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Abstract

Liposomes show great promise as intravenous drug delivery vehicles, but it

is often difficult to combine stability in the circulation with rapid, targeted

release at the site of interest. Targeting to specific tissues requires developing

highly specific ligands with strong affinities to receptors overexpressed

on diseased cells; a new cellular target requires developing new ligands

and identifying new receptors. Novel photoactivated, hollow, gold nanoshell

(HGN)/liposome composites provide a new approach to both controlled
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release and specific targeting. HGN are extremely efficient near infrared (NIR)

light absorbers, and are not susceptible to photobleaching like conventional

dyes. Near-complete liposome contents release can be initiated within seconds

by irradiating HGNs with an NIR pulsed laser. Targeting the drug is limited

only by the dimensions of the laser beam; no specific ligands or antibodies

are required, so different tissues and cells can be targeted with the same

HGN/liposomes. HGNs can be encapsulated within liposomes or tethered to

the outer surface of liposomes for the most efficient drug release. HGNs in

liposome solutions can also trigger release, but with lower efficiency. Drug

release is induced by adsorbing femto- to nanosecond NIR light pulses that

cause the HGNs to rapidly increase in temperature. The resulting large

temperature gradients lead to the formation of vapor microbubbles in aqueous

solutions, similar to the cavitation bubbles induced by sonication. The collapse

of the unstable vapor bubbles causes liposome-membrane rupture and

contents release, with minimal damage to the surroundings, and little overall

heating of the solution.
1. Introduction

The therapeutic efficacy of many drugs can be improved by maximiz-
ing their concentration at the disease site; toxicity can be reduced simulta-
neously by lowering the concentration elsewhere in the body. Liposomes
and other lipid-based drug carriers sequester toxic drugs within a lipid
membrane to provide significant advantages over systemic therapy by
altering drug biodistribution, maximizing efficacy, while minimizing dam-
age to healthy organs and tissues (Allen and Cullis, 2004; Sengupta et al.,
2005). Submicron liposomes and other lipid-based nanocarriers can remain
in the bloodstream for extended periods allowing for accumulation in
regions of tumor growth or inflammation due to the poorly formed and
leaky vasculature, a mechanism known as the enhanced permeation and
retention effect (EPR) (Allen and Cullis, 2004). However, it is difficult for a
given liposome to combine the necessary physical integrity and drug reten-
tion in circulation (to maximize drug accumulation at the disease site) with
rapid contents release at the disease site (to affect therapy and minimize drug
resistance). For example, liposomal doxorubicin (a chemotherapy drug)
reduces drug-related toxicity; however, its therapeutic activity is reduced
despite its efficient delivery to tumors because of slow release from the
liposome carriers (Abraham et al., 2005). Therefore, one of the current
challenges for liposomes and other carriers is how to initiate the release of
encapsulated drugs with both spatial and temporal controls. External signals
such as ultrasound (Huang and MacDonald, 2004) and visible light (Mueller
et al., 2000; Shum et al., 2001) have been used to induce contents release
from liposomes, but these methods are limited to surface-accessible areas
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such as the eye and skin. For delivery to deeper tissues, other strategies have
emerged, ranging from liposomes sensitized to general hyperthermia (Ponce
et al., 2006), and receptor-targeted (Noble et al., 2004), and pH- or enzy-
matically triggered liposomes (Davidsen et al., 2003; Simões et al., 2006). It
is difficult, however, to incorporate a destabilizing agent into the liposome
membrane to promote release without compromising long-term stability
and drug retention in the circulation; by contrast, liposomes optimized to be
robust and resistant to leakage in the circulation are hampered by subopti-
mal drug release. Active targeting requires specific ligands with high affi-
nities to receptors overexpressed on diseased cells that can lead to ‘‘binding-
site barriers’’ where the tightly bound nanocarriers prevent drug penetration
into the tissue (Peer et al., 2007). In addition, targeting a different site
requires identifying an appropriate receptor as well as the synthesis and
characterization of new ligands.

To address the joint challenges of controlled release and specific target-
ing, we coupled hollow gold nanoshells (HGNs) that strongly absorb near
infrared (NIR) light, to remotely trigger content release from conventional
liposomes and ‘‘vesosomes’’ (multicompartment lipid-based carriers, or
larger liposomes encapsulating multiple smaller liposomes, Kisak et al.,
2004) within seconds, using an external, pulsed laser source. The HGNs
can be tethered chemically to the liposome surface, encapsulated within the
liposomes, or even just be in solution with the liposomes. Absorbing pulsed
laser light causes the HGNs to rapidly increase in temperature, leading to
the formation of microscopic vapor bubbles (Huang et al., 2006; Tong et al.,
2007) in the vicinity of the liposome bilayer, the collapse of these bubbles
causes transient liposome membrane rupture and contents release (Wu et al.,
2008). The effects on the liposome membrane are similar to those induced
by ultrasound-induced cavitation; sonication is a commonly used method to
create small, unilamellar vesicles from a lamellar dispersion and is well
known to disrupt bilayer membranes. In addition to membrane disruption
and fast contents release, only HGN/liposome complexes directly irradiated
by the laser are ruptured, providing the necessary spatial control of contents
release. Alternatively, continued irradiation of the HGNs can induce loca-
lized hyperthermia or permeabilized cell bilayers, both of which can pro-
mote drug uptake by cells, or even lead directly to cell death (Chen et al.,
2007; Hirsch et al., 2003; Norman et al., 2008; Tong et al., 2007).

The great advantage of NIR to activate liposome drug-release is that
tissue, blood, etc. are relatively transparent to 700–1100 nm wavelength
light, allowing penetration depths of several centimeters (Weissleder, 2001).
Gold nanostructures designed to have a plasmon resonance at NIR wave-
lengths, that is, silica core/gold nanoshells (Hirsch et al., 2003; Prasad et al.,
2005), gold nanorods (Huang et al., 2006; Norman et al., 2008), and HGNs
or nanocages (Chen et al., 2007; Prevo et al., 2008; Sun et al., 2003) are
especially effective at absorbing NIR light and converting this energy into
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heat. HGNs are similar to silica core/gold nanoshells that have been used
both in vitro and in vivo to accumulate NIR light (Hirsch et al., 2003), except
that HGNs have a hollow core, which allows easier synthesis, (Prevo et al.,
2008) smaller overall dimensions (Prevo et al., 2008; Sun et al., 2003), and
no silica to interact with tissues. Gold nanoshells and nanorods illuminated
with NIR light have been used successfully to noninvasively heat and
eradicate diseased cells and tissues both in vivo and in vitro (Chen et al.,
2007; Hirsch et al., 2003; Huang et al., 2006; Norman et al., 2008; Tong
et al., 2007).

