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Abstract
Liposomes are single bilayer capsules with distinct interior compartments in which hydrophilic
drugs, imaging agents, diagnostics, etc. can be sequestered from the exterior environment. The
polar parts of the individual lipids face the water compartments, while the hydrophobic parts of the
lipid provide a barrier in which hydrophilic or charged molecules are poorly soluble. Hydrophobic
molecules can be dissolved within the bilayer. The bilayers are typically from 3 – 6 nm thick and
the liposome can range from about 50 nm - 50 microns in diameter. The question asked in this
review is if any one bilayer, regardless of its composition, can provide the extended drug retention,
long lifetime in the circulation, active targeting to specific tissues and rapid and controllable drug
release at the site of interest. As an alternative, we review methods of self-assembling
multicompartment lipid structures that provide enhanced drug retention in physiological
environments. We also review methods of externally targeting and triggering drug release via the
near infrared heating of gold nanoshells attached to or encapsulated within bilayer vesicles.
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Major Recent Advances
Simple unilamellar liposomes have become the building blocks of increasingly complex
nanostructures proposed to address the implications of harsh, physiological environments on
lifetime in the bloodstream, drug retention, targeting to specific sites, and spatially and
temporally controlled release rates. Multiple levels of encapsulation within layers of
polymer (1) or lipid (2,3) can prolong drug retention by orders of magnitude over
unilamellar liposomes of the same composition. Adsorbing, tethering, or encapsulating near
infrared light adsorbing gold nanoparticles (4–8) provides new targeting and release
mechanisms with physiologically friendly near infrared light, while retaining the advantages
of liposome biocompatibility and biodistribution. Gold nanoparticles can also be used to
rupture endosomal membranes within living cells to enhance transfection without damaging
the cells themselves as a novel way of in vivo transfection for siRNA induced gene silencing
(9,10).

1. Introduction
It is often difficult to maintain drug levels within the concentration range necessary to avoid
toxicity while maintaining efficacy (11,12) using systemic drug delivery. This therapeutic
window can be expanded by altering drug biodistribution by using nanoscale delivery
systems to maximize concentration at the disease site while decreasing toxicity by lowering
drug concentrations elsewhere in the body. Liposomes and other lipid-based drug carriers
were among the first methods used to sequester toxic drugs to provide significant advantages
by altering drug biodistribution, enhancing efficacy while minimizing damage to healthy
organs and tissues.

Liposomes (or vesicles) are spheroidal closed lipid bilayer structures with one or more
distinct internal aqueous compartments. Small (< 400 nm), usually unilamellar liposomes
can carry hydrophilic agents within these aqueous compartments, such as the doxorubicin in
Doxil, an FDA approved liposomal delivery system for systemic delivery of cancer
chemotherapy, or hydrophobic agents within the bilayers, such as amphotericin B, an anti-
fungal agent in AmBisome (13). Complex structures, often called lipoplexes, similar to
liposomes, can self-assemble from cationic lipids, or mixtures of cationic and neutral lipids
such as Lipofectamine (Invitrogen. Carlesbad, CA), and anionic DNA or RNA, and are used
to transfect cells in culture. Uni- and multilamellar liposomes also show great promise as
delivery vehicles for a variety of cosmeticeuticals, pharmaceuticals, diagnostics and imaging
agents. The lipid bilayer surface is inherently biocompatible and can be functionalized with
specific ligands, antibodies or polymers to improve the residence time in the circulation or
target specific sites. Larger (10 – 100 µm), multicompartment lipid carriers have been used
as slow-release depots for drugs such as cytarabine in the clinically approved Depocyt; the
larger size helps to localize the carrier to the site of injection (14).

Nanoscale lipid delivery vehicles can take advantage of the enhanced permeability and
retention (EPR) effect, which is a passive targeting mechanism that exploits the rapid
angiogenesis (formation of new blood vessels from existing ones) of tumor and
inflammation sites (12,15,16). The blood vessels associated with tumors are often leaky and
dysfunctional, with poor lymphatic drainage. Whereas free drugs diffuse non-specifically, a
nanocarrier can escape preferentially through the leaky vessels surrounding a tumor, which
is the first step of the EPR effect. The ineffective lymphatic drainage in tumors helps retain
liposomes that do extravasate and allows the liposomes to accumulate in the neighborhood
of the tumor. The threshold liposome size for extravasation into tumors is from 400 – 500
nm, but smaller nanoparticles with diameters less than 200 nm are believed to be more
effective (11,15,16). The minimum size for a nanocarrier is about 5 nm, which is the kidney
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filtration cut off size (17). Passively targeted liposomes reached clinical trials in the
mid-1980s, and were approved for clinical use in the mid-1990s (11,15).

However, the EPR effect varies from tumor to tumor, especially in solid tumors (12,16).
Drugs only penetrate a few cell diameters into the extravascular tumor tissue from blood
vessels due to the poor perfusion of the blood vessels in the growing tumor (16,18), resulting
in a heterogeneous distribution of therapeutic agents. The high interstitial pressure due to the
dysfunctional lymphatic drainage causes fluid to flow out of the tumor, working against
diffusion of drugs (16,18); hence, the same factors that provide the EPR effect that retains
nanoparticles in the tumor can work against a therapeutic distribution of drugs released from
those nanoparticles. Small molecules, such as doxorubicin, are not able to diffuse more than
40 – 50 microns from the vasculature, leaving many cells exposed to sublethal doses that
can contribute to the development of drug resistance (15). New tumor-penetrating peptides
may enhance the permeability of solid tumors to nanoparticles, including liposomes, thus
increasing the local concentration of both liposomes and drugs within the tumor (12).
Controlling the rate of drug release from liposome or other depots might also provide better
penetration in the face of high interstitial pressure and convective flow (16,18).

Active targeting can be accomplished by conjugating liposomes containing
chemotherapeutics with molecules that bind to antigens or receptors on the target cells
(6,12,16,19). Optimally bound liposomes can be internalized before the drug is released,
which minimizes toxicity to other cells. The efficacy of such targeting is determined
primarily by the selectivity to receptors that are uniquely expressed on the target cell
surface. In practice, a surface marker must be significantly over-expressed on target cells
relative to normal cells, as the number of normal cells usually dwarfs the number of target
cells in the body. Each new target tissue requires identifying the appropriate receptors and
developing new ligands to target them (6,12,16). It is also possible to facilitate over-
expression of a specific receptor on tumors using pretreatments. Park et al (6) have used
gold nanorod-induced local hyperthermia to up-regulate receptors in heated tumors, which
could then be recognized by liposomes with ligands specific to those receptors (Figure 1).
The combination therapy was more effective in tumor suppression than either nanoparticles
or liposomes alone.

