light source from 750—-900nm,
with the beam concentrating on a 1 x 1 cm? spot, enough to cover one well at a time
in a 96-well assay plate. The irradiation treatment involved placing the lamp 7 cm
over the plate which is then placed on top of a slide warmer. The slide warmer fixes
the baseline temperature at 37 °C, thereby maintaining this temperature for all the
other cells in the plate during irradiation. Irradiation is expected to raise the

temperature of the medium, which was measured using a probe thermometer.

7 cm distance

Slide warmer Probe thermometer Xe lamp

Figure 3-2. Set-up of photothermal cytotoxicity irradiation.

WST-8 assay, which is based on the NAD* to NADH reduction of living cells,
was chosen as a simpler and more sensitive alternative to the MTT assay[64].
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Assessment of photothermal cytotoxicity was performed four hours after irradiation
(Scheme 3-1).

%A OH 2H  6H  8H

» seed 4T1 * incubate  jrradiation + add WST-8 -+ read
cells (1x104 sample absorbance
cells / well) with cells (450 nm)

Scheme 3-1. Outline of photothermal cytotoxicity assay.

2. Optimization of irradiation power and time

The AuNR-MEND concentration was primarily fixed at OD 0.5 or 16.4 mg
Au/L while the assay was optimized in terms of irradiation power and time. It was
found that while the irradiation power between 0.5 W/cm? and 1.0 W/cm? does not
affect cytotoxicity, the irradiation time does. More than 80% of the cells were killed
within ~ 6 min of irradiation, regardless of the light power (Figure 3-3-a). In this
experiment, the temperature of the medium was increased to ~40 °C and ~56 °C
after 6 min of irradiation with a light power of 0.5 W/cm? vs 1.0 W/cm?, respectively
(Figure 3-3-b). These results clearly showed that AuNR-MEND possesses
photothermal activity.
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Figure 3-3. Optimization of photothermal cytotoxicity assay. (a) Evaluation of cell viability and (b)
medium temperature after NIR irradiation for 0, 3, and 6 minutes using 0.5 and 1.0 W light power.
Error bars represent + S.D. for three different experiments performed in triplicate (*p<0.05, One-way
ANOVA, Tukey’s HSD).

The irradiation power and time for the rest of the assays were then fixed at 0.5
W/cm? and 6 min, respectively. To check the effect of external medium temperature
rise on cells, the heating effect was emulated by exposing the cells to 60 °C-pre-
warmed medium (Scheme 3-2). Most surprisingly, the 6 min incubation of the cells
in pre-warmed medium showed marginal cytotoxicity (at most 25%) (Figure 3-4).
Thus, the strong cytotoxic effect produced by the AUNR-MEND cannot simply be
explained from the point of view of extracellular temperature. It is then postulated

that the photothermal cytotoxicity of the AuNRs is largely caused by heat produced
inside the cells.
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Scheme 3-2. Procedure of evaluation of cell viability after a 6 min exposure to pre-heated medium at
60 °C.
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Figure 3-4. Evaluation of cell viability after a 6 min exposure to pre-heated medium at 60°C. Error
bars represent £ S.D. for three different experiments performed in triplicate (* p<0.05, Unpaired t-test).

3. Determination of effect of coating and dose variation

The photothermal cytotoxicity of the previous formulations was then compared
with that of AUNR-MEND. While irradiation with or without any AuNR sample causes
slight toxicity (15-28% cell death), it was observed that only AUNR-BSA and AuNR-
MEND exhibit significant photothermal cell-killing effect (Figure 3-5). This further
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supported the decision to choose the development of AUNR-MEND using BSA rather
than protamine, aside from the advantages discussed in Chapter II. It is possible that
because of the excess oleate, formation of protein corona around AuNR-oleate and
AuNR-oleate-protamine-MEND could have occurred, increasing their overall
hydrodynamic size and lowering cell uptake, thus diminishing their photothermal
cytotoxicity[65].
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Figure 3-5. Evaluation of photothermal cytotoxicity of different AUNR preparations: AuNR-oleate,
AuNR-oleate-protamine-MEND, AuNR-BSA, and AuNR-MEND without and with irradiation at 0.5
W/cm? for 6 min. Error bars represent + S.D. for three different experiments performed in triplicate
(*p<0.05, Unpaired t-test).