Heat-transfer analysis confirms experimental observations that absorp-
tion of nano- to femtosecond pulses of NIR light causes the temperature of
the HGNs to reach the melting temperature of gold, causing the collapse of
the nanoshells into solid nanospheres (Prevo et al., 2008; Wu et al., 2008).
The conversion of the optical energy into heat is so fast (nanoseconds) that
thermal energy dissipation to the surrounding fluids occurs after the HGN
reaches its maximum temperature (Link et al., 1999a). As the high-temper-
ature HGNs equilibrate with the surrounding fluid, large-temperature
gradients induce the boiling of microscopic amounts of water within
microseconds (Lapotko et al., 2006; Lin and Kelly, 1998; Wu et al., 2008).
These microbubbles are unstable, and the large volume of cold water
surrounding the bubbles causes them to collapse in the same way as sonica-
tion-induced cavitation bubbles. The bubble collapse induces mechanical
stresses in the surrounding fluid, that can tear lipid membranes apart,
thereby releasing the contents of liposomes or other lipid-based drug
carriers (Wu et al., 2008). The solution returns to equilibrium less than a
millisecond after the initial laser pulse (Wu et al., 2008). Depending on the
laser power and the pulse repetition rate, the average solution temperature is
increased by no more than a few degrees (Prevo et al., 2008). There is a
minimum energy threshold for drug release and a characteristic acoustic
response of the solution on irradiation (Wu et al., 2008), similar to sonica-
tion-induced cavitation (Lin and Kelly, 1998). Neither the liposomes nor
their contents are degraded chemically by the irradiation and release. The
potential advantages of this new photoactivated release include (Sengupta
et al., 2005) (i) synergistic disease-cell targeting by combining drug-carrying
particles (liposomes) and energy-absorbing particles (HGNs) (Allen and
Cullis, 2004), (ii) localizing release without harmful effects on surrounding
healthy tissues, with no cytotoxicity or cutaneous photosensitivity as in
photodynamic therapy, since the gold nanoparticles are inert (Abraham
et al., 2005), (iii) triggering up to several centimeters inside the body as
most tissues are transparent to NIR light (Huang and MacDonald, 2004),
and (iv) creating high-localized concentrations of drug with both spatial and
temporal controls. A variety of liposome or polymeric (Discher et al., 1999)
carriers could be modified by tethering or encapsulating HGNs to produce a
system for rapid, targeted release on demand via NIR irradiation. In
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addition, HGN-induced liposome disruption could be used to induce rapid
diffusional mixing to permit the study of fast chemical kinetics in nanoen-
vironments mimicking cell membranes (Chiu et al., 1999).
2. Synthesis of HGNs

The templated galvanic replacement reaction of silver for gold (Chen
et al., 2007; Hao et al., 2004; Liang et al., 2005; Prevo et al., 2008;
Schwartzberg et al., 2006; Sun and Xia, 2004; Sun et al., 2002; Wiley
et al., 2004, 2005) provides a simple and reproducible, nontoxic route to
HGNs 20–50 nm in diameter for use in biomedical applications
(Scheme 14.1). Silver nanoparticles with diameters of the desired HGN
core size are synthesized first, then are sacrificed by adding a gold salt to the
solution; the gold is reduced to metal because it has a greater standard
reduction potential than the silver template, which is oxidized to a molecu-
lar solution (Sun et al., 2002). The gold plates onto the outside of the
dissolving silver nanoparticle, resulting in an HGN of controlled diameter;
the shell thickness is determined by the relative amount of gold salt to the
silver template. The ratio of shell diameter to shell thickness governs the
wavelength of the HGN absorbance (Oldenburg et al., 1998); the surface
plasmon resonance (SPR) absorbance of nanoshells made in this fashion can
be tuned very simply by applying Turkevich’s basic colloidal growth chem-
istry to the sacrificial silver nanoparticles (Link et al., 1999a; Turkevich,
1985; Turkevich et al., 1951, 1954). The emphasis here is not on making
shape-specific or extremely monodisperse nanoshells, but rather on a simple
and scalable route to nanoshells for practical applications, with tunable sizes
and absorbance profiles that require minimal experimental footprints
(reduced heating, minimal separations, etc.), and minimal exposure to
toxic solvents, reagents, or intermediates that would be detrimental to
biomedical applications. The major benefit of this synthesis is that it is
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Scheme 14.1 Schematic illustration of the synthesis and stabilization of gold
nanoshells as well as their structural change after NIR laser irradiation.
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rapid, stable, highly scalable, and in many cases is a true ‘‘one-pot’’ synthesis
(Hao et al., 2004; Liang et al., 2005; Sun and Xia, 2004).

Silver templates are prepared at 60 �C in a well-stirred 600 ml solution of
0.2 mM silver nitrate (AgNO3; Fisher Scientific, Atlanta, GA) with 0.6 ml
1.0 M sodium borohydride (NaBH4; Fisher Scientific) in the presence of
0.5 mM sodium citrate ( J.T. Baker Chemical Co., Phillipsburg, NJ). The
solution is stirred for at least 2 h to allow the NaBH4 to fully hydrolyze.
The addition of sodium borohydride accelerates the chemical reactions, and
the resulting nanoparticles are �15–25 nm in diameter (Prevo et al., 2008).
After cooling to room temperature, larger silver nanoparticles could be grown
from these stock sols, if desired. Silver particle growth is initiated by adding
0.5 ml of 2.0 M hydroxylamine hydrochloride solution (NH2OH�HCl,
Aldrich, Milwaukee, WI) to the silver sol, followed by stirring for 5 min
(Turkevich, 1985; Turkevich et al., 1951, 1954), addition of 1.25 ml 0.1 M
AgNO3 (0–1ml), and stirring overnight. The growing silver nanoparticles turn
the sol a darker yellow or orange, depending on the amount of additional
AgNO3. Gold nanoshells could then be made via galvanic replacement chem-
istry from the template silver sols without the need to isolate the silver
nanoparticles.