While high binding affinities usually increase targeting efficacy, there is evidence that this
affinity can lead to “binding-site barriers” where the tightly bound nanocarriers prevent drug
penetration into the tissue (15). High selectivity can also have unexpected consequences
when the target has multiple roles or locations on different cell types (18). A second
limitation is the rapid development of resistance, which is more likely if a single molecular
receptor is being targeted with high selectivity. For example, Gleevec (imatinib mesylate)
has become the treatment of choice for chronic myelogenous leukemia and gastrointestinal
stromal tumors, but in many cases becomes ineffective after prolonged use. Imatinib targets
a specific tyrosine kinase that can mutate, which makes it no longer sensitive to the imatinib.
While this confirms the high selectivity of imatinib toward a specific molecule, it reflects an
important limitation to therapies based on highly specific targeting to a single receptor. Any
variations or mutations in the receptor make the targeting less effective, resulting in drug
resistance. A better approach may be to develop a bank of ligands toward a family of
receptors. However, this is a very costly strategy and may not always prove effective (18).

Both active and passive liposome targeting require sufficient circulation times in the
bloodstream to allow the liposomes to accumulate in the target tissue. Short in vivo half-life
can be an advantage in imaging as it eliminates the background caused by unbound probe.
However, longer circulation times are necessary when the therapeutic target is outside the
vasculature and the liposomes must take advantage of the EPR effect. The half-life of a drug
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depends either on the rate of elimination into the urine (small molecules) or for nanocarriers,
uptake by the reticuloendothelial system (RES) (15,16). The RES is a part of the immune
system that consists of phagocytic cells such as monocytes and macrophages that
accumulate in lymph nodes and the spleen (20). The Kupffer cells of the liver are also part
of the RES. The RES eliminates foreign particles from the circulation and limits the amount
of nanocarriers that can reach a specific target. Opsonization, or the coating of nanoparticles
with plasma proteins that mediates binding to the Kupffer cell receptors in the liver is
thought to initiate the removal of nanoparticles from the circulation, but the molecular
mechanisms are not well understood (15,16). Anionic or neutral liposomes less than 200 nm
in size that have been coated with polyethylene glycol (PEG) or hyaluronan extend
circulation times in mice (15,16), although RES removal is only delayed, not prevented.
There is still disagreement if the main function of PEG-lipid is to reduce liposome
aggregation via a classic polymer steric repulsion effect or to reduce plasma protein
adsorption, thereby preventing opsonization and removal by the RES system (21). However,
recent work has shown that there is little variation in total protein adsorption or the species
of protein adsorbed to liposomes with the surface coverage of PEG-lipid, or by the PEG
molecular weight (21). Increasing the density of the PEG chains on solid nanoparticles from
the “mushroom” to the “brush” configuration switches complement activation from C1q–
dependent classical to the lectin pathway, and reduced the level of complement activation
products (22,23). However, liposomes can be destabilized by increased PEG-lipid
concentrations and become leaky or even change structure (24). An alternate explanation of
the effect is that the PEG-lipid increases the potential for hydrogen bonding with the
surrounding water; liposomes with 10 – 30 mole% of an anionic, glycerol-modified
phospholipid (1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol) showed enhanced
circulation times (25). A better understanding of the clearance mechanisms and means of
avoiding clearance is necessary to take optimal advantage of nanocarriers for intravenous
drug delivery.

Up to now, the most significant successes of molecularly targeted agents have been against
leukemias and lymphomas, with less success against most adult epithelial cancers (18).
Solid tumors are heterogeneous and are made up of multiple cell types in different
environments, ranging from almost normal for those cells in the vicinity of the vasculature,
to necrotic in regions farther from the vasculature. In between, the cells can be highly
stressed by hypoxia, acidity and high interstitial pressure, which make them more or less
responsive to many drugs and targeted carriers. It is unlikely that all cell types in a solid
tumor will be equally responsive to any one class of highly targeted anticancer agents,
requiring a multipronged, multistep approach (18) including multifunctional carriers capable
of delivery a variety of drugs at various rates.

2. Drug Retention - Delivering Magic Bullets or Empty Promises
The basic liposome structure used for drug delivery has not undergone significant alteration
since its introduction more than 40 years ago. Conventional unilamellar liposomes used in
drug delivery have a single, usually spherical compartment, delimited by a single bilayer
membrane, which mimics the single compartment structure of the prokaryote cell (for an
extensive recent review of liposome fabrication and applications, see Volumes 464 and 465
of Methods in Enzymology, edited by N. Düzgünes (2009)). This bilayer defines the interior
space, regulates release of the liposome contents, and protects the liposome and its contents
from the environment. Sizes of unilamellar liposomes can vary from 50 nm – 50 microns
depending on the method of preparation; the smaller liposomes are typically prepared by
extrusion through filters of the appropriate pore size or by sonication of larger liposomes;
the larger liposomes are prepared by a variety of techniques including simple hydration of
lipids dried from solvents (5). With few exceptions (2,26,27), essentially all of the literature
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on liposomes involves modifying the chemical and physical properties of this single bilayer
to optimize these tasks. However, it is difficult for a given bilayer to combine the necessary
physical integrity and drug retention in circulation (to maximize drug accumulation at the
disease site) with controllable contents release at the disease site (to effect therapy and
minimize drug resistance). Despite 40 years of extensive research, only doxorubicin (or the
chemically similar daunorubicin) for chemotherapy and amphotericin B in anti-fungal
preparations are clinically available in intravenous liposome formulations. (The clinically
approved Depocyt is cytarabine encapsulated in multicompartment lipid bilayer “foam”
particles of > 10 microns in diameter used as a drug depot, not as a drug delivery vehicle
(14).) Doxorubicin forms precipitates within liposomes when loaded with a ammonium
sulfate gradient which accounts for the slow release of the drug in vivo (28). In fact, much of
the benefit of liposomal doxorubicin is the reduction in drug-related toxicity, as its
therapeutic activity is reduced despite its efficient delivery to tumors due to slow release
from the liposome carriers.

On the other hand, many other drugs, such as the antibiotic ciprofloxacin and the
chemotherapy agents vinorelbine, vinblastine and vincristine, leak out too rapidly from
phospholipid liposomes in a physiological environment (29), which severely limits the
efficacy of unilamellar vesicles as universal drug carriers. While coating the exterior of
vesicles with lipids functionalized with polyethylene glycol (PEG) (24) extends in vivo
circulation times to 24 – 48 hours, PEG-lipids actually increase liposome permeability and
do not enhance drug retention (24). It is difficult for any single membrane to combine the
necessary physical integrity and drug retention in circulation (to maximize drug
accumulation at the disease site) with rapid contents release at the disease site (to effect
therapy and minimize drug resistance).

Optimizing the bilayer composition to maximize liposome retention depends on a variety of
choices, including lipid headgroup, saturation of the lipid alkyl chains, and the addition of
cholesterol (29,30). Long chain (≥ 16 carbons long for phosphatidylcholines), saturated
lipids form an ordered, semi-crystalline gel phase (Lβ phase if the alkane chains are normal
to the bilayer or Lβ’ phase if the chains are tilted) that melts to form a more fluid, Lα liquid
crystalline phase. Permeation is much slower in the gel phase, leading to better retention of
small molecules within the liposome (2,30). Drummond et al. (30) have recently reviewed
the effects of lipid composition, liposome size, and the various agents used to complex or
load drugs into liposomes on drug retention within single bilayer liposomes. While many of
these modifications decrease bilayer permeability by orders of magnitude in saline, the
differences in contents retention with bilayer composition are less pronounced in serum and
other physiological environments (2,29–31).

This is because drug release occurs by quite different mechanisms in physiological fluids
than in saline or buffer (2,21,30,32–36). In physiological media, phospholipids and/or
cholesterol can be removed from liposomes by plasma high density lipoproteins (HDL),
leading to the formation of pores in the bilayer and release of the liposome contents (32,36).
Lipases, such as PLA2, can bind to the liposome and selectively cleave the ester linkage of
phospholipids molecules, leaving behind a lysophospholipid and a fatty acid (2); at
sufficiently high lysolipid/fatty acid fractions, the liposomes are destabilized. Increasing the
mole fraction of cholesterol to 30 mole% or higher eliminates the thermotropic phase
transition from the gel to liquid crystalline phase in phospholipid bilayers, decreases the
permeability of the bilayer, and inhibits the insertion of hydrophobic enzymes such as
lipases and proteins into the bilayer (34). Liposomes containing cholesterol are more stable
and less leaky than those without cholesterol; essentially all liposomes used in drug delivery
contain a substantial fraction of cholesterol (30).
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However, when liposomes composed of cholesterol and phospholipids are placed in contact
with biomembranes and proteins, cholesterol can be removed from the liposome bilayer
(34,36,37). Removing cholesterol from the liposome destabilizes the liposome, and leaves it
susceptible to protein insertion, lipase attack, etc. The rate-limiting step in removing
cholesterol is believed to be the solubility of cholesterol in the aqueous phase relative to the
bilayer (34,36,37). This aqueous diffusion pathway is bidirectional; cholesterol can be
exchanged between liposomes, cell plasma membranes and HDL. The direction of net
cholesterol transport is determined by the cholesterol concentration gradient as reflected by
the cholesterol/phospholipid ratios in the donor and acceptor particles (36,37). Szoka and
coworkers have tried to minimize this cholesterol exchange by chemically coupling the
cholesterol to a phospholipid head group, which appears to slow cholesterol exchange from
the liposome to other biomembranes, likely by decreasing the water solubility of the
cholesterol (34).

Replacing phospholipids by sphingomyelin can also increase drug retention, particularly in
the presence of cholesterol (29,33). The reduced permeability of the membrane is believed
to result from hydrogen bonding between the amide nitrogen of sphingomyelin and the
hydroxyl group of cholesterol (30). In addition, the amide linkage in the sphingomyelin
backbone is less sensitive to pH-dependent hydrolysis than the ester linkages of
phospholipids, which can also contribute to the enhanced drug retention by enhancing the
chemical stability of the bilayer. As is the case for phospholipids, fully saturated
dihydrosphingomyelin increases liposome stability and drug retention compared to
unsaturated sphingomyelins (33). However, the PEG-lipids used to inhibit aggregation and
opsonization destabilize sphingomyelin-cholesterol liposomes, which makes increasing
circulation times problematic (33).

2.1 Structural Solutions to Increased Contents Retention
Modifying the basic structure of the liposome has received much less attention than changes
in the bilayer composition or methods of loading drugs within the liposome. One
fundamental difficulty with phospholipid and sphingolipid unilamellar liposomes is that they
are thermodynamically unstable against aggregation and fusion; the multilayered lamellar
phase is the stable phase under most conditions (38). Fusion into larger structures causes the
contents of the liposomes to leak and the average size increase, making EPR less effective.
The actual benefit of incorporating PEG-lipids into the bilayer may be to slow fusion due to
the steric repulsion induced by the polymer (21,24). Even relatively small surface coverages
of PEG (∼ 20%) provide significant decrease in clearance from the circulation (21); these
small surface coverages are sufficient to provide steric stabilization against aggregation.
However, these same surface coverages do not seem to prevent protein adsorption.
Unfortunately, PEG-lipids can partition to other membranes or micelles with time after
dilution in vivo or in vitro, or when placed into solution with other bilayers or membranes to
which the PEG-lipids could insert. This decreases the steric repulsion needed to stabilize
liposomes against fusion with time, which may be why liposomes are eventually cleared
from the circulation (21,24). This decrease in surface coverage cannot be extended just by
increasing the initial PEG-lipid fraction in the liposome; sufficiently high PEG-lipid
fractions disrupt the bilayer structure, resulting in the formation of bilayer discs and micelles
(21,24).

Protection against fusion can also be obtained by adsorbing charged polymer nanoparticles
to zwitterionic liposome bilayers (39). The nanoparticles provide both steric and
electrostatic modes of stabilization against liposome fusion (40), especially in low ionic
strength media. However, the nanoparticles lose effectiveness in higher ionic strength media
as the electrostatic interactions are screened (40), and hence, this method would not be as
useful in vivo. As is the case for PEG-lipids, adsorbing charged nanoparticles to neutral
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bilayer membranes via a dipole attraction can induce changes in the bilayer organization and
structure that need to be taken into consideration when designing composite drug delivery
vehicles (39,40). Stronger interactions between neutral lipid bilayers and strongly
hydrophilic silica nanoparticles can disrupt bilayers and cause the nanoparticles to be
engulfed by liposomes (41). It is important to remember that bilayer organization and self-
assembly are governed by weak interactions between lipid molecules that can be altered by
even weak interactions with other particles or surfaces (41). As of yet, there have been no
studies to determine the circulation lifetimes of these nanoparticle-stabilized liposomes.

Stronger binding of charged nanoparticles to liposomes can be accomplished by adding the
oppositely charged lipid to the bilayer membrane (31). 10 – 30 nm diameter gold
nanoparticles, which are anionic, can be adsorbed to liposomes that contain various fractions
of cationic lipids (31). Depending on the ratio of gold nanoparticles to liposomes, the
liposomes can be cross-linked by the nanoparticles to form small aggregates of liposomes
and nanoparticles (31). Aggregating the gold nanoparticles red-shifts their adsorption spectra
from about 520 nm for single gold nanoparticles to 650 – 800 nm for larger aggregates (31).
This red-shift to higher wavelength puts the adsorption into the “near infrared window”, in
which there is minimal adsorption by blood, tissue, and other biological molecules (4,5). If
higher ratios of gold nanoparticles are used relative to the liposomes, each liposome is
covered by nanoparticles, and the nanoparticles stabilize the liposomes against fusion (41).

Directly plating gold onto a liposome template has also been suggested as a method of
improving drug retention and liposome stability (7,42), as well as providing a mechanism
for light-triggered release. Conventional phospholipid liposomes are coated with gold by
adding ascorbic acid to a liposome solution containing chloroauric acid, which reduces the
gold salt to metallic gold (7,43). The reaction can be followed by the evolution of the
adsorption spectra, which shows a maximum in the near infrared region as the adsorption
increases. When gold is produced in this fashion, small gold crystallites, 4 – 8 nm in
diameter, precipitate preferentially on the liposome surface. Depending on the gold to
liposome ratio, the crystallites can eventually fuse and form a discontinuous shell. Dye
contained in these gold covered liposomes is released similarly to uncoated liposomes in a
temperature-dependent fashion (7). Better drug retention is claimed if the gold shell can be
made continuous by first precipitating a layer of poly-L-histidine (PLH) onto a anionic
liposome template (42). The PLH layer is capable of chelating metal ions, which is believed
to assist in the formation of a continuous gold shell, rather than small gold clusters (42).
TEM images of dried samples of the gold covered liposomes showed that the sizes were
quite different than the original liposome template, with diameters as small as 10 nm, so it
appears that the original, 100 nm liposome template is lost during the growth process.
However, care must be taken in characterizing liposome structure from dried samples as the
liposome structure is unstable without water present; cryogenic TEM methods such as
freeze-fracture (2,44) or cryo-TEM are necessary to preserve the original structure for
imaging (4,5).

A variation on these techniques is to precipitate polyelectrolytes (1,42,45,46) onto a
liposome template. Successive adsorption of cationic and anionic polymers to a suitably
charged colloidal substrate is known as layer-by-layer (LBL) deposition (1,42,45,46).
Caruso and coworkers have made “caposomes,” which are cell mimics with a large, but
controllable number of lipid compartments encapsulated within a polymer scaffold (Figure
2). First, an anionic silica particle is coated by a cationic polylysine layer (PLL).
Conventional small, unilamellar liposomes, which can be formed from zwitterionic or
negatively charged lipids are then mixed with the polylysine-coated silica particles. The
liposomes bind to the PLL coated silica and are subsequently covered by a layer of
cholesterol-modified polylysine to anchor the polymer layer to the liposomes. A second
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layer of liposomes can then be added to the structure, followed by a second PLL coating.
Alternately, spacer polymer layers of anionic poly (methylmethacrylic acid)-co-cholesteryl
methacrylate (PMAC) can be added between the liposome layers. Finally, the assembly is
sealed by the sequential adsorption of poly(N-vinyl) pyrrolidone and thiol-functionalized
poly(methacrylic acid); (PVP-PMASH)5-PVP). The thiols in the outer layer can be cross-
linked, and the silica core etched to form the capsosome (1). These novel structures are
extremely robust due to the multiple polymer layers and cross-linking and can have
thousands of internal compartments. The overall structure is 5 – 10 microns in size and
would not be appropriate for use in the circulation, but rather as a drug depot, although the
toxicity of these polymers and their metabolites is not yet known.

A multicompartment structure based on liposomes within liposomes or “vesosome” (Figure
3) (2,3) can also be constructed using basic self-assembly. Eukaryotes developed this nested
bilayer structure as a successful alternative to optimizing the chemistry and physics of a
single bilayer; each compartment has its own distinct bilayer membrane which separates
different functions while protecting the internal contents from the environment (2,3). The
inner compartments can encapsulate multiple drugs (to deliver drug cocktails or have
different bilayer compositions to optimize release or do various chemical reactions (3). In
addition, while it is difficult to encapsulate anything larger than molecular solutions by
conventional vesicle self-assembly, the vesosome construction process lends itself to
trapping colloidal particles (Figure 5) and biological macromolecules (2).

To encapsulate liposome suspensions within another bilayer membrane, a way of opening
and closing one population of bilayers that does not compromise other liposomes is
necessary. Most bilayers, regardless of composition, form closed spherical structures in
aqueous solution to shield the hydrophobic interior of the bilayer from the exterior solution,
at the cost of bending the bilayer into the spherical form. Bilayers in the liquid crystalline Lα
or the gel phase Lβ or Lβ’ phases have sufficiently small bending moduli that closed
liposomes as small as 50 nm in diameter are stable. However, below the gel-liquid
crystalline transition temperature, Tm, a number of saturated phospholipids that form the
tilted Lβ’ phase form LbI or “interdigidated” phases on addition of ethanol and other short-
chain alcohols. Lipids that form a tilted Lβ’ phase do so because the frozen, all-trans acyl
chains of the lipids must tilt to accommodate the larger interfacial area required by the
hydrophilic head groups. Saturated phosphatidylcholines and phosphatidylglycerols, with
large head groups, form tilted Lβ’ phases below Tm, while phosphatidylethanolamines, with
small head groups, form untilted Lβ phases. Adding ethanol to PC or PG liposomes in the
Lβ’ phase causes the headgroup area to increase due to the intercalation of the ethanol into
the headgroup region. At about 3 molar ethanol, the area required by the headgroups can no
longer by accommodated by increasing the chain tilt, and the all-trans acyl chains of the
opposing monolayers interdigitate (2). This interdigitation increases the membrane rigidity
dramatically, and the increased curvature energy destabilizes small vesicles and leads to the
formation of open bilayer sheets in solution. These sheets are stable as long as the
temperature is held below Tm and the acyl chains are frozen. Heating above Tm causes the
acyl chains to melt and the membrane reverts to a disordered, Lα bilayer phase. The reduced
bending rigidity of the Lα phase allows the bilayers to close; in the process, small vesicles,
gold nanoshells, colloidal particles, essentially anything of nanometer dimensions in the
original suspension (2,4) can be encapsulated as shown in Fig. 3.