The dose-dependent cytotoxic effects of AuNR-CTAB, AuNR-BSA, and
AUNR-MEND with or without NIR irradiation for 6 min at 0.5 W/cm?, were then
studied. The doses used were 4.1 to 32.9 mg Au/L (OD 0.125 to 1.0). AuNR-CTAB
showed drastic cytotoxicity in both the presence and absence of NIR irradiation,
even at low concentrations. This indicates that traces of CTAB remaining in the
sample caused non-specific cytotoxicity, supporting the hypothesis that the original
AuNR-CTAB is not appropriate for translational applications (Figure 3-6). Confocal
laser scanning microscopy (CLSM) images show that AuNR-CTAB-treated cells

have a morphology different from live cells, since they are detached from the plate
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(Figure S-2). In contrast, the AuNR-BSA and AuNR-MEND showed little or no
cytotoxic effects in the absence of NIR irradiation, as was previously shown in Figure

3-5, indicating that these particles are intrinsically compatible for in vivo applications.
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Figure 3-6. Dose-response curves for the cytotoxicity of AUNR-MEND, AuNR-BSA, and AuNR-CTAB
without NIR irradiation and for AUNR-CTAB with irradiation at 0.5 W/cm? for 6 min. Error bars
represent £ S.D. for three different experiments performed in triplicate (*p<0.05, One-way ANOVA,
Tukey’s HSD).

Under NIR irradiation, both particles exhibited cytotoxic effects (Figure 3-7).
In these comparisons, the maximum cytotoxicity was 75% in AUNR-BSA, even at a
higher dose (32.9 mg/L), while it exhibited a higher cytotoxicity at a smaller dose (4.1
mg/L) in comparison with AUNR-MEND. AuNR-MEND conferred almost complete
cytotoxicity at a higher doses (16.4-32.9 mg/L). It is possible that AUNR-BSA
showed heterogeneous uptake, although this is still currently being investigated. If its
uptake is not uniform, then AuNR-BSA will probably produce varying responses
according to dose. It was postulated that AUNR-MEND uptake is more efficient and
uniform, hence the shape of its dose-response curve. The dose-temperature
increase relationship for both nanoparticles are both linear and comparable, hence

temperature increase alone cannot explain the difference in cytotoxicity (Figure 3-8).
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Figure 3-7. Dose-response curves for the cytotoxicity of AUNR-MEND, and AuNR-BSA, with and
without NIR irradiation at 0.5 W/cm? for 6 min. Error bars represent = S.D. for three different
experiments performed in triplicate (*p<0.05, One-way ANOVA, Tukey’s HSD).
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Figure 3-8. Dose-medium temperature curves for AUNR-MEND and AuNR-BSA after NIR irradiation

for 6 min using 0.5 1.0 W light power. Error bars represent =+ S.D. for three different experiments
performed in triplicate.

4. Evaluation of cellular uptake

The cytotoxicity findings prompted the investigation of the homogeneity of
cellular uptake for AUNR-MEND. AuNR-MEND was labeled with DiD, a fluorescent
dye, and cellular uptake was then evaluated by fluorescence-assisted cell sorting
(FACS) (Figure 3-9). In this DiD-labeling experiment, the AUNR-MEND was purified

by centrifugation to remove empty liposomes that could cause false positive signals.
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Figure 3-9. Cellular uptake measurement of AUNR-MEND in 4T1 cells. DiD-labeled AUNR-MENDs
were incubated with 4T1 cells at the indicated concentrations, and then analyzed by FACS. Mean
fluorescence intensities of DID (a) and (b) percentage of DiD-positive cells (fluorescence intensity
above 10) are shown. Error bars represent = S.D. for three different experiments performed in
triplicate.

Cellular uptake clearly increased with dose (Figure 3-9-a). Even at the lowest
concentration, the AUNR-MEND was taken up by nearly 100% of the cell population
(Figure 3-9-b). Therefore, the homogenous uptake of the AuNR-MEND by the
cultured cells might be a key factor in the observed cell-killing activity (Figure 3-7).
Cellular uptake was also confirmed based on CLSM images (Figure 3-10), which
shows that the DiD signals from AuNR-MEND are clearly inside the cell borders and
are near the nucleus. Targeting the nucleus has been reported to be beneficial for
photothermal cytotoxicity[66]. Slight co-localization of AuNR-MEND with the
endosomes was also observed (orange signals, Figure 3-11), which is expected with
lipid nanoparticles containing ssPalmM[29]. However, cellular trafficking may be

