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P
recise on-demand delivery of biologi-
cally active agents is critical for exam-
ining cellular responses, conducting

in vitro single cell manipulation, and devel-
oping effective diagnostics and therapeutics,
particularly in the area of cancer. Experimen-
tal advances and clinical observations of
the past decade support the view that the
tumor microenvironment forms a complex
network of signaling pathways between
cellular and noncellular components, and
actively participates in cancer initiation,
propagation, and metastasis.1�3 Nontumor
cells can contribute both inhibitory and pro-
liferative signals to epithelial cancer cells,
and communication between tumor envi-
ronment and epithelium is bidirectional,
involving multiple, often redundant, signal-
ing pathways.4�6 It therefore appears that
successful strategies for cancer treatment,
producing lasting remission, may depend
on the ability to identify and manipulate
these communication pathways, and to pre-
cisely target cells implicated in the activa-
tion of these pathways. A broad platform for
selective stimulation of cellular receptors by

small molecules, evocative of photochemical
“uncaging” of neurotransmitters and similar
methods developed in neurobiology,7�12

will allow for activating andmonitoring indi-
vidual cells acting within a complex tumor
environment.
Controlled stimulation of cellular activity

can be accomplished by light-activated con-
tent release from liposomes. We previously
introduced plasmon resonant gold-coated
liposomes, with plasmon resonance peaks
tunable in the near-infrared (NIR) range and
capable of controlled release of fluorescent
molecules using a laser light stimulus.13�15

The liposomal structure allows for the en-
capsulation of a variety of agents, and the
plasmon resonant gold coating allows for
light-mediated release of those contents via
a photothermal conversion process. Light-
mediated release is achieved by illuminat-
ing the gold-coated liposomes with laser
light. The spectral tunability of these gold-
coated liposomes allows for wavelength-

selective light-mediated release from these
nanocapsules, where encapsulated con-
tents are only released from gold-coated
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ABSTRACT Technological limitations have prevented the inter-

rogation and manipulation of cellular activity in response to bio-

active molecules within model and living systems that is required

for the development of diagnostic and treatment modalities for

diseases, such as cancer. In this work, we demonstrate that gold-

coated liposomes are capable of encapsulation and on-demand

release of signaling molecules with a spatial and temporal resolution

leading to activation of individual cells. As a model system, we used cells modified to overexpress a certain G-protein coupled receptor, the CCK2 receptor,

and achieved its activation in a single cell via the localized release of its agonist. This content release was triggered by illumination of the liposomes at

wavelengths corresponding to the plasmon resonance of the gold coating. The use of plasmon resonant liposomes may enable on-demand release of a

broad range of molecules using biologically safe near-infrared light and without molecule chemical modification. In combination with the spectral

tunability of plasmon resonant coating, this technology may allow for multiplexed interrogation of complex and diverse signaling pathways in model or

living tissues with unprecedented spatial and temporal control.
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liposomes having a resonance peak matching the
wavelength of the illuminating laser; gold-coated lipo-
somes having a different resonance peak and un-
coated liposomes retain their encapsulated content.15

Furthermore, because of the range of spectral tun-
ability, NIR laser light is used for release, increasing the
penetration depth of the release stimulus through
biological samples and reducing the likelihood of
photothermal or photochemical damage.
Here we present the first demonstration of activat-

ing cellular responses with single-cell spatial and high
temporal resolution through controlled ligand release
from plasmon resonant gold-coated liposomes trig-
gered by a beam of NIR laser light. To demonstrate
spatially and temporally controlled release resulting
in activation of individual cells, we employ agonist-
mediated activation of a membrane-bound receptor.
Specifically, we use previously characterized HEK293
cells overexpressing the CCK2 G-protein-coupled re-
ceptor (HEK293/CCK2R cells),16 and load CCK8, a pep-
tide derivative of the endogenous cholecystokinin ligand
for that receptor, within gold-coated liposomes. Upon
illumination with laser light directed through an in-
vertedmicroscope, the hydrophilic ligand is released in
proximity to cells, where it can bind extracellular
receptor domains. To achieve the high spatial resolu-
tion of release required for single-cell activation,
we focus the laser light to a spot size corresponding
to about the footprint of a cell and direct the beam
to specifically activate areas of interest. G-protein-
coupled receptor (GPCR) activation in single cells is
monitored using a calcium sensitive fluorescent dye.

RESULTS AND DISCUSSION

Encapsulation of Ligands. Gold-coated liposomes are
prepared by reducing gold onto the surface of 100 nm
diameter liposomes (Figure 1) composed of a tempera-
ture-sensitive lipid composition.17,18 The gold-coating
process does not significantly alter the size or the zeta
potential of CCK8-loaded liposomes (Figure 1). As
shown in dynamic light scattering and transmission
electron microscopy (TEM) (Figure 1), plasmon reