UCLA
UCLA Previously Published Works

Title
Polypeptide-Based Gold Nanoshells for Photothermal Therapy

Permalink

Ihttps://escholarship.org/uc/item/272605’5]:1

Journal

SLAS TECHNOLOGY, 22(1)

ISSN
2472-6303

Authors

Mayle, Kristine M
Dern, Kathryn R
Wong, Vincent K

bt al

Publication Date
2017-02-01

DOI
10.1177/2211068216645292

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/27z605tp
https://escholarship.org/uc/item/27z605tp#author
https://escholarship.org
http://www.cdlib.org/

~~ Original Report

Journal of Laboratory Automation
1-8

© 2016 Society for Laboratory
Automation and Screening

DOI: 10.1177/2211068216645292
jala.sagepub.com

®SAGE

Polypeptide-Based Gold Nanoshells for
Photothermal Therapy

Kristine M. Mayle', Kathryn R. Dern', Vincent K. Wong', Shijun Sung?,
Ke Ding', April R. Rodriguez', Zachary Taylor'?, Z. Hong Zhou'*?,
Warren S. Grundfest'*>*, Timothy J. Deming', and Daniel T. Kamei'

Abstract

Targeted killing of cancer cells by engineered nanoparticles holds great promise for noninvasive photothermal therapy
applications. We present the design and generation of a novel class of gold nanoshells with cores composed of self-
assembled block copolypeptide vesicles with photothermal properties. Specifically, poly(L-lysine),,-block-poly(L-leucine),,
(KgoLyo) block copolypeptide vesicles coated with a thin layer of gold demonstrate enhanced absorption of light due to
surface plasmon resonance (SPR) in the near-infrared range. We show that the polypeptide-based K, L, gold nanoshells
have low toxicity in the absence of laser exposure, significant heat generation upon exposure to near-infrared light, and,
as a result, localized cytotoxicity within the region of laser irradiation in vitro. To gain a better understanding of our
gold nanoshells in the context of photothermal therapy, we developed a comprehensive mathematical model for heat
transfer and experimentally validated this model by predicting the temperature as a function of time and position in our
experimental setup. This model can be used to predict which parameters of our gold nanoshells can be manipulated to
improve heat generation for tumor destruction. To our knowledge, our results represent the first ever use of block
copolypeptide vesicles as the core material of gold nanoshells.
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Introduction

Photothermal therapy holds great promise for treating cancer.
In this approach, cancer cells are killed by heat generation
caused by the conversion of light energy to heat by nanosized
metallic particles. When a metal nanoparticle is exposed to
light, the oscillating electromagnetic field of light induces a
collective oscillation of the free electrons (conduction band
electrons) of the metal.! The frequency of light at which the
oscillation is a maximum is known as the surface plasmon
resonance (SPR). The SPR of gold nanoparticles is dependent
on the nanoparticle size and shape, as well as the dielectric
properties of the surrounding medium. Optical properties can
therefore be tuned by adjusting these parameters.'

SPR enhances all radiative and nonradiative properties of
the gold nanoparticles, making them excellent scatterers and
absorbers of light."* Absorption of light occurs when the pho-
ton energy causes electron oscillations in the matter, while
scattering of light occurs when the photon energy is dissipated
due to inelastic properties, which emit photons in the form of
scattered light either at the same frequency as the incident light
or at a shifted frequency. The ratio of scattering to absorption is
important when choosing an application for the nanoparticles.

For example, high scattering of light enables cellular imaging,
while a high absorption of light is required to generate thermal
energy for photothermal therapy.”

For photothermal therapy, it is desirable to develop gold
nanoparticles that are responsive to near-infrared light to mini-
mize attenuation of the energy due to light-tissue interactions.’
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In the near-infrared region, the absorption of light by tissue
chromophores, such as hemoglobin and water, is minimal.
Therefore, compared to visible and UV wavelengths of light,
near-infrared light can penetrate deeper into tissue while
maintaining the critical power density necessary for thera-
peutic effect, and damage to tissue is minimal. To obtain SPR
in the near-infrared band, researchers have developed gold
nanoparticles of different shapes and sizes, such as gold
nanorods’ and gold nanoshells.® Gold nanoshells, which are
characterized by a thin layer of gold deposited onto a dielec-
tric core, have demonstrated SPR bands ranging from UV to
the mid-infrared region, with the wavelength depending on
the core diameter and shell thickness.®