First, a given silver sol (50 ml) is heated to 60 �C and the necessary
amount (3.2 ml for the nanoshells in Fig. 14.1) of 25 mM tetrachloroauric
acid (HAuCl4, Aldrich) is added dropwise (depending on the initial silver
template size). Silver (Agþ/Ag 0.8V, vs. SHE) has a lower redox potential
than gold (AuCl4

�/Au 0.99V, vs. SHE) and the replacement reaction is
(Sun et al., 2002):

3AgðsÞ þ AuCl�4ðaqÞ ! AuðsÞ þ 3AgþðaqÞ þ 4Cl�ðaqÞ

Upon the addition of the concentrated HAuCl4, the solution turns from
yellow/orange to gray/yellow to blue/gray to blue/turquoise within
seconds as the silver and gold are oxidized and reduced, respectively. The
reactions are monitored using UV/vis/NIR spectroscopy, and stopped
when the silver peak located near 400 nm vanishes (usually within a few
minutes, although the reaction mixture is generally stirred for at least 1 h
after gold addition). This which occurs when the gold/silver ratio in the
reaction vessel approaches the stoichiometric ratio of 1:3 (to err on the side
of completion, the ratio is usually 37:1). Once the reaction is complete, the
samples are cooled, silver chloride is allowed to precipitate, and the super-
natant containing the gold nanoshells are transferred to another vessel and
stored at 4 �C until further use. The size distribution and particle morphol-
ogy are analyzed by transmission electron microscopy using an FEI Tecnai
T20 microscope (Fig. 14.1). A typical HGN is spherical and hollow,
although some have irregular shapes or incomplete shells. This particular
set of concentrations gave HGNs of diameter 33 � 13 nm and shell



Figure 14.1 TEM images of HGNs with a variety of morphologies. All of the nano-
shells have a hollow core, that is, the light gray area near the center of each nanoshell,
surrounded by the gold shell, which is dark gray to black. Some nanoshells are not
complete (arrow). Bar is 50 nm.
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thicknesses of 2 � 0.9 nm, and had a maximum adsorption around 820 nm
(see Fig. 14.7) using a Jasco V-530 UV/vis spectrometer ( JASCO Corp.,
Tokyo).

The synthesized HGNs are quite stable in the dilute synthesis solutions
because of electrostatic repulsion caused by the adsorption of citrate
ions, resulting in anoverall negative chargeon theHGN.However, to improve
their stability against aggregation in physiological buffers and other high-ionic
strength solutions, the HGNs are further stabilized sterically by tethering
poly(ethylene glycol) (PEG) of molecular weight 750 Da to the HGN via
a thiol linker. Methoxypolyethylene glycol amine (750PEG-NH2, PEG
molecular weight of 750 Da, Aldrich) is converted to methoxypolyethylene
glycol thiol (750PEG-SH), using a twofold molar excess of 2-iminothiolane�
HCI (also known as Traut’s reagent; Sigma-Aldrich, St. Louis, MO) in
buffer (2.28 mM Na2HPO4, pH 8.8). One-half milliliter of the prepared
0.0379 M 750PEG-SH is added to 600 ml of the HGN to achieve a 1000:1
ratio of thiol:gold. The PEG-stabilized HGN solution is centrifuged at
21,000�g for 30 min and redispersed in Milli-Q water twice to remove
any unattached and/or soluble chemicals. The pellet readily redisperses in
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buffer. Complete gold nanoshells and nanorods with various coatings can
also be purchased directly from Nanopartz Co. (Salt Lake City, Utah).

In our case, the PEG-modified HGNs are stable for at least 1 year in
physiologic buffers (longer term stability is still being tested). No floccula-
tion is observed after mixing the HGN solution with concentrated carbox-
yfluorescein (CF) in buffer at basic pH; severe precipitation occurs instantly
for HGNs without 750PEG-SH. For in vivo applications, PEG coatings can
minimize recognition by the immune system and minimize nonspecific
binding to blood proteins and cells. Similar PEG-modified gold nanoparti-
cles show little cytotoxicity in vitro (Niidome et al., 2006). After intravenous
injection, PEG-modified gold nanoparticles circulate in mice with a half-
life of approximately 1 h, and, for at least 72 h, there is no accumulation in
major organs except for the liver (Niidome et al., 2006). The free methoxy
end of the 750PEG-SH can also be modified to display various ligands or
antibodies to allow the HGNs to be tethered to various lipids or proteins.

Unlike gold nanorod syntheses, this approach does not require the
shape-determining detergent hexadecyltrimethylammonium bromide
(CTAB), which is cytotoxic. CTAB adsorbs to gold very strongly and it is
difficult to replace CTAB with other ligands; removal of CTAB can result
in nanoparticle aggregation (Niidome et al., 2006). An additional advantage
of this galvanic replacement synthesis is the small size of the HGNs, which is
especially useful when enclosing HGNs within liposomes for controlled
release. In comparison, the silica core/gold shell nanoparticles pioneered by
Hirsch et al. (2003) are at least 100 nm in diameter, and the dielectric core
material (either silica or polystyrene) brings the additional concern of
potential biological effects of silica or the products of silica degradation.
An added benefit is that, compared with the one-pot synthesis of HGNs, the
silica core/gold shell nanoparticle synthesis is time-consuming and labor-
intensive (Shi et al., 2005).
3. Optimization of HGN Dimensions for

Maximum Absorption in the NIR

An idealized HGN structure allows for analytical predictions of light
absorption and scattering by means of classical field theories, such as the Mie
scattering formalism (Kreibig and Genzel, 1985). Analytical solutions exist for
the interaction of light with spherical metal nanoparticles, nanoshells, and
nanorods, that is, structures possessing a high degree of symmetry. The optical
properties of less symmetric particles or aggregates require numerical solutions
of Maxwell’s equations. For spherical shell nanoparticles such as HGNs,
analytical solutions for the far-field extinction, absorption, and scattering
cross sections have been known for almost a century and can be found, for
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example, in the classic book by Bohren and Huffman (1983). These cross
sections are related to the attenuation of photons, N, according to
N=N0 ¼ expð� nsextxÞ, in which sext is the HGN extinction cross section,
n is the number/volume of HGN, and x is the path length of light with initial
number of photons, N0. The extinction cross section is the sum of the
scattering cross section, ssca, and absorption cross section, sabs, of the incident
light.