improved in the future with other ssPalm analogues.
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Figure 3-10. Evaluation of cellular uptake of AUNR-MEND using confocal microscopy. Cells on the
right column were incubated with DiD-labeled AUNR-MEND (red). All cell nuclei were stained with
Hoechst 33342 (blue). Merged images show the cell borders.
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Figure 3-11. Evaluation of endosome co-localization. Cells were incubated with DiD-labeled AUNR-
MEND (red). Cell nuclei and endosomes were stained with Hoechst 33342 (blue) and Lysotracker
Red (green), respectively.
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5. Measurement of caspase-3 production

Although direct thermal disruption of the membrane could also contribute to
cell death[67], it has been previously reported that heat that is produced during
photothermal therapy causes apoptosis through a caspase-dependent
pathway[31,68]. Therefore caspase-3 activity as an index of the apoptosis

induction[69] was explored.

After incubating the cells with AUNR-BSA or the AUNR-MEND (16.4 mg Aul/L),
followed by NIR irradiation at 0.5W/cm? for 6 min, the cells were further incubated
with a specific caspase-3 substrate, N-Ac-DEVD-N'-MC-R110. The resulting
cleavage product with a fluorescence at 535 nm was then measured[70]. The AuNR-
MEND treatment caused a significant increase in caspase-3 activity in comparison
with AUNR-BSA. (Figure 3-12), which may be attributed to the relatively low light
power used in the assay[31]. Caspase-mediated apoptosis can be caused by AuUNRs
through mitochondrial damage[71]. Hence, damage to the mitochondria could have

been possible as well.
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Figure 3-12. Measurement of caspase-3 activity after AUNR-BSA and AuUNR-MEND treatment, with
and without NIR irradiation. Activity was normalized to the percentage of surviving cells determined
from WST-8 assay data. Error bars represent + S.D. for five different experiments performed in
triplicate. The mean fold-change in caspase-3 activity was not significantly different among the non-
treated and non-irradiated cells. Among the irradiated groups, activity in AUNR-MEND-treated cells
was significantly higher than in those treated with AUNR-BSA (*p<0.05, One-way ANOVA, Tukey’s
HSD).
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C. Conclusion

The photothermal cytotoxicity assay was designed and optimized to include
irradiation of cells at 0.5 W/cm? for 6 min. AUNR-MEND demonstrated photothermal
cytotoxicity which is stronger than that of previous formulations. The cell killing effect
was caused by internalization of AUNR-MEND, and production of heat inside the
cells. At a low dose, the NIR photothermal cytotoxicity of AUNR-BSA was higher than
that for the AUNR-MEND. However, in higher doses, AUNR-MEND resulted in the
complete destruction of the cells, while the cell survival rate reached a plateau at
30% in the case of AUNR-BSA. Its cellular uptake was also shown to be dose-
dependent, supporting the dose-dependent cytotoxicity observed. Furthermore,

apoptosis was also indicated to be the mechanism of cytotoxicity.

D. Experimental Section

1. Cell culture and in vitro photothermal cytotoxicity assay

Mouse mammary tumor (4T1) cells were obtained from the American Type
Culture Collection (ATCC). They were maintained in RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL) and
streptomycin (100 pg/mL). The cell culture was maintained at 37 °C in a 5% COg,
humidified incubator (Figure S-3)[72]. 4T1 cells were grown in 96-well tissue culture
plates overnight. Thereafter, the growth media was removed and replaced with
growth media containing AuUNR at the indicated concentrations in terms of OD unit.
The UV-Vis-NIR spectra of AUNR-MEND in growth media was not expected to be
significantly altered when their environment was changed from water to growth
media. After a 2 h incubation time, the cells were exposed to a Compact Xenon light
source (Asahi Spectra MAX-303, 750-900 nm) at 0.5 to 1 W/cm? (spot size around 1
cm?) for 3—6 minutes. During irradiation, the cell culture dishes were kept at 37 °C on
a slide warmer (Tissue-Tek Slide Warmer PS-53, Sakura FineTek Japan). The
temperature inside each well was measured by a thermocouple thermometer K-type
(A&D AD-5602A, A&D Co., Ltd.). After 4 h, cell viability was determined using a
CCK-8 kit (Dojindo Laboratories, Dojindo Molecular Technologies, Inc.) according to

the manufacturer’s protocol[64].
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2. Confocal laser scanning microscopy (CLSM)

To examine the cellular uptake of the nanoparticles, the AUNR-MEND was
labeled with DID (Molecular Probes). For the labeling, DID (0.5 mol% of total lipid)
was included in the lipid composition during the preparation of the AUNR-MEND. 1 x
10* cells were seeded on a 3.5-cm glass base dish (lwaki, Asahi Glass Co., Ltd.) in 2
mL of culture medium 1 day before the experiment. The growth media was removed
and replaced with growth media containing the fluorescently-labeled nanoparticles at
OD 0.5. The nanoparticles were incubated with the cells for 4 h. Cell surface-bound
MENDs were removed by washing the cells twice with PBS. The nuclei were then
stained with 5 pg/mL Hoechst 33342 (Dojindo Laboratories). The culture medium
was changed to phenol red-free RPMI 1640 (Gibco) before microscopic observation.
Confocal images were obtained using a Nikon A1 microscope equipped with a water
immersion objective lens (Plan Apo 60x 1.20 PFS WI). Control of the microscopy
and acquisition of digital images were performed with the NIS-Elements software
(Nikon)[30]. For Hoechst 33342, a 405 nm laser was used for excitation and a 425—
475 nm channel was used for detection, while for DID, a 638 nm laser was used for
excitation and a 662-737 nm channel was used for detection. The signals for
Hoechst 33342 and DiD are blue and red, respectively.

Lysotracker Red DND-99 was used to stain endosomes (5 uL, 30 min before
observation). A 561 nm laser was used for excitation and a 570-620 nm channel

was used for detection (green signals).

3. Fluorescence-assisted cell sorting (FACS)

To examine the cellular uptake of the nanoparticles, AUNR-MEND were
labeled with DID (Molecular Probes). For the labeling, DiD (0.05 mol% of total lipid)
was included in the lipid composition in the system used in the preparation of AUNR-
MEND. The empty liposomes were removed by centrifugation at 1,000 g for 1 min.
4T1 cells (1x10° cells/well) were cultured on 6-well plates for 24 h prior to being
used. The cells were then incubated with OD 0.125-1.0 of fluorescently-labeled
AuNR-MEND. They were then washed 3 times with cold PBS and detached by
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treatment with 0.05% trypsin, 0.55 mM ethylenediaminetetraacetic acid (EDTA) in
PBS. The collected cells were then suspended in RPMI 1640 with FBS, and then
centrifuged (100 rpm, 4°C, 5 min). The cells were washed with FACS buffer [0.5%
BSA and 0.1% NaNs in PBS (-)], and then suspended again in FACS buffer. The
suspended cells were filtered through a nylon mesh, and then fluorescence intensity
was measured by FACS (FACSCalibur, Becton Dickinson, Franklin Labs, NJ) using
FL-4 detector for DiD. Data were processed using Cell Quest (Becton Dickinson)[73].

4. Caspase-3 assay

4T1 cells were grown overnight in 96-well tissue culture plates. Thereafter, the
growth media was removed and replaced with growth media containing AUNR-BSA
or the AUNR-MEND (OD 0.5). After a 2 h incubation time, the cells were exposed to
a Compact Xenon light source (Asahi Spectra MAX-303, 750-900 nm) at 0.5 to 1
W/cm? (spot size around 1 cm?) for 6 min. During the irradiation, the cell culture
dishes were kept at 37 °C on a slide warmer (Tissue-Tek Slide Warmer PS-53,
Sakura FineTek Japan). After 4 h of additional incubation, the culture plate was
centrifuged and caspase-3 activity was assayed using a caspase-3 fluorescence
assay kit according to the manufacturer’'s protocol (Cayman Chemicals)[74].
Caspase-3 activity was normalized using the percentage of surviving cells taken
from WST-8 assay data[75] using the following equation:

activity

fold-ch ' -3 activity =
old-change In caspase-S activity percentage of surviving cells

The results were analyzed using one-way ANOVA performed at a 95%

confidence level. Tukey’s HSD was performed as post-hoc test.
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Chapter IV: Assessment of Pharmacokinetics and Toxicity

A. Introduction

Solid tumors and inflamed tissues possess loose endothelial junctions, hence
facilitating the enhanced permeability and retention (EPR) effect[76]. PEGylation of
AuNRs have been reported to make use of this to passively target the
tumor[39,55,77]. Majority of the injected nanoparticles still end up in the liver, which
is the organ responsible for the fate of nanoparticles which are larger than 8 nm and
could not be cleared by the kidneys through glomerular filtration[78]. This chapter
explores the possibility of passive tumor targeting using AUNR-MEND by studying
some pharmacokinetic parameters. The hepatotoxicity of AUNR-MEND was also
explored.