There are several methods to creating gold nanoshells,
which typically use an aminated or thiolated core material
on which to coat a thin layer of gold. The classic method for
creating gold-coated silica nanoparticles is a several-step
process.®’ In this method, small gold colloids (2-3 nm in
diameter) are seeded onto aminated silica nanoparticles
through the formation of dative bonds between the gold and
surface amines. The gold shell is then completed through a
gold plating process, in which gold ions in solution are
reduced onto the seeded gold colloids.® More recently, gold
nanoshells have been made through the direct reduction of
gold ions onto a functionalized core material using a gentle
reducing agent, such as hydroxylamine. The reduction of
gold ions by hydroxylamine is accelerated by the presence
of gold surfaces being formed on the functionalized core
material, resulting in the absence of external nucleation/
gold colloid formation, as all the Au®" goes to the formation
of the nanoshells.®® External nucleation can cause high het-
erogeneity in the sample and lead to poor characterization
of the desired nanoshell population. The desired SPR wave-
length of the gold nanoshells can be tuned by adjusting the
amount of gold ions added, the pH of the reduction reaction,
the core diameter, and the composition of the dielectric core
material.

The properties of the core material, such as the dielectric
constant, can affect the optical properties of the gold nanoshells,
including the absorption efficiency, plasmon line width, and
plasmon energies.'° The core material of the first gold nanoshell
was a solid silica nanoparticle; however, other materials have
also been used as core materials, such as polymeric and semi-
conductor nanoparticles.*!'""* Furthermore, liposomes have
been explored as a core material, since they can provide addi-
tional benefits such as encapsulation of hydrophilic and hydro-
phobic cargo in the core and bilayer, respectively. Gold
nanoshells with liposome cores have shown promise in photo-
thermal therapy. In addition, other laboratories have shown
that photothermal-capable gold-based nanostructures can be
coupled with other applications such as triggered release of
anticancer drugs and gene expression profiling in cells.”!*!’

Here we present the development of gold nanoshells using
a novel core material: polypeptide vesicles. Polypeptide

vesicles are an emerging class of biomaterials that have shown
promise in delivering cargo, such as nucleic acids and antican-
cer drugs,'®° and this work represents its first use as a core
material for gold nanoshells. Vesicles formed from amphiphi-
lic block copolypeptides can provide increased stability over
conventional liposomes, since the formation of thicker vesicle
membranes contributes to increased attractive interactions
between the building blocks. Furthermore, block copolypep-
tides with a wide variety of chemical and physical properties
have been synthesized from naturally occurring and/or syn-
thetic amino acid residues using transition metal-initiated ring
opening polymerization of N-carboxyanhydrides. Since poly-
peptide vesicles are made from amino acid building blocks,
they have the potential to exhibit low immunogenicity and
toxicity. In this work, we investigated the use of the poly(L-
lysine),-block-poly(L-leucine),, block copolypeptide (K,L,,)
vesicles as a novel class of core materials for hollow gold
nanoshells.

Previously, the Deming research group examined the abil-
ity of the K L,, block copolypeptides to self-assemble into
vesicular structures, which could be extruded to a 100- to
200-nm size with low polydispersity.'® While the KL, ves-
icles were able to encapsulate hydrophilic cargo,'® the use of
the positively charged vesicles as a drug delivery vehicle was
limited due to its high cytotoxicity. We reasoned that coating
the vesicles with gold would enable their use for photother-
mal therapy as the gold shell would mask the charges of the
surface amines, which interact strongly with the net nega-
tively charged cell membrane to induce cellular damage, and
gold nanoparticles are known to be relatively nontoxic to
cells. To efficiently coat the K L,, vesicles with gold, we
took advantage of the abundance of amines on the vesicle
surface, provided by the 60 residues of lysine in the hydro-
philic block of the copolypeptides. Optimization of the gold
coating allowed for tunability of the SPR to the near-infrared
region. Furthermore, as predicted, the gold-coated K, L,,
vesicles demonstrated no discernible toxicity and significant
heat generation upon exposure to quasi-coherent 808-nm
irradiation. This resulted in substantial laser-induced cytotox-
icity for in vitro photothermal therapy experiments.