To model the absorption and scattering of HGNs, analytical solutions of
Mie scattering for core/shell nanoparticles can be used as described by
Bohren and Huffman (1983). The dielectric function (or complex index of
refraction) for gold is taken from various sources ( Johnson and Christy,
1972), but similar results are obtained for all sets of material properties. The
extinction efficiency, Qext, is the ratio of the extinction cross section to the
geometric cross section:Qext ¼ sext/pa2, a is the HGN radius. The absorp-
tion efficiency, Qabs, is the difference between Qext and Qsca, the scattering
efficiency: Qabs ¼ Qext � Qsca ¼ sabs/pa2. Ideally, all of the radiation
would be adsorbed by the HGN (Qabs >> Qsca) to provide the maximum
HGN heating. The light scattered by the HGNs is lost for useful purposes.
Figure 14.2 shows the absorption and scattering efficiencies as a function of
wavelength for an idealized HGN with an overall diameter of 33 nm and a
shell thickness of 1.7 nm. For wavelengths around 800 nm, absorption
dominates scattering for these HGNs, suggesting that almost all of the laser
energy is being converted to heat. The peak value of the absorption cross
section for an HGN with these dimensions is 9.12 � 10�11 cm2.

Figure 14.3 shows the calculated optimal shell thickness d as a function of
the HGN diameter D. HGNs with these dimensions exhibit the maximum
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absorption at 800 nm (optimal wavelength for a Ti:Sapphire laser). This
result shows that the smaller the HGN, the thinner the gold shell must be to
insure a maximum adsorption in the NIR range of the optical spectrum. For
example, a 40-nm diameter HGN should have a shell thickness of �2 nm,
while an 80-nm diameter HGN should have a shell thickness of �5 nm to
maximize the absorption at 800 nm.

Figure 14.4 shows the calculated size-dependent absorption efficiency,
Qabs, and absorption cross section, sabs at 800 nm. The absorption efficiency
peaks for HGNs with D � 50 nm, but the absorption cross section peaks for
D � 85 nm. For a given mass of gold, the HGN with the highest efficiency
should be chosen as the mass/HGN increases faster with HNG diameter
than does the optical cross section. The peak absorption cross section is
�4 � 10�10 cm2. For an optical energy density of 2.2mJ/cm2 corresponding
to the cavitation threshold, HGN of any size will be heated well above the
melting point of bulk gold (Prevo et al., 2008). Smaller HGNwill be heated to
higher temperatures due to their smaller mass, but particles with D � 85 nm
will absorb the maximum energy/particle (Prevo et al., 2008). Thus, it is
difficult to predict a priori which HGN size is optimal for a given application.

While the direct implementation of Mie theory does a good job of
predicting the wavelength at which the maximum absorbance occurs for
the experimentally determined HGN size distribution (Fig. 14.5), it fails to
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describe the inhomogenously broadened extinction spectrum of the HGN
ensemble (Fig. 14.6). The statistical distribution of shell thickness and HGN
diameter are determined from the TEM micrographs and fit by a log-
normal distribution function (Fig. 14.5). The extinction cross section of
the HGN ensemble has been modeled using these distribution functions.
Figure 14.6 shows that the simulation predicts less broadening of the
absorption spectra than what is observed experimentally. The experimental
broadening may be due to the shape polydispersity, as well as possible
chemical variations due to any residual silver alloy in the HGN.
An additional complication is that the shell thickness in the HGNs is
significantly less than the electron mean free path in gold (�50 nm), and
the dielectric function can be strongly affected by the scattering of electrons
at the nanoparticle boundaries. To address this effect a size-dependent term
is introduced into the dielectric function of gold according to Alvarez et al.
(1997) and the simulation optimized numerically to achieve the best match
between the experimental extinction spectra and the theoretical model. The
use of the size-dependent dielectric function does not resolve completely
the discrepancy between the experimental and theoretical extinction spec-
tra. This may be explained by the fact that thin layers on the metal surface
may be depleted/enriched in electron density (also the silver alloying),
depending on the properties of the environment, which can change the
effective dimension of the HGN (Kreibig, 1995).
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4. HGN Response to Femtosecond NIR

Laser Pulses

The HGNs prepared as discussed above have a broad absorption peak
at 780–820 nm (Figs. 14.6 and 14.7), which overlaps well with the Ti:
Sapphire pulsed laser (Spectraphysics Spitfire), which has an FWHM of
�12 nm centered around 800 nm. Compared with conventional dyes,
HGNs are much stronger than NIR absorbers and are less susceptible to
photobleaching or other forms of chemical degradation. However, suffi-
cient irradiation does lead to collapse of the HGN into solid gold
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nanoparticles; this collapse leads to a loss of absorption in the NIR
(Fig. 14.3). The original color of the HGN suspensions is dark blue
(Fig. 14.7); after pulsed NIR laser irradiation at 800 nm at a power density
of 16.1 mJ/cm2 for 8 min (120fs pulses at 1 kHz repetition rate), the HGN
suspension turns a dark red color. The corresponding UV–VIS absorption
spectra exhibit a shift of the absorption peak from 780 to 470 nm, indicating
the conversion of the HGN to solid nanoparticles (Prasad et al., 2005; Prevo
et al., 2008). TEM images of irradiated particles confirm the change in the
HGN morphology; the hollow center of the nanoshell collapses and
the particles anneal into the more stable solid spheres, consistent with the
change in color and the shift of the adsorption maxima (Fig. 14.7).