B. Results and Discussion

1. Preparation of long-circulating AUNR-MEND

AuNR-MEND was prepared with 10 mol% of DSG-mPEG:zo000 (instead of
DMG-mPEG:2000) to increase its stability in vivo. PEGylation provides a “stealth effect”
to the nanoparticle, lessening the chances that it will be captured by the RES. Long-
circulating MEND labeled with DiD was injected intravenously into BALB/c mice (5w
?). After 24 h, it can be seen that at least 20% of the original MEND concentration
still remains (Figure 4-1). This means that the prepared MEND is long-circulating,
through the stealth effect provided by PEG[79]. Around half is eliminated after
approximately 8 h. Using literature data as comparison, AUNR-BSA has a very short
half-life of 12 min[80,81]. On the other hand, only 5% of AUNR-CTAB remain in the
blood after 30 min[82], making its half-life approximately similar to AuNR-BSA.
However, longer circulating AuNRs covalently conjugated with PEG-5000 through a
thiol moiety have been already previously prepared, with ti2 of 17 h[83].
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Figure 4-1. Blood clearance of AUNR-MEND. BALB/c mice were injected via the tail vein with DiD-
labeled MEND. Data are expressed as the mean %ID/mL blood + SD at 0.017, 1, 3 and 24 h after
administration (n = 3).

2. Determination of tissue distribution

Because of the long circulation time, it is possible that the nanoparticles could
have reached the tumor after 24 h through the EPR effect. Fluorescent labelling is a
stable and biocompatible way to assess tissue distribution of liposomes[84], hence
MEND was once again labeled with DiD. DiD-labeled MEND of the same dose were
injected to 4T1 tumor-bearing mice (tumor volume = 57.5 + 6.8 mm?3). The liver,
spleen, kidney, and tumor tissues were collected, homogenized, and assayed for
DIiD concentration. Some tumor accumulation was observed, however, around 35%
of the nanoparticle were captured by the mononuclear phagocyte system (MPS) and
accumulated in the liver and spleen (Figure 4-2). This is expected since the
relatively large particle size (151 nm) does not allow it to be eliminated by glomerular
filtration (limit: 5.5 nm)[35]. This is supported by the low accumulation on the kidney.
The liver and spleen are also highly vascularized filtration organs[85] and hence,
after a long enough circulation period, the nanoparticles have indeed ended up in

these organs.
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Figure 4-2. Tissue distribution profile of AUNR-MEND.

3. Assessment of liver toxicity

Since a large percentage accumulated on the liver, hepatotoxicity was
checked by measuring liver function enzymes or serum transaminases (ALT and
AST) after injection. The same dose was administered through the tail vein of
BALB/c mice (5w?). It was hypothesized that if AUNR-MEND damaged the liver,
then the hepatocytes would release AST and ALT into extracellular space which
would eventually be detected in the serum. Both AST and ALT were measured and
their ratio was calculated. AST is released upon damage to liver and other tissues
such as the smooth muscle while ALT release is specific only for the liver, so the

ratio evaluates liver-specific damage[86].
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Figure 4-3. Toxicological analysis of AUNR-BSA- and AUNR-MEND-treated BALB/c mice. To assess
the acute liver toxicity of MENDs, AST and ALT activities in serum were measured after a single

intravenous administration at a dose of 40 pg/mouse (n=3). The AST-ALT ratio was then calculated
(*p<0.05, One-way ANOVA, Tukey’s HSD).
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It was then observed that AUNR-MEND does not raise the AST/ALT ratio
significantly, and has almost the same values as the non-treated mice. However, the
AuNR-CTAB-treated group showed high AST/ALT ratio, from 2—12 h, indicating liver
damage, with 1 mouse immediately dying after administration (Figure 4-3). This is
expected, since AuNR-CTAB also accumulates in the liver and can cause non-
specific cytotoxicity, as proven in previous studies[18]. CTAB concentration in the
injected solution is estimated to be ~0.11 mM. AuNR-MEND is almost neutral, and
this brings with it the advantage of not being hepatotoxic[46], as is expected of most

drug delivery systems because of their non-toxic and biodegradable components[87].