Materials and Methods

Materials

PC3 cell lines were obtained from the American Type Culture
Collection (Manassas, VA). Roswell Park Memorial Institute
(RPMI) 1640 cell culture media, penicillin-streptomycin
(P/S), sodium pyruvate (NaPyr), phosphate-buffered saline
(PBS), and 0.25% trypsin with ethylenediaminetetraacetic
acid (EDTA) were purchased from Invitrogen (Carlsbad,
CA). Fetal bovine serum (FBS) was obtained from HyClone
(Waltham, MA). The 96-well plates were purchased from
Sigma-Aldrich (St. Louis, MO). The MTS cell proliferation
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assay kit was purchased from Promega (Madison, WI). The
Bradford reagent was obtained from Bio-Rad (Hercules,
CA).

Synthesis of Block Copolypeptides

The K L,, block copolypeptide was synthesized using the
transition metal-initiated ring opening polymerization of
N-carboxyanhydride as previously described.'® The result-
ing copolypeptide was freeze-dried. The K L,, polypeptide
was processed into vesicles using a modification of a
method previously reported.'® Specifically, the vesicles
were formed by first dissolving 10 mg polypeptide in 1 mL
of a 15% tetrahydrofuran (THF) solution in sterile Milli-Q
water (Millipore, Billerica, MA). Subsequently, another 1
mL of a 15% THF solution was added to yield a final poly-
peptide concentration of 0.5% w/v. The mixture was placed
in a dialysis bag (molecular weight cut-off of 8000 Da) and
dialyzed against sterile Milli-Q water overnight to remove
the THF, where the sterile Milli-Q water was changed every
hour for the first 4 h. The resulting vesicles were extruded
through a series of polycarbonate membranes with 1000-,
400-, 200-, and 100-nm pores (in that order) to obtain more
uniformly sized vesicles. The sizes of the vesicles and their
distribution were analyzed with dynamic light scattering
(DLS), and the Bradford assay was performed to quantify
the final concentration of the polypeptide vesicles accord-
ing to the manufacturer-supplied instructions, using the pre-
dialyzed samples as the standard.

Coating of Gold Nanoshells

A 2.7-mL suspension of polypeptide vesicles (0.782 mg)
was adjusted to pH 7 using 7% ammonium hydroxide
(Sigma-Aldrich). Hydroxylamine hydrochloride (Sigma-
Aldrich) was added in excess (500 uL of a 0.2 M solution)
followed by 90 pL of a 0.5% gold (III) chloride solution
(Sigma-Aldrich) in two 45-pL aliquots. The suspension was
allowed to spin for 2 h, and then 108 puL of'a 0.5% gold (II1)
chloride solution was added in two 54-uL aliquots. The sus-
pension was allowed to spin overnight, and the gold-coated
vesicles were recovered by centrifugation at 9000 rcf for
10 min. The pH was determined to be critical in the gold-
coating process, so the pH was adjusted as needed to main-
tain a pH of 7 throughout the coating process.

Characterization of Gold Nanoshells

Size and zeta potential measurements were performed on
KLy, vesicles with the Malvern Zetasizer Nano ZS model
Zen 3600 (Malvern Instruments, Westborough, MA). For
the transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) images, the colloidal gold

nanoshells were first fully mixed by pipetting for a few

times and immediately applied to carbon-coated copper
grids. The grids were air-dried without staining or blotting.
The TEM and SEM images were then recorded inside an FEI
(Hillsboro, Oregon) T20 200kV transmission electron micro-
scope and Zeiss (Oberkochen, Germany) Supra 40VP SEM,
respectively. The extinction profile of the gold nanoshells
was measured to verify the strong surface plasmon resonance
in the near-infrared region using a UV-visible spectropho-
tometer (BioMate 3S; Thermo Scientific, Waltham, MA)
over a range of wavelengths from 400 to 1100 nm.

Measuring Heat Generation

Gold nanoshells (extinction at 808 nm = 0.6 a.u.) were irra-
diated with an 808-nm laser diode (200 mW) (ThorLabs,
Newton, NJ) for 10 min, at a power density of approxi-
mately 33 W cm 2 The temperature was measured at
desired time points using a thermocouple (model HYP-0;
OMEGA Engineering, Stamford, CT) placed into a 96-well
plate in 100 pL of the gold nanoshell solution suspended in
water. The thermocouple could accurately measure temper-
ature from cryogenic to 200 °C.