These observations confirm that HGNs reach sufficiently high tempera-
tures after femtosecond pulses of NIR light to melt and anneal into more
stable shapes. For a solid-core, spherical Au particle with size from 2 to
�100 nm, the SPR is from 520 to 570 nm (Kreibig, 1977). For other gold
morphologies, such as rods, cages, thin plates, and aggregates, the absorption
peak due to the SPR shifts to lower energy (higher wavelength) in the NIR
window. The peak at 470 nm can be explained by the formation of Au–Ag
alloy nanoparticles during the laser-induced heating. Ag has an SPR at
400 nm; the plasmon absorption of Au–Ag alloy falls between the SPRs
of Ag and Au nanoparticles and varies linearly with the Au mole fraction
(Link et al., 1999b). X-ray photoelectron spectroscopy confirms the pres-
ence of residual silver in the HGN (Prevo et al., 2008). A second explana-
tion for the 470-nm peak is the presence of Au clusters less than 2 nm in size
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due to laser-induced particle heating and fragmentation (Link et al., 1999b).
The existence of such fine Au particles has also been postulated to explain
the similar absorption peak at 460 nm of Au/SiO2 after ultrasound treat-
ments (Link et al., 1999b).

Rapid nonradiative relaxation processes convert the absorbed light
energy mainly to heat (Grua et al., 2003). Petrova et al. (2006) found that
at temperatures higher than 250 �C, nanorods anneal into spherical particles
in less than 1 h; we have found that HGN also anneals into solid particles
within hours at 250 �C. This is significantly below the melting point of bulk
gold (1064 �C). Time-resolved spectroscopy studies, however, showed that
nanorods (in aqueous solution) maintained their shape in spite of a rapid
lattice temperature increase to 1000 K achieved by ultrafast pulsed laser
excitation. Petrova et al. (2006) explained that ‘‘the difference in the
temperature stability of the nanorods under continuous thermal heating
compared to laser-induced heating is attributed to thermal diffusion: the
rods do not stay hot for long enough after ultrafast excitation for significant
structural transformation to occur.’’ On the other hand, the melting of
HGN suggests that the structural changes in HGN after femtosecond
laser-induced heating requires that the temperature in the HGN gold lattice
must be significantly higher than 1000 K. The amount of rearrangement
required to collapse an HGN into a solid sphere is also much less than that
required to change a solid gold nanorod to a sphere.
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The maximum temperature reached by the HGNs is also limited by the
rate of energy dissipation into the surrounding liquid. However, the thermal
diffusivity of water limits the conduction of heat from the HGNs, and heat
dissipation from the HGN to the surrounding water is much slower (micro-
seconds) than the electron dynamics involved in plasmon-mediated heating
(nanoseconds) (Link et al., 1999a; Prasad et al., 2005; Prevo et al., 2008;
Roper et al., 2007). Essentially, all of the optical energy input to the HGN
goes into heating the HGN (Prevo et al., 2008). The high temperature
HGN then dissipates its thermal energy into the surrounding water by
conduction; large temperature gradients are generated in the vicinity of
the HGN, which cause the surrounding water to boil and form rapidly
growing microbubbles. These microbubbles cannot grow indefinitely as
there is not sufficient energy within the HGN to raise the bulk of the
solvent to the boiling temperature (Prevo et al., 2008). The bubbles become
unstable and can undergo a violent collapse which produces shock waves
(Pecha and Gompf, 2000) or microjets (Popinet and Zaleski, 2002). Recent
time-resolved X-ray scattering experiments show that femtosecond laser
excitation of gold nanoparticles leads to the compression of the solvent,
which is consistent with bubble formation (Kotaidis et al., 2006).

The growth and collapse of unstable vapor bubbles also produces a
detectable pressure change in the bulk solution, which gives a photoacoustic
signal that can be ‘‘heard’’ by a hydrophone (Model #TC4013, Reson,
Goleta, CA). The bandwidth of the hydrophone is 1 Hz–170kHz. The
hydrophone, which is 0.5 cm in diameter and�2 cm long, is immersed into
the HGN solution �5 mm above the laser beam in a quartz cuvette with
10-mm light path. The solution volume is 2.5 ml. The sample is not stirred
during the laser irradiation to minimize the acoustic noise. Data collection is
synchronized with the laser cavity dumping event by using triggering signal
from the laser control electronics, and the output of the hydrophone is
collected by a digital oscilloscope (Tektronix TDS5032B). The acoustic
transients are averaged over several hundred individual laser pulses to
improve the signal/noise ratio.

Figure 14.9A shows a typical acoustic signal of pressure fluctuations in a
0.142 mMHGN solution as recorded by a hydrophone between two 130 fs
laser pulses (1-KHz repetition rate). No pressure fluctuations above back-
ground occurred in control solutions of phosphate buffer solution, or
4.71 mM CF solution dissolved in phosphate buffer, irradiated with the
highest pulsed laser power density of 16.2 W/cm2 (Fig. 14.9B).

Laser-induced heating, however, does not always produce an acoustic
signal. For spherical gold particles in aqueous solution, explosive boiling
happens only above a threshold temperature of �85% of the critical tem-
perature (Tc ¼ 374 �C for water) (Kotaidis et al., 2006). We have observed
that a similar threshold of the laser energy density is required to generate a
photoacoustic signal. The amplitude of the pressure fluctuations remains at



Figure 14.8 TEM images showing the collapse of the HGN into solid nanoparticles
after 16.1 mJ/cm2 NIR-laser irradiation.
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background up to a laser power density of �2.3 mJ/cm2, above which the
amplitude of the pressure fluctuations increases with increasing laser power
density (Lin and Kelly, 1998) (Fig. 14.9A). Calculations show that the
increased power density leads to higher HGN temperatures (Prasad et al.,
2005; Prevo et al., 2008), which are then translated into larger pressure
fluctuations (more water boils and larger bubbles are formed) as this energy
is dissipated. The pressure fluctuations die out within a few hundred
microseconds after the light pulse; the HGN and the surrounding solution
equilibrate and return to ambient temperature prior to the next pulse from
the laser.