Having two or more bilayers between the environment and the drug contents can make a
significant difference in drug retention in physiological environments. Figure 4a shows that
the additional bilayer barrier in the vesosome effectively eliminates drug release caused by
exposure to phospholipase A2 (PLA2). Carboxyfluorescein dye release from unilamellar
vesicles DPPC was rapid after exposure to varying amounts of porcine pancreas PLA2 at 37°
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C (closed symbols), with complete release within 4– 8 hours. Essentially no release beyond
background is induced by PLA2 from vesosomes over 20 hours (open symbols). This
indicates that the PLA2 cannot traverse the exterior bilayer of the vesosome to degrade the
internal vesicles during the time of the experiment. While PLA2 increases the permeability
of the small molecule CF (molecular mass of 376 Da) from unilamellar vesicles, apparently
it takes much longer for PLA2 (molecular mass of 14 kDa) itself to cross the exterior lipid
bilayer of the vesosome. The exterior membrane also protects the interior vesicles from
binding to streptavidin when the interior lipid bilayers are decorated with biotinated lipids
(2). Both the inner and outer vesosome bilayers are composed of DPPC, as are the
unilamellar vesicles, hence, this dramatic increase in retention is due solely to the liposome
within liposome structure.

Figure 4b shows a similar protective effect of the exterior membrane in fetal bovine serum.
The vesosome structure extends the half-life for release from vesosomes in serum to more
than 50 hours (from about 2 hours for unilamellar vesicles of DPPC (2)), and there appears
to be a delay in release for ∼ 10 hours before any significant amount of CF is released. The
serum components responsible for degrading the bilayers and increasing permeability were
effectively shielded from the interior compartments for this initial period. The additional
bilayer membrane provides a physical barrier to biological macromolecules and high-density
lipoproteins; it takes much longer for these high molecular weight structures to traverse the
bilayer than small molecular weight drugs or dyes. The lack of direct interaction between the
interior compartment and the external medium efficiently delays CF leakage; the structure
provides the additional retention time. In addition to the structural barrier, even greater
retention may be possible by encapsulating interior compartments with different
composition. For example, if sphingomyelin-cholesterol inner vesicles were used, they
would be resistant to phospholipases and also provide an additional permeability decrease
due to the decreased sensitivity to pH-dependent hydrolysis. PEG-lipids can be incorporated
in the outer, DPPC bilayer to provide steric stabilization, (which is not possible for
sphingomyelin liposomes (33)) providing a half-life in the mouse circulation of about 2–3
hours (47).

3. Controlling and Targeting Liposome Contents Release
Enhanced drug retention has a cost; the therapeutic activity of liposomal doxorubicin is
reduced due to slow release from the liposome carriers, although liposome delivery reduces
drug-related toxicity (19). Reducing the rate of drug release may cause tumor cells to be
exposed to sublethal doses that could contribute to the development of drug resistance or
accumulation of the drug that lead to side effects such as palmoplantar erythrodysesthesia
(hand-foot) syndrome (15,48,49). While the basis of cancer drug resistance is complex, the
over-expression of MDR transporters, which are integral membrane proteins, likely plays a
role. MDR transporters actively pump chemotherapeutic drugs out of cells and reduce the
intracellular drug concentration below the lethal threshold. Hence, if the rate of drug release
from a carrier is too slow, only drug-sensitive cells that do not express MDR are killed,
leaving behind a population resistant to the rate of drug release (15). Chemotherapy may fail
because residual drug-resistant cells eventually dominate the tumor population. Therefore,
one of the parallel challenges for liposome and other nanocarrier development is to devise
ways of optimizing the rate of encapsulated drug release, with both spatial and temporal
control (5,8,31,46,50,51). External signals such as ultrasound (52) and visible light (53,54)
have been used to induce contents release from liposomes, but these methods are limited to
surface accessible areas such as the eye and skin. For delivery to deeper tissues, other
strategies have emerged, including liposomes sensitized to general hyperthermia (25,51,55),
and pH or enzymatically triggered liposomes (56). However, it is often difficult to
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incorporate a destabilizing agent into the liposome membrane to promote release without
affecting long-term stability and drug retention in the circulation.

A new, widely adaptable and physiologically friendly method of triggering rapid liposome
contents release is to incorporate gold nanoparticles into the liposome, or attach
nanoparticles to the liposome membrane (4,5,7,31). When gold nanoparticles are exposed to
laser light of the appropriate wavelength, the particles strongly adsorb the light and rapidly
and efficiently convert the light energy into heat (4,5,7–9,50,57–59). By adjusting the size
and shape of the nanoparticles (length to diameter ratio for nanorods (50,59), shell thickness
to diameter for nanoshells (57)), the frequency of the surface plasmon resonance (SPR) can
be tuned to preferentially adsorb light from 650 – 900 nm, the so-called near infrared (NIR)
window. The great advantage of this window is that tissue, blood, etc are relatively
transparent to NIR light, allowing penetration depths of several centimeters (50,59). Silica
core/gold nanoshells (57), aggregates of solid gold nanoparticles (7,31), gold nanorods (6),
and hollow gold nanoshells (HGN) or nanocages (4,5,9,10,27,43,58) are all effective at
absorbing NIR light and converting this energy into heat. Gold nanoshells and nanorods
illuminated with NIR light have been successfully used to non-invasively heat and eradicate
diseased cells and tissues both in vivo and in vitro (6,9,10,27,31,46,50,57).

The SPR is caused by the oscillating electromagnetic field of light which induces a coherent
oscillation in the conduction band electrons of the nanoparticles (50,57). This oscillation
induces a charge separation between the free electrons and the ionic metal core, which in
turn causes a restoring Coulomb force that makes the electrons oscillate back and forth on
the particle surface. This SPR oscillation induces a strong adsorption of light of specific
frequencies which depends on the shape, size and composition of the nanoparticle (50).
Nanoparticle adsorption can be 5–6 orders of magnitude larger than that of dye molecules,
which have also been used to sensitize liposomes (50).

HGN that adsorb strongly in the NIR are made by galvanic exchange of gold with a silver
template (43,60); the silver template is oxidized away as soluble ionic silver as the gold is
reduced to metal; a hollow shell of gold precipitates on the silver template. The ratio of shell
thickness to shell diameter determines the surface plasmon resonance, and hence the optimal
wavelength for adsorption (43,57,59). The shell diameter is set by the size of the silver
template, while the shell thickness can be tuned by varying the quantity of gold salt used in
the reaction (9,43). The synthesis of gold nanorods and nanoshells can be found in recent
reviews (5,43,50,57,59); a variety of shapes and sizes are available commercially. For NIR
applications, HGN range from 20 – 50 nm in diameter, with 2 – 5 nm thick shells (Fig. 5)
(4,5,9,43). HGN can be encapsulated within unilamellar DPPC liposomes using the same
interdigitated sheet method used to make the vesosome (Figure 5a) (4). Alternately, there are
a variety of thiol-PEG-lipid linkers that can be used to tether HGN to the liposome bilayer
(Figure 5b). Finally, HGN can simply be mixed with liposomes (Figure 5c). It is found that
the closer the HGN is to the liposome membrane, the more efficient is the contents release
(4) upon pulsed laser irradiation.