Mathematical Model for Heat Transfer of Gold
Nanoshells

A model for the heating of the well due to laser irradiation
of the gold nanoshells was developed by using the differen-
tial form of the conservation of energy equation. In this
model, we assume that only the gold nanoshells within the
path of the laser generate heat, and the heat is then con-
ducted to the region outside of the path of the laser. For this
approach, we defined two regions. The region in the path of
the laser (the inner cylinder) was modeled using equation
(1), while the region outside of this path (the cylindrical
annulus) was modeled with equation (2).

or
pCPEZszT-FQIaSEr‘ (1)
or
pC, r =kV°T. ()

The pCp(Z—T term on the left-hand side is related to the
t

change in energy with respect to time of a differential vol-
ume of solution. The (V?*7 term on the right-hand side is
associated with heat conduction, and equation (1) has an
additional term, Q, ., which is associated with the heat
generated due to plasmonic heating of the gold nanoshells
due to laser irradiation. In these equations, 7" is temperature
(K), tis time (s), k is the thermal conductivity (W m™' K1),
p is the density (kg m ™), C, is the heat capacity (J kg ' K™,
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Figure 1. Schematic for making polypeptide-based gold nanoshells.
and Q, . (W m?) is the heat generated by the gold
nanoshells. The parameters used in the model are shown in 02 1
Supplemental Table S1, and more details of the model can 018 1
be found in the Supporting Information. 0-16 1

For this model, we solved the partial differential equa- 5 0.14 ]
tion in both defined regions (inner cylinder and outer annu- E 0.12 4
lus) using finite difference equations and the method of g 0.1 1 N
lines coded in the MATLAB programming language. E 0.08 ~ (i

0.06 A

Photothermal Th o

otothermal Therapy 002 |
PC3 cells were seeded onto 96-well plates at a density of 0 i i T T i T v
88,000 cellem . Gold nanoshells (extinction at 808 nm = 0.6 400300 600 ‘;a(ﬁlengti?l?m 900 10001100
a.u.) were incubated with PC3 prostate cancer cells for 2 h in

serum-free media. Cells were then irradiated with an 808-nm
laser diode (200 mW) for 10 min. A Live/Dead Stain Kit (cal-
cein AM and ethidium homodimer; Molecular Probes,
Sunnyvale, CA) was then used to evaluate the viability of the
cells. Cells were examined using fluorescent microscopy
with the EVOS fl Digital Inverted Fluorescence Microscope
(Advanced Microscopy Group/Life Technologies, Grand
Island, NY).

Results and Discussion

Making Polypeptide-Based Gold Nanoshells

Typically, aminated core materials have been used for gold
nanoshells, since amines can form dative bonds with gold to
form a gold coating. On the basis of the success of such
aminated core materials, we chose to develop the polypeptide-
based gold nanoshell using the KL, vesicles, which have
an abundance of lysines on the surfaces (Fig. 1). Using
hydroxylamine to reduce the gold ions onto the surfaces of
the vesicles, the KL, gold nanoshells were developed.
The SPR of gold nanoshells can be tuned to the near-
infrared band by adjusting the ratio of the shell thickness to
vesicle diameter. The diameter of the poly(L-lysine),-
block-poly(L-leucine),, copolypeptide (K4,L,,) vesicles was

Figure 2. Visible near-infrared absorption spectra of the
optimized polypeptide-based gold nanoshells. Extinction is the
sum of the absorption and scattering of light in absorbance
units (a.u.). Relative to gold nanorods, the broadening of the
extinction profile can be attributed to the nonuniform size

distribution of the K, L,, vesicles after the extrusion process.?

established at approximately 122 nm by serial extrusion
through polycarbonate membranes. As shown in Figure 2,
the K L,, gold nanoshells have an extinction peak close to
the near-infrared region, where extinction is defined as the
sum of the absorbance and scattering of light by the gold
nanoshells. This indicated that light in the near-infrared
range (e.g., 808-nm diode laser) could be used for trigger-
ing a therapeutic response. Although the peak does not cor-
respond to 808 nm, the relatively high absorbance at 808
nm is still enough to induce cytotoxic effects. In the future,
the absorbance peak can be shifted further into the near-
infrared range by adjusting the core radius to shell thickness
ratio of our gold nanoshells.?’ The extinction profile pre-
sented in Figure 2 represents the effect of all nanoshells in
the suspension.

Based on DLS measurements, the gold nanoshells were
found to be 150 nm in diameter and relatively monodisperse.
Furthermore, the gold nanoshells were within the size range
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Table I. Characterization of Polypeptide-Based Gold
Nanoshells.