Although the gold nanoshellsmelt (Fig. 14.8), the temperature increase of
the bulk solution is small; the sample reaches a steady temperature only a few
degrees above ambient, which depends on the laser power density and the
HGN concentration. This is because the absolute amount of energy depos-
ited into the solution is quite small (the laser power here is 0.67 W). There-
fore, any significant pulsed laser-induced heating is limited to the immediate
vicinity (microns) of the HGNs. This is important for the biomedical
application of HGNs as only liposomes, vesosomes (liposomes encapsulating
multiple smaller liposomes), or tissues directly adjacent to the irradiated
HGNs will be affected by the light pulse. However, it is well established
that transient cavitation bubbles due to sonication are capable of disrupting
cell and liposomemembranes (Huang, 2008). The irradiatedHGNsmight be
thought of as optically triggered, nanosonicators, which can cause the tran-
sient rupture of liposomes resulting in rapid contents release.
5. Coupling HGN to Liposomes

As the extent of the heated zone is quite small, the method of coupling
the HGN to liposomes or cell membranes is important. We have examined
three different methods of rupturing liposomes with HGNs. First, HGNs
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Figure 14.9 Acoustic signal amplitude of (A) 0.142 mMHGN solution as a function of
pulsed laser energy is recorded by a hydrophone after a single laser pulse of various laser
energy densities. The magnitude of the photoacoustic signal of pressure fluctuations
associated with cavitation (Paliwal and Mitragotri, 2006) increases with increasing laser
power density, consistent with larger energy absorption by the HGN and subsequent
larger or more numerous cavitation bubbles. However, a threshold value of laser-
energy density of 2.3 mJ/cm2 is required to induce the photoacoustic signals above
background in the HGN solutions. (B) Acoustic signal amplitude in control solutions.
No signal was observed in buffer or CF solution without HGN, and no signal was
observed in HGN solution without laser irradiation.
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can be encapsulated within dipalmitoylphosphatidylcholine (DPPC) lipo-
somes via the interdigitated phase transition, which causes lipid membranes
to form flat open sheets at low temperatures that close to form unilamellar
vesicles at higher temperatures (Boyer and Zasadzinski, 2007; Kisak et al.,
2002) (Scheme 14.2A). Second, the nanoshells can be tethered to the
outside of preformed liposomes using a thiol/PEG–lipid linkage
(Scheme 14.2B). Third, the HGN solutions can be mixed with preformed
liposomes so that the HGNs are exclusively outside the liposomes
(Scheme 14.2C).

Scheme 14.2A: Encapsulation of HGN and CF inside liposomes. 6-Carboxy-
fluorescein (50 mM) (CF; Invitrogen; Eugene, OR) is dissolved in water
together with 6 equiv. of concentrated NaOH, which converts the CF from
its acid form to the water-soluble salt form. The CF solution is used to
disperse the PEG-stabilized HGNs described previously. Liposomes
are prepared as described by Boyer and Zasadzinski (2007) and Kisak et al.
(2002). DPPC dried from chloroform is hydrated with Milli-Q water
by vortexing at 55 �C to form a lamellar dispersion, which is then
cooled to room temperature. Vesicles are prepared by sonication at room
temperature using a 60 Sonic Dismembrator (Fisher Scientific) for 4 min at a
power of 4 W.
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At room temperature, DPPC bilayers are in the gel or Lb0 phase; the
interdigitated bilayer phase (LI) is induced by the addition of 0.106 ml of
ethanol (3 M net ethanol concentration) to 0.5 ml of a 50 mg/ml DPPC
vesicle suspension. The initially bluish vesicle suspension turns milky white,
and its viscosity increases significantly. The vesicles fuse and burst open,
forming stacks of open bilayer sheets many micrometers in size (Boyer and
Zasadzinski, 2007; Kisak et al., 2002). After annealing at 4 �C overnight, the
interdigitated sheets are centrifuged at 3000�g and dispersed in pure water
three times to remove any ethanol. The pellet of interdigitated DPPC sheets
is mixed with the solution of 32 mM CF and 12 mM HGN and heated at
50 �C for 2 h under vortex mixing. Raising the temperature causes a phase
transition from LI to the liquid crystalline La phase and the bilayer sheets
become much more flexible, allowing them to close around the HGN in
suspension to form interdigitation–fusion vesicles (Boyer and Zasadzinski,
2007; Kisak et al., 2002). The internal concentrations in the liposomes are
32 mM CF (110 mOsm), 12 mMHGN, and the overall lipid concentration
is 22 mg/ml DPPC. Based on earlier work (Boyer and Zasadzinski, 2007),
about 50–60% of the HGN is encapsulated in liposomes. Cryo-EM con-
firms that the HGN are encapsulated within the liposomes by this procedure
(Wu et al., 2008).

After encapsulation, phosphate-buffered saline (PBS; 20mMNa2HPO4/
NaH2PO4, 34.5 mM NaCl, pH ¼ 7.4) is used to disperse the liposomes to
minimize osmotic stress across the membrane. The unencapsulated CF is
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removed by size-exclusion chromatography using a Sephadex G-75 column
(Amersham Biosciences Corp., Piscataway, NJ) eluted with PBS buffer. The
eluted suspension is centrifuged at 100�g for 20 min and redispersed in PBS
buffer twice to remove any unencapsulated HGN prior to irradiation.

Scheme 14.2B: Tethering HGN to liposomes containing CF. A pellet of
interdigitated DPPC sheets is prepared as described above. The interdigi-
tated sheets are mixed with a 32 mM CF in water solution containing
2 mol% (relative to the amount of DPPC used) DSPE-2000PEG-NH2

powder (Avanti Polar Lipids, Alabaster, AL). The mixture is then heated
at 50 �C for 1 h under vortex mixing. The DSPE-2000PEG-NH2 partitions
into the DPPC bilayers in the La phase as the temperature increases and the
interdigitation fusion vesicles are formed (Sou et al., 2000; Zalipsky et al.,
1996). Next, the amine groups at the liposome surfaces are converted to
thiol by mixing with 100% excess 2-iminothiolane solution (0.29 M). The
thiolated liposomes encapsulating CF are incubated with a solution of HGN
and CF for 48 h to allow HGN to tether via the thiol linkages to the outer
surfaces of liposomes. The final concentrations in the solution are 18 mg/ml
phospholipid (98 mol% DPPC and 2 mol% DSPE-2000PEG-SH), 18 mM
HGN and 32 mM CF. The liposomes with tethered HGNs are eluted
through a Sephadex G-75 size-exclusion column to remove any unencap-
sulated CF, and centrifuged at 200�g to remove untethered HGNs.