The lifetime and intensity of the laser irradiation used induce widely different temperature
responses in the gold nanostructures. Continuous wave, low intensity excitation is used to
heat both the nanoshells and the surrounding medium (7,31,57) by a few to tens of degrees,
depending on the length of irradiation time and the intensity of the light flux. The nanoshells
never reach temperatures significantly different than the surrounding fluid. On the other
hand, if the laser pulse duration is shorter than the time necessary for the gold nanoparticle
to thermally equilibrate with its surroundings, all of the light energy goes into heating the
nanoparticle (4,5,9,43,61). For nanometer-sized gold particles, thermal equilibration with the
environment occurs in 10 – 100 nanoseconds; which is long compared to the femto- to nano-
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second pulses possible with current lasers (43,50,61). The nanoparticle temperature can
reach > 1000° C (43,61), sufficient to melt the gold nanoparticles, before the energy can be
transferred to the surrounding liquid (43,50). 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 (5,50).

Figure 6a shows a fluorescence image of a liposome containing fluorescent allophycocyanin
(APC) protein and 80 nm solid gold nanoparticles (adsorption maxima at 532 nm) attached
to an anionic glass surface (8). Fig. 7b shows that only 10 nsec after irradiation with a 0.5
nsec light pulse, a large, asymmetric vapor bubble was formed, with dimensions growing
much larger than the liposome. The rapid expansion and collapse of these bubbles causes
transient liposome rupture and contents release (4, 5, 8, 61). The rapid bubble expansion and
collapse induces mechanical stresses in the surrounding fluid, which can tear lipid
membranes apart, thereby releasing the contents of liposomes (4). Within milliseconds after
irradiation, the APC was released from the liposome (7c). The solution re-achieves
equilibrium less than a millisecond after the initial laser pulse (4, 8). Depending on the laser
power and the pulse repetition rate, the average solution temperature is increased by no more
than a few degrees (43). There is a minimum energy threshold for drug release and a
characteristic acoustic response of the solution on irradiation (4, 5), similar to sonication-
induced cavitation. Hence, irradiation of the HGN with pulsed NIR light produces the same
effects on the liposome membrane as those induced by ultrasound-induced cavitation (4).
Sonication is a commonly used method to create small, unilamellar vesicles from a lamellar
dispersion and is well known to disrupt bilayer membranes.

This photo-activated release also provides a secondary targeting mechanism that could be
used to increase selectivity for both passively (EPR mechanism) and actively (peptide or
antibody) targeted liposomes. Release would be localized to the focus of the laser light
source, and fast and near complete drug release could be achieved within seconds of
irradiation (4,5,8) with minimal (whatever residual permeation would occur without
irradiation) elsewhere. Gold is generally considered to be inert and biocompatible, especially
in comparison to many of the dyes used to photosensitize liposomes. While the actual depth
of penetration depends on tissue type and scattering, NIR can penetrate several centimeters
inside the body, which makes it much more appropriate for drug release than UV or visible
light, which penetrates fractions of a millimeter. High localized drug concentrations can
prevent the development of drug resistance, and the timing of the drug release can be
determined independently of the properties of the nanocarrier. In addition, HGN-induced
liposome disruption may be used to induce rapid diffusional mixing to permit the study of
fast chemical kinetics in nanoenvironments mimicking cell membranes (3). An additional
benefit of HGN-induced disruption is that the heat generation is extremely localized;
endosomes can be disrupted without otherwise damaging the cell (9).

3.1 Disrupting Bilayers In Vivo with Gold Nanoshells
In vivo delivery of DNA, siRNA and oligonucleotides remains difficult as no suitable non-
viral vector has yet been developed that is biocompatible, circulates efficiently in the
bloodstream, is readily targeted to the appropriate site, and efficiently enters the cell
cytoplasm or nucleus (9–11,62,63). Oligonucleotides cannot be injected directly into the
bloodstream, or even into serum-containing cell culture media, due to rapid degradation by
nucleases (9,63). However, coupling siRNA or DNA to HGN using thiol-gold conjugation
chemistry (Fig. 7) provides high surface concentrations so that hundreds to thousands of
molecules are delivered by a single HGN conjugate (9,10,63–65). Tightly packed RNA or
DNA on the gold surface is protected from enzyme degradation (63,64) and the innate
immune response to densely, oligonucleotide-functionalized gold nanoparticles is ∼ 25
times less than a lipoplex carrying the same DNA (64). The effect is due to the inhibition of
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proteins recognizing foreign nucleic acids by the steric hindrance and high charge density of
the densely bound DNA or RNA.

However, for the siRNA and other payloads to function, they must be rapidly and
completely released from the HGN on command. Relatively low intensity pulses of NIR
light can induce sufficient surface temperature changes in the HGN that gold-thiol bonds are
broken, releasing siRNA from the HGN quickly and efficiently, without damaging the
siRNA, DNA, or small molecules (9,10,66,67). Only the irradiated HGN release their
payload, providing a means of controlling release from the HGN in both space and time. An
important feature of pulsed NIR light delivery is that the nucleic acid payload is released
within seconds. This is quite different than schemes to raise the temperature of the
nanoparticles with low intensity, continuous irradiation to induce DNA or RNA
dehybridization, which takes hours of continuous NIR light exposure for only partial release
(63,68,69).

Unfortunately for efficient transfection, even if targeted cells take up nanoparticles, the
carrier and its load are sequestered within endocytic vesicles and may be transported to
lysosomes, eliminated, or destroyed (Figs. 7, 8) (9,10,68,70–72). Endosome escape is the
most difficult to overcome bottleneck for drug and synthetic oligonucleotide delivery
(9,10,70,71). Materials such as siRNA that function within the cytoplasm are prevented
from reaching the site of action, which can often only be addressed by using significantly
higher concentrations to insure that sufficient active material escapes to the cytoplasm (62).
Chemical disruptors such as photosensitizers (often initiated with cytotoxic, poorly
penetrating UV light) (70), polymers that change volume with temperature shock (72), or pH
via the “proton sponge” effect (71), have been used to release cargo from endosomes, but
with low efficiency and increased toxicity. Such disruptors are often incompatible with
living organisms and like Lipofectamine, cannot be used in vivo.