KoLy Vesicles Size (nm) Polydispersity Index
Uncoated 122 | 0.252 £ 0.01
Coated 150 £2 0.125 £ 0.02

necessary to enable passive targeting of tumor tissue through
the enhanced permeability and retention (EPR) effect (Table
1) TEM and SEM images confirmed spherical gold
nanoshells (Fig. 3), where the diameter of the gold nanoshells
observed with TEM was also similar to those measured with
DLS. Smaller sized gold nanoshells in the images can be
attributed to smaller sized KL, vesicles and even KL,
micelles. In our extrusion process, these smaller entities cannot
be filtered out. A potential solution would be to use dialysis to
remove some of the smaller self-assembled structures. The
TEM and SEM images also show some possible aggregates,
but these are most likely formed during the drying stages of the
sample prior to imaging.* Images also indicate some nonuni-
formity in the thickness of the nanoshells. This might have
been caused by the relatively high concentration of the hydrox-
ylamine reducing agent, which may have led to greater local
concentrations of the reducing agent that promoted rapid
reduction of gold onto the vesicle surfaces in certain regions of
the suspension. To correct this problem, the concentration of
hydroxylamine can be reduced to decrease the probability that
there will be regions of high hydroxylamine concentration,
which could lead to more uniform gold coat thickness on all of
the vesicles.

Furthermore, the zeta potential of the gold nanoshells,
which is the electrostatic potential at the no-slip boundary
of the nanoparticle, was measured to be +50 mV, indicating
that the gold nanoshells exhibited a positive surface charge,
enabling them to interact favorably with the net negatively
charged cell membrane.

Due to the strong cellular membrane interaction, posi-
tively charged carriers can be highly cytotoxic. Previous
attempts to use the positively charged, uncoated KL,

vesicles for drug delivery had been limited due to a dose-
dependent toxicity. Gold nanoparticles, on the other hand,
are known to be relatively inert and nontoxic in vitro and in
vivo. After coating the K L, vesicles with gold, they were
found to be nontoxic to cells at all concentrations tested
(Supporting Information). It is hypothesized that the addi-
tion of the gold coating disguised the lysine amino acids,
resulting in a reduction of the overall toxicity.

Measuring Heat Generation from Gold
Nanoshells

For photothermal therapy, near-infrared light that maxi-
mally overlaps with the SPR of the gold nanoshells can be
used as an external trigger. The energy absorbed by the gold
nanoshells is dissipated to the surrounding environment as
heat. Research has shown that cancer cells are more sensi-
tive to temperature increases, compared to normal cells, due
to the harsh microenvironment corresponding to low partial
pressures of oxygen and acidic pH conditions, where tem-
peratures above 42 °C (315 °K) have been shown to effec-
tively destroy tumor tissue in photothermal therapy.”* The
aqueous suspension containing KL, gold nanoshells
showed a 28 K average temperature increase over a 10-min
(600 s) exposure to the 808-nm (200 mW, approximately 33
W cm?) continuous-wave (CW) diode laser, and as
expected, water alone showed a minimal average tempera-
ture increase from 20.5 to 21.9 °C upon laser irradiation
(Fig. 4). Comparatively, the 28 K temperature increase with
the gold nanoshells showed a significant increase in heat gen-
eration. These results demonstrate that our polypeptide-based
gold nanoshells show promise as a triggered, local photo-
thermal therapy.

Mathematical Modeling of the Heat Transfer
Associated with K, L,, Gold Nanoshells

The heat generation by the gold nanoshells is a result of
their strong absorbance of photons in the near-infrared

EHT = 500KV Signal A=InLens Width=1.877 ym Date :13 Jan 2015
Mag=150.79 KX  WD=7.0mm PhotoNo.=6875 Height=1.408 um Time :15:36:39

Figure 3. Images of the optimized
KoLy gold nanoshells. (A)
Transmission electron microscopy
image, scale bar = 200 nm. (B)
Scanning electron microscopy image,

scale bar = 100 nm.
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Figure 4. The temperature difference as a function of time for
gold nanoshells in water with exposure to an 808-nm laser diode
(200 mW). Data for gold nanoshells in water are represented

by triangles, while data for water alone are represented by the
circles. The error bars correspond to standard deviations from
triplicate measurements. In the case of water, the error bars are
smaller than the circle symbols.

region and subsequent conversion of the energy to heat.
Several factors can affect the heat generation of gold
nanoshells, including the diameter of the gold nanoshell
(which can affect the optical properties, such as absorption
cross section and efficiency), gold nanoshell concentration,
and laser power density. Researchers have developed quan-
titative models to predict temperatures attained within well
plates, cells in vitro, mock tumor phantoms, and tumors in
vivo under a variety of parameters and conditions.**2°

To gain a better understanding of our KL, , gold nanoshells
in the context of photothermal therapy, we developed a com-
prehensive mathematical model for heat transfer. Such a model
can be used in the future to determine which parameters can be
manipulated to improve heat generation and, therefore, the
destruction of tumors. The mathematical model was solved
numerically using finite difference equations and the method
of lines coded in the MATLAB programming language. This
model was used to predict the increase in temperature observed
in our in vitro laser irradiation experiments.