Figure 14.10 shows a cryo-EM tilt series that confirms that the HGN are
tethered to the liposomes (Wu et al., 2008). Thin films of the liposome/
HGN solution are spread on holey carbon TEM grids (Structure Probe,
West Chester, PA) under controlled temperature and humidity conditions
using a VitRobot (FEI Company, Hillsboro, OR) (Frederik and Hubert,
2005), then vitrified by rapid plunging into liquid ethane (Chiruvolu et al.,
1994a,b; Frederik and Hubert, 2005; Jung et al., 2002). Cryo-EM imaging
is performed on an FEI Tecnai T20 microscope, operating at 200 kV with a
Gatan liquid nitrogen specimen cryo-holder. Single-axis tomographic imag-
ing is performed with a JEOL 2010A microscope from �60� to þ60� tilt
200nm200nm200nm

+45�0�−45�

Figure 14.10 Cryo-TEM tilt series showing that the HGNs are tethered to the
liposome surfaces. Arrows point out the same HGNs as they rotate with the surface
of the liposome.
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angles in 2� increments with a total dose of less than 100 electrons/Å2. Three
representative images at goniometer tilt angles of �45�, 0�, and 45� are
shown in Fig. 14.10. The arrows mark specific HGNs on the surface of the
liposomes followed during the 90� rotation to confirm that HGNs are
tethered to the surface.

Scheme 14.2C: Liposomes containing CF with external HGNs. DPPC lipo-
somes containing 32 mM CF are prepared by the same interdigitation–
fusion method described earlier, except no HGNs are added to the solution
prior to vesicle formation. The preformed vesicles are eluted through a
Sephadex G-75 column to remove external CF, and then dispersed in
different concentrations of HGN solutions as needed.
5.1. Pulsed laser optics

Liposome disruption is triggered by irradiating the liposome/HGNs with
the output of the femtosecond Ti:Sapphire regenerative amplifier (Spec-
traphysics Spitfire) running at a repetition rate of 1 kHz. The setup is
illustrated in Fig. 14.11. The laser beam is collimated by a Galilean telescope
to achieve a Gaussian diameter of 2.3 mm. The pulse duration is monitored
by a home-built single-shot optical autocorrelator and is kept at about
120 fs. The spectral FWHM of the laser radiation is �12 nm centered
around 800 nm. The laser beam is directed onto the sample by a system of
mirrors; no focusing optics are used. The energy of the optical pulse is
controlled by Schott neutral density glass filters. A thermopile power meter
(Newport Inc., Irvine, CA) is used to measure the incident optical power.
The maximum power available is 670 mW, which corresponds to
Tunable fs (ps) laser
light (700–1000nm) Beam shaping optics

Sample

Emission
pickup
optics
and

filters

CCD

Spectrometer
Emission

Two-photon
absorption

Figure 14.11 Schematic illustration of Laser irradiation/CF release detection setup.
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670 mJ/pulse and an energy density of 16.1 mJ/cm2 (or mean power density
of 16.1 W/cm2). The temperature of the HGN suspensions is measured
using an Omegaette HH306 digital thermometer (Omega) with a K-type
thermocouple probe (Omega Engineering Inc., Stamford, CT), which is
immersed into the solution �5 mm above the laser beam. The solution is
stirred to ensure good mixing during irradiation.

Luminescence is excited in the sample via a two-photon absorption
process. The emission is collected at a 90� angle by a system of lenses and
focused on the entrance slit of a monochromator (Acton Research Spec-
traPro 300). The laser radiation is blocked by a Schott colored glass filter
(BG38). The light dispersed by the monochromator is detected by a
spectroscopic CCD camera (PI Acton PIXIS-400) and transferred into a
personal computer for analysis. The evolution of the photoluminescence is
recorded by collecting consecutive spectra over a 600 nm bandwidth with a
constant interval. To quantify the fractional release of CF, fluorescence is
measured using a PTI QuantaMaster spectrofluorimeter (Photon Technol-
ogy International, Lawrenceville, NJ). Any release from the liposomes is
detected by an increase in fluorescence intensity (from the background) as
the external concentration of CF increased. The fractional release can be
quantified as fractional release ¼ (Ilaser � I0)/(Imax � I0), where Ilaser is the
fluorescence intensity of the solution after laser treatment, Imax is the
maximum fluorescence intensity after lysing the liposomes with reduced
Triton X-100 (a nonionic surfactant which has a hydrophilic polyethylene
oxide group and a hydrophobic 4-(1,1,3,3-tetramethylbutyl)-phenyl
group) (Boyer and Zasadzinski, 2007), and I0 is the background
fluorescence intensity before either treatment.
5.2. Continuous-wave laser irradiation

To illustrate the differences between pulsed and continuous-wave irradia-
tion, the liposome/HGN samples are also irradiated with continuous NIR
light, using a Spectraphysics 3900S Ti:Sapphire CW laser. The laser wave-
length is tuned to 820 nm and the output power is controlled by changing
the power of the pump laser source (Spectraphysics Beamlok-2060) to be
0.7 W. The Gaussian beam diameter of the CW laser is 1.0 mm.
6. Liposome Disruption and CF Release

Due to Pulsed Laser Irradiation

Irradiation with femtosecond NIR light pulses with an energy density
>2.2 W/cm2 triggers a near instantaneous increase in the measured fluores-
cence in the solution of DPPC liposomes encapsulating HGNs and CF



Table 14.1 Comparison of triggered content release

Laser Solution

Release

(%)