However, HGN-induced microbubble formation (as in Figure 6) induced by pulsed NIR
light of the appropriate intensity can generate sufficient mechanical forces that the
endosome is disrupted, without otherwise damaging the cell or the material within the
endosome (See Fig. 7,8) (9,10). This allows the contents of the endosome to mix with the
cytoplasm. A distinct energy threshold is required to disrupt the endosome that is greater
than that necessary to release the thiol bonds holding the siRNA to the HGN (9). The energy
threshold for endosome rupture is similar to that found to disrupt lipid vesicles that contain
HGN (4,5,9). Photomechanical endosome rupture requires no new chemical species such as
photochemical degradation products (70) or high ion concentrations (71) to be introduced
into the cell. Transfection occurs only after NIR light-triggered endosome disruption, with
efficiencies as good or better than Lipofectamine (Invitrogen. Carlesbad, CA), the current
“gold” standard for transfection in vitro (9). However, unlike Lipofectamine, HGN-siRNA
conjugates can be introduced into the circulation and have been shown to promote gene
silencing in HeLa tumors in mice (10) after laser irradiation.

Figure 7B shows TEM images of the intracellular distribution of HGN with and without
NIR irradiation. Nude mice bearing HeLa cervical cancer xenografts injected with HGN
showed that the HGN were located in endocytic vesicles (endosomes and lysosomes) (10)
with intact membranes before laser irradiation. However, after laser irradiation, the
boundaries of the endocytic vesicle membranes appeared disrupted, resulting in the escape
of nanoparticles from the endosomes into the cytosol.

Figure 8 shows cultured mouse epithelial cells expressing green fluorescent protein (C166-
GFP), which were transfected with HGN thiol-linked to a siRNA construct labeled with red
Cy3 dye (9). The RNA sequence was based off the EGFP-S1 Dicer Substrate, previously
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shown to potently silence GFP, and modified with necessary PEG thiol, amino, and Cy3
modifications, leaving the antisense 3’ unmodified for Dicer activity (9). The attached Cy3
made visualization of the release of the RNA sequence from the HGN possible; the dye was
partially quenched when near gold, and dequenches upon release from the HGN. Low
intensity laser pulses could disrupt the bonds between the HGN and the siRNa, resulting in
increased Cy3 fluorescence due to the increased separation between the nanoshells and dye
(Fig. 8a). However, the red Cy3 fluorescence remained localized within endosomes as small,
bright red, puncta (Fig. 8a) and there was little silencing of the GFP. As in Fig. 7, this shows
that the HGN are localized within endosomes after transfection into cells.

Higher intensity NIR light pulses (Fig. 8b) ruptured the endosomes, likely by mechanical
forces due to microbubble formation (Fig. 6), releasing the siRNA to the cytosol. By
controlling the light intensity, endosomes could be ruptured without damaging the cells or
the siRNA. Within 24 hours of the second pulse, the Cy3 fluorescence was diffuse,
indicating release from the endosomes (Fig. 7b). This release was accompanied by near-
complete silencing of the GFP in cells irradiated by NIR light. The GFP levels were
determined by pixel intensities to be essentially equal, 80% silenced for laser exposed NS-
siRNA and 85% for Lipofectamine (Invitrogen. Carlesbad, CA), relative to controls.
Negative control HGN composed of 2’Ace-protected sense strand hybridized to antisense
DNA-Cy3, prepared identically to the NS-siRNA, exhibited no silencing activity after laser
exposure. Furthermore, laser exposure of wells containing only cells indicated no
photobleaching of GFP.

Unlike other viral or non-viral delivery vectors, HGN-induced gene delivery can be spatially
controlled. Payloads are released and endosomes ruptured only where the sample is
irradiated; gene silencing can be patterned using lithography or by focusing the light through
a microscope. Fig. 8c shows that a simple mask can be used to pattern GFP silencing with
near single-cell resolution. siRNA release and endosome rupture can be separated in time, as
the energy requirements for the two processes are different. Low intensity light pulses below
threshold can dissociate the thiol bonds used to link molecules to the HGN, while intensity
above the threshold disrupts the endosomes. Even higher light intensities can be used to kill
cells outright through thermal ablation (59), or in synergy with drug stresses. Although the
HGN temperature increase is substantial, the temperature increase in the sample is < 1° C.
Cell toxicity is minimal and is less than Lipofectamine (Invitrogen. Carlesbad, CA).