C. Conclusion

AuNR-MEND modified with DSG-mPEG2000 possessed long blood circulation
properties and could accumulate in tumor after 24 h. it was also proven to be safe for
in vivo applications because of its low hepatic toxicity, thereby eliminating CTAB-
related non-specific toxicity.

D. Experimental Section

1. Animal handling experiments

BALB/c mice (9, 5-week-old, 15-20 g in weight) were obtained from Japan
SLC (Shizuoka, Japan). Tumor-bearing mice were prepared by anesthetization with
diethyl ether, and subcutaneous inoculation of the right flanks with 1.0 x 10° 4T1
cells. Animal handling procedures were reviewed and approved by the Hokkaido
University Animal Care Committee in accordance with the Guide for the Care and

Use of Laboratory Animals[72].

2. Measurement of AUNR-MEND in blood

DiD-labeled AUNR-MEND was administered intravenously to the tail vein at a
dose of 40 ug Au/mouse. Blood samples were collected at 0.017, 1, 3, and 24 h after
and rapidly mixed with 1% SDS. The fluorescent intensity of the mixture was
measured with Infinite M200 (Tecan, Mannedorf, Switzerland). Blood concentration
was calculated by using a standard curve from the mixture of known amount of DiD-
labeled AUNR-MEND and non-treated mice blood[88].
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3. Tissue distribution analysis

DiD-labeled AUNR-MEND was administered intravenously to the tail vein at a
dose of 40 pg Au/mouse. Mice were sacrificed after 24 h, and the liver, spleen,
kidney, and tumor were collected. Each organ was weighed and minced. The tissues
were then homogenized in 1% SDS and DiD fluorescence was measured from the
homogenates using an Enspire microplate reader. The amount of nanoparticle found
was calculated using a standard curve from a mixture of a known amount of tissue

from a non-treated mouse and the injection solution.

4. Determination of liver enzymes

AuNR-MEND was administered intravenously to the tail vein at a dose of 40
Mg Au/mouse. Blood samples were collected at 1, 6, and 24 h after administration.
After collection, the blood samples were centrifuged at 800 g for 5 min at 4 °C. The
supernatant was collected as serum samples, and then AST and ALT levels were
measured using Wako Transaminase CllI-Test kit (Wako Pure Chemical Industries
Ltd. Osaka, Japan)[46].
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Chapter V: Overall Conclusion and Future Perspectives

Au has been used in medicine for decades in the molecular form as
aurothioglucose and gold sodium thiomalate for treatment of rheumatoid arthritis[89].
However, its applications in the nanoparticle form are novel and promising. The
central goal of this research was to develop a method for encapsulating AUNRSs in a
non-toxic envelope, making it suitable for photothermal therapy. It was discovered
that a protein was needed for this to be possible, with the encapsulation being
proven through TEM. AUNR-MEND caused complete NIR-triggered cytotoxicity. This
can be most probably attributed to homogenous cellular uptake. Apoptosis was
determined as a possible mechanism of cytotoxicity. AuUNR-MEND has also
demonstrated long blood circulation time and tumor accumulation through the EPR
effect, as well as the loss of hepatoxicity associated with CTAB. It has been
demonstrated that coating AUNRs within a lipid envelope is a promising strategy for
avoiding non-specific cytotoxicity derived from CTAB. It has also enhanced the
photothermal effect and pharmacokinetics of the nanoparticles. Therefore, the main
objective has been achieved.

The possibility of encapsulating AuNRs into MEND offers a wide range of
future applications. Photothermal ablation of tumors can be achieved[6] by passive
or active[68,90,91] targeting of tumor tissues even in the event of metastasis[92].
This has been proven many times in animal models but relying on this alone is not
enough to attain selectivity, since AUNR-MEND is also responsible for particle

accumulation in liver and spleen[76].