Using the mathematical model, the temperature increase
as a function of time for the gold nanoshells was predicted,
and the predictions were compared with the measured tem-
peratures. As shown in Figure 5, the model reasonably pre-
dicted the increase in temperature. The slightly slower rise
in our temperature predictions can be attributed to m, the
rate of evaporation. In reality, evaporation is less likely to
occur at the beginning of heat generation, when tempera-
tures are lower. However, in the model, an average rate of
evaporation was assumed throughout the process. This

305 - A Experiment
Prediction

320 - I i A i_A
w315 A iat %
2 i3
2 310 4 ; ;
<
St
D
2. 305 A
g ;
= 300 4 %

295 A

290 & : : : : : : \

0 100 200 300 400 500 600 700
Time/s

Figure 5. Comparison of our mathematical model predictions
(circles) with our measured temperatures (triangles) for gold
nanoshells in water with exposure to an 808-nm laser diode
(200 mW). The error bars on the experimental data correspond
to standard deviations from triplicate measurements.

overestimation in evaporation rate in the beginning is the
most likely cause of our model’s underprediction of heat
generation as evaporation is associated with heat removal.
We envision using the model in the future to determine how
we can engineer our gold nanoshells to improve heating
properties. For example, in the current mathematical model,
O,user 18 Telated to the absorbance of our gold nanoshells and
is an input that can be manipulated through engineering the
design of the nanoshells. The ultimate goal of the model is
to enable improvement of heat generation, which, in turn,
would lead to greater photothermal treatment efficacy.

Photothermal Therapy Using Polypeptide-Based
Gold Nanoshells

Hyperthermia treatment of cancer cells uses elevated tem-
peratures above 42 °C, which can denature proteins and dis-
rupt cell membranes.””?® Gold nanoshells can provide localized
heating to the tumor site in response to near-infrared laser irra-
diation. To investigate the use of the K L,, gold nanoshells
for in vitro cytotoxicity, we incubated the gold nanoshells
with prostate cancer cells for 2 h prior to laser irradiation.
The results demonstrate that combination of KL, gold
nanoshells and exposure to the near-infrared laser results in
cytotoxicity, where the green and red stains indicate live
and dead cells, respectively (Fig. 6A,B). Furthermore, the
cell death is limited to the region of cells irradiated by the
laser. In addition, no similar region is observed when cells
are irradiated with the laser without the gold nanoshells
(Fig. 6C,D). These promising in vitro results indicate that
the K L,, gold nanoshells can generate sufficient heat
under near-infrared irradiation to cause localized cytotoxic-
ity of cancer cells.
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Figure 6. Cytotoxicity of (A, B)
PC3 cells incubated with K, L,, gold
nanoshells irradiated with a 200-mVWV,
808-nm laser diode and (C, D) PC3
cells only irradiated with the near-
infrared laser. Live cells are stained
green (A, C), and dead cells are

In conclusion, this article presents the first use of novel
block copolypeptide vesicles as the core material for gold
nanoshells. Using block copolypeptide vesicles as a core
material has several advantages. Unlike traditional lipo-
somes, polypeptide-based vesicles have a thicker mem-
brane due to the longer polypeptide chains, which result in
more stable vesicles. In addition, polypeptide-based vesi-
cles have been shown to be biocompatible and stable under
a variety of biological conditions. Furthermore, cargo can
be loaded into the vesicles, which cannot be achieved using
traditional silica-based gold nanoshells. However, one dis-
advantage to our synthesis method is the polydispersity of
our vesicle population. Extrusion and the gold-coating pro-
tocol can be further optimized to address this problem. For
example, parameters such as spin speed and ratio of gold to
polypeptide can be further optimized. In this article, we
have demonstrated the ability to coat the K, L,, vesicles
with a thin layer of gold. The polypeptide-based gold
nanoshells were found to generate significant heat in
response to near-infrared light, which resulted in laser-
induced, localized cancer cell death in vitro.
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