4. Future Prospects
Liposomes remain immensely appealing as a drug delivery platform; endosomes, lysosomes,
synaptic vesicles, etc. show that nature has taken full advantage of their properties to
enhance the localization and transport in vivo. However, unilamellar liposome may be too
simple a structure to achieve the myriad requirements of a universal drug carrier.
Unfortunately, each added layer of complexity increases the difficulty of commercial scale-
up; targeting, enhanced drug retention, drug release rate control, extended time in the
circulation must be done in as simple and synergistic fashion possible, while retaining the
innate biocompatibility that makes liposomes so appealing. Dividing these jobs between
multiple membranes and add-ons such as gold nanoparticles may make it possible to
develop a modular and commercially viable drug delivery system in the future. The goal of
the colloid scientist is to present the oncologist of the future with the ability to choose
specific drug release rates, the times and places of drug release, and a minimum of side
effects from inappropriate release of drug to non-targeted tissues. The long sought, “magic
bullet” for drug delivery may still be a liposome.
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Figure 1.
Enhanced antitumor therapy using near infrared light-heated gold nanorods to up-regulate
specific receptors in mice bearing MDA-MB-435 tumors, which are then targeted by a
specific ligand on liposomes that contain dox (LyP1LP). (A) Relative accumulation of dox
in tumor for targeted (red) vs untargeted (blue) liposomes without heating (NR−L) or with
heating (NR+L) to upregulate the receptor. (B) Increased levels of dox (red) are observed in
tumors from the mice in (A) subjected to heating (NR+L) when treated with liposomes with
(LyP1LP) campared to those without (LP) ligand. Nanoparticles are dyed green; cell nuclei
are stained blue. Scale bar is 100 microns. (C) Change in tumor volume of different
treatment groups containing bilateral MDA-MB-435 xenograft tumors. 72 hours post-
injection of gold nanorods, mice were injected with a single dose of saline, untargeted
liposomes (LP) and targeted liposomes (LyP1LP). +H designates one of the two tumors in
each animal that was heated. −H designates the tumor that was not heated. (D) Survival rate
in different treatment groups after a single 3 mg Dox/kg dose into mice containing a single
tumor. Adapted and reproduced with permission from NAS from Figure 4 of Park et al. Proc
Natl Acad Sci USA. 2010;107:981–6 (6).
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Figure 2.
Schematic illustration of “capasome” self-assembly process. An anionic silica core (3
micron diameter) is coated with a cationic polymer precursor layer, followed by a layer of
anionic liposomes. This can be followed by the alternating deposition of separation layers
and liposomes until the desired number of liposome layers is reached. A polymer capping
layer is adsorbed prior to the deposition of five bilayers of PVP and PMASH. The capping
layer is crosslinked to stabilize the structure. Dissolution of the core results in a caposome
with multiple layers of intact liposomes. Adapted and reproduced with permission from
ACS from Scheme 1 of Chandrawati et al. ACS Nano. 2010;4:1351–61 (1).
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Figure 3.
Schematic (right) and freeze-fracture transmission electron micrograph (left) of vesosome
structure. Small, unilamellar vesicles (50 – 100 nm diameter) are encapsulated within 200 –
2000 nm diameter bilayers formed by the transition from the interdigitated LbI phase to the
La phase induced by heating the sample above 45° C. Here the interior and exterior
compartments are both made of dipalmitoylphosphatidylcholine.
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Figure 4.
(a) Comparison of dye release from unilamellar vesicles and vesosomes of DPPC on
exposure to varying amounts of porcine pancreas phospholipase A2 at 37° C. PLA2 induces
rapid release from unilamellar DPPC vesicles in a concentration dependent manner (closed
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symbols), causing complete dye release within 4– 8 hours. Essentially no release beyond
background is induced by PLA2 from vesosomes (open symbols) suggesting that the PLA2
cannot reach the interior compartments of the vesosome where the dye is sequestered.
Adapted and reproduced with permission from ACS from Figure 2 of Boyer et al. ACS
Nano. 2007;1:176–82 (2). (b) Dye release from the DPPC within DPPC vesosome has a
distinct delay (about 10 hours) during which almost nothing is released. Even in 98% serum,
there is only 30% release in 50 hours. Unilamellar DPPC vesicles are completely empty
after 2 hours exposure to serum. The exterior membrane protects the interior compartments
from the degradation due to the various components of serum such as the HDL and lipases.
Adapted and reproduced with permission from ACS from Figure 5 of Boyer et al. ACS
Nano. 2007;1:176–82 (2).
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Figure 5.
(a) Cryo-TEM image of unilamellar DPPC liposome encapsulating hollow gold nanoshells
(HGN, arrows). The nanoshells were encapsulated using the same interdigitated sheet
method used to make the vesosome. (b) HGN tethered to the vesicle using a thiol-PEG-lipid
linker (arrow) (c) HGN mixed with liposomes. Pulsed laser irradiation causes microbubble
formation that can disrupt the liposomes within seconds (Fig. 6); the closer the nanoshells
are to the liposome membrane, the greater the efficiency of drug release. Adapted and
reproduced with permission from ACS from Figure 1 of Wu et al. J. American Chemical
Society. 2008;130:8175–7 (4).
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Figure 6.
An individual 80% dioleoylphospholcholine (DOPC), 20% dioleoyl trimethylammonium
propane (DOTAP) liposome containing fluorescent allophycocyanin (APC) protein and 80
nm gold nanoparticles (NPs) attached to an anionic glass surface before light irradiation. (b)
10 nsec after irradiation, optical scattering from a vapor bubble generated from heat
dissipation from the nanoparticle as it cooled. Note the anisotropy of the bubble (pulse
length 0.5 ns, wavelength 532 nm (c) 10 msec after irradiation, the APC fluorescence has
expanded (arrow), signifying ejection from liposome. (Scale bar is 10 µm. Adapted and
reproduced with permission from Elsevier from Figure 4 of Anderson et al. J. Controlled
Release. 2010;144:151–8. (8).
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Figure 7.
(a) Schematic diagram of siRNA delivery vector based on hollow gold nanoshells and
disrupting endosome membranes in living cells. Thiolated siRNA is coupled to the HGN to
compact and protect the siRNA from degradation and deliver thousands of oligonucleotides
with each nanoparticle. Thiolated PEG with targeting peptides can be used to stabilize the
HGN against aggregation and target specific internalizing receptors on cells. Once the HGN-
siRNA conjugate is internalized within a cell, usually within an endosome, pulsed NIR light
of the appropriate intensity can be used to release the siRNA by first cleaving the thiol
bonds to the gold, followed by a higher intensity pulse to disrupt the endosome membrane in
the same way liposome membranes are disrupted though the formation of microbubbles
(Fig. 6). The intact siRNA is released to the cell cytoplasm which allows for siRNA
silencing of protein function. (b) Transmission electron micrographs of intracellular
distribution of folate-labelled gold nanoshells, thiol linked to siRNA, without (top) or with
(bottom) NIR pulsed laser irradiation. Arrow in the top left and top right panels indicate that
prior to irradiation the HGN remain attached to the rim of endocytic vesicles. Arrows in the
bottom left panel show that the endocytic vesicle membranes have been disrupted by the
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NIR irradiation. Higher magnification images with schematics show that some parts of the
endocytic vesicles have disappeared, resulting in endolysosomal escape of the HGN to the
cytosol. Adapted and reproduced with permission from AACR from Figure 2 of Lu et al.
Cancer Research. 2010;70:3177–88 (10).
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Figure 8.
Patterned exposure by blocking one half of the femtosecond pulsed NIR laser beam
illuminating 5 mm diameter wells containing mouse epithelial cells expressing green
fluorescent protein (GFP). Cells were previously exposed to Tat-lipid labeled HGN thiol-
coupled to siRNA (See Fig. 7a). The siRNA was labeled with Cy3 (red) dye which is
dequenched when released from the nanoshells by low intensity NIR light. Images were
taken ∼ 32 hours after NIR irradiation. (a) Cells and HGN-siRNA in a region blocked by the
mask shows high GFP. The Cy3 dye is localized to small bright puncta, consistent with
entrapment within intact endosomes. b) In NIR light-exposed cells, there is a 90% drop in
GFP expression and the red Cy3 has diffused throughout the cells, with fewer puncta,
indicating the disruption of the endosomes and transport of the siRNA to the cytosol,
allowing the GFP to be silenced. c) Imaging the interface between exposed and unexposed
regions shows the spatial control possible with HGN induced transfection. The white dashed
line indicates the border of knockdown, which corresponds to the pattern edge. GFP and red
puncta of the Cy3 are visible in the unexposed regions, while in the exposed regions, the
Cy3 is diffuse and the GFP is silenced. The resolution is about 1 cell diameter. Scale bars 50
µm. Adapted and reproduced with permission from ACS from Figure 5 of Braun et al. ACS
Nano. 2009;3:2007–2015 (9).
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