Improving the PTT effect can also be explored. The sensitivity of different
cancer cells to hyperthermia is diverse and is regulated by several genes[93]. Those
which have been treated with hyperthermia previously are prone to acquire
resistance to heat stress. Hence, one strategy is to conjugate AUNRs with molecules
that can combat heat resistance of tumors. Diclofenac, a glucose transporter (Glutl)
inhibitor, has been reported to help overcome tolerance of cancer cells by interfering
with anaerobic glycolysis, increasing the efficacy of AUNRS[9]. This can be attached
to AUNR-MEND. Adding natural product molecules like quercetin can also be used to

decrease production of heat-shock protein and to suppress tumor growth and
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metastasis[94], consequently strengthening photothermal cytotoxicity through

apoptosis|[8].

Control or intracellular trafficking can be achieved using other derivatives of
ssPalmM[29,30,95] or adding other surface molecules[96,37]. Targeting specific
organelles like the nucleus[97] or the mitochondria[98] has also been reported to
increase photothermal cytotoxicity. AUNR-MEND can also be used for combined
photothermal and chemotherapy of known anti-cancer drugs[99-101] to increase the
anticancer effect of either of these agents, since hyperthermia has been reported to
improve drug delivery[102]. In connection with this, AUNRs can also be used as light-
controlled release systems[103]. When coated with DNA, it can form core-satellite
assemblies with Au nanospheres containing complementary DNA[104]. Hence,
satellite assemblies with other nanoparticles are possible too. AUNR-MEND can also
serve as platform for vaccine[62,105] and gene delivery[106,107] and can also be
used for cancer cell imaging when conjugated to antibodies that can attach to

specific cell surface markers[91,97].

Aside from theranostics, the surface-enhanced resonance properties of AUNR
can also be harnessed for analytical applications such as biosensing[108,109].
Combining the potentials of liposomes and AuNRs may pave the way for vast

prospects in nanomedicine.

To consolidate all researches on therapy using gold nanoparticles, a database
containing data on all properties of the nanoparticle such as size, surface charge,
type of surface ligand or coating material as well as information on the system it was
tested on like cancer cell type, tumor model, biological effect, and tumor distribution
may also be constructed[110-112]. This will greatly enable researchers to perform
their own analyses and pick out the properties that can produce the most optimum

biological effect.
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Supplementary Information
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Figure S-1. Size distribution profiles of AUNR-CTAB, AuNR-BSA, and AuNR-MEND as evaluated by
DLS.
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Figure S-2. CLSM images of cells were incubated with DiD-labeled AUNR-CTAB (red), showing its
cytotoxic effect. Cell nuclei were stained with Hoechst 33342 (blue).

Figure S-3. 4T1 mouse mammary tumor cells under light microscope.

48



Abbreviations

AuNR - gold nanorod

ALT — alanine aminotransferase

AST — aspartate aminotransferase

BSA — bovine serum albumin

CCK-8 — cell counting kit

CLSM - confocal scanning laser microscopy

CTAB - cetyltrimethylammonium bromide

DMG-mPEG:2000 — 1,2-dimyristoyl-sn-glycerol, methoxypolyethylene glycol
DSG-mPEG2000 — 1,2-distearoyl-sn-glycerol, methoxypolyethylene glycol
DOPE - 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

EDTA - ethylenediaminetetraacetic acid

EPR — enhanced permeability and retention

FACS - fluorescence-assisted cell sorting

FBS — fetal bovine serum

Hb — hemoglobin

HbO2 — oxyhemoglobin

Glutl — glucose transporter 1

ICP-AES - inductively-coupled plasma atomic emission spectroscopy
LSPR - longitudinal surface plasmon resonance

MCA — mercaptocarboxylic acid

MEND — multifunctional envelope-type nano device

MPS — mononuclear phagocyte system

NIR — near infra-red

OD - optical density
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PBS — phosphate-buffered saline

pDNA — plasmid deoxyribonucleic acid

PLL — polylysine

POPC - 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
PSS — polystyrenesulfonate

PTT — photothermal therapy

PVP — polyvinylpyrrolidone

RES - reticuloendothelial system

RPMI — Roswell Park Memorial Institute

SERS - surface-enhanced Raman spectroscopy

SsiRNA — small interference ribonucleic acid

ssPalm — S-S cleavable proton-activated lipid-like material
TEM — transmission electron microscopy

TNFa — tumor necrosis factor alpha

WST-8 — water-soluble tetrazolium
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