Pulsed fs CF 0 � 2

CF þ Au NS 1 � 2

Liposomes containing CF, but no Au NS �1 � 2

Au NS suspended freely outside of liposomes

containing CF

28 � 2

Au NS and CF encapsulated inside liposomes 71 � 1

Au NS tethered to the outer surface of liposomes

containing CF

93 � 2

CW Au NS and CF encapsulated inside liposomes �1 � 2
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(Table 14.1), but has no effect on control solutions of unencapsulated CF, a
mixture ofHGNs andCF, orDPPC liposomeswithCF, but noHGNs. In all
samples, the CF concentrations are matched to give similar concentrations
averaged over the sample volume. Continuous-wave (unpulsed) laser irradi-
ation at 800 nmwith a higher average power density of 89W/cm2 leads to no
increase in the fluorescence intensity, and hence noCF release, even after 4 h
of irradiation.When continuous-wave laser irradiation is used, the nanoshell
is always close to being in thermal equilibrium with its surroundings, and
there are insufficient temperature gradients to give rise to microbubble
formation (Prasad et al., 2005; Prevo et al., 2008). From these observations,
it is clear that minor changes in the solution and liposome temperature are
not responsible for the rapid release of CF from the liposomes.
7. Mechanism of Triggered Liposome Release

To identify the mechanism of release, the laser power density is varied as
in Fig. 14.9, while comparing the total fluorescence intensity after 9 min of
irradiation with 120 fs long pulses at a 1 kHz repetition rate. Figure 14.12
shows a distinct power density threshold of NIR light necessary to trigger CF
release from the liposomes: no fluorescence increase is detected for a power
density lower than�1.5W/cm2, while the total release is roughly constant at
about 74% for power densities greater than 4.3 W/cm2. The rate of fluores-
cence increase during NIR irradiation for liposomes encapsulating HGNs
also increases with the laser power density (Fig. 14.13). The in situ fluores-
cence intensity is constant for an irradiation power density of 1.3 mJ/cm2,
which is below the threshold. Above the threshold, the curves could be fit
with a single exponential, with a time constant increasing with decreased
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laser power density (time constant t ¼ 5, 52, and 112 at the power density
of 14.9, 13.0, and 7.1 W/cm2, respectively). At the higher power densities,
release is complete within seconds.

The derivative of the release versus laser-energy density curves gives an
estimate of the threshold energy density for contents release (Fig. 14.12).
For both HGNs inside and free outside the liposomes, the threshold value is
the same, �2.2 mJ/cm2, which coincides with the threshold for the
photoacoustic signal of cavitation in the solution (Fig. 14.9A). The power
threshold suggests that the mechanism of triggered release is through perfo-
ration of lipid bilayers mediated by transient cavitation, that is, microbubble
formation and collapse (Paliwal and Mitragotri, 2006; Pecha and Gompf,
2000; Tong et al., 2007). Several recent studies have also suggested that the
effects of plasmon-resonant nanoparticles on cell membrane rupture are
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linked with cavitation dynamics and transient bubble formation (Lapotko
et al., 2006; Pitsillides et al., 2003; Yao et al., 2005.

While the permeability of DPPC liposomes increases near the gel to
liquid crystalline transition temperature of 41 �C (Ponce et al., 2006), this is
not the source of the rapid increase in CF fluorescence observed here. The
overall temperature increase of the solution due to the HGN absorption of
NIR light is only a few degrees above ambient (Prevo et al., 2008). Even at
41 �C, the permeability increase is only such that CF release would take
minutes, not seconds as found here. The only way to get this rate of release
is by the generation of large defects in the bilayer, as observed in liposomes
after sonication (Zasadzinski, 1986). Only minor differences in liposome
morphology are visible by cryo-EM after irradiation (Wu et al., 2008); the
bilayers are less spherical, and hence under less tension after irradiation,
consistent with a decrease in the positive osmotic pressure difference
following CF release. These minor changes in the liposome shapes or sizes
after irradiation suggest that cavitation induces transient defects in the
bilayer, enabling drug release, after which membrane integrity is restored.
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8. Effect of Proximity of HGNs to Liposomes

Permeabilizing lipid membranes with microbubble cavitation should
be induced by any HGNs in the solution, as long as there is an HGN
within some maximum distance from a liposome bilayer. To test this
hypothesis, DPPC liposomes encapsulating CF dye are mixed with
increasing concentrations of HGNs, according to Scheme 14.2C. Upon
pulsed laser irradiation, CF release is triggered. Figure 14.14 shows that the
fractional CF release increases with HGN concentration up to an HGN
concentration of 0.0315 mM (at higher HGN concentrations, the CF
fluorescence is quenched by the HGNs (Dulkeith et al., 2002), data not
shown). Hence, increasing the HGN concentration allows more liposomes
to be within a critical distance of an irradiated HGN, which causes more
liposomes to be ruptured, leading to greater CF release and an increase in
the fluorescence.

Minimizing and maintaining the distance between the HGN and the
liposome bilayer lead us to tether HGNs to the outer surface of liposomes
(Scheme 14.2B). Tethering the HGN directly to the outer surface of the
liposomes increases the maximum release fraction to 96% (Table 14.1).
The efficiency of phototriggered contents release is strongly affected by
the proximity of HGN to the bilayer, consistent with the hypothesis
that mechanical disruption by microbubbles is responsible for release
(Tong et al., 2007).
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after NIR irradiation at 16.1 mJ/cm2. The solid line is a linear fit to the data.
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9. Conclusions

Femtosecond pulses of NIR light absorbed by HGNs tethered to,
encapsulated within, or in solution with liposomes trigger the near instan-
taneous release of liposome contents. The high temperatures reached by the
HGN (Prasad et al., 2005; Prevo et al., 2008) induce production of unstable
microbubbles, similar to the cavitation bubbles produced by ultrasound
(Paliwal and Mitragotri, 2006). The mechanical and thermal effects of the
microbubble collapse (Pecha and Gompf, 2000; Pitsillides et al., 2003)
causes disruption of the liposome carriers, similar to the disruption caused
by sonication. Neither the liposomes nor the CF appears to be altered
chemically during this process, and the overall temperature rise of the
bulk solution is only a few degrees. NIR light can penetrate up to 10 cm
into tissue, which should allow these liposome/HGN complexes to be
addressed noninvasively within a reasonable fraction of the human body.
Any liposome carrier could be modified by tethering or encapsulating HGN
to produce a system for rapid release on demand via NIR irradiation. This
should eventually allow for better control of drug delivery to selected
disease sites while minimizing systemic toxicity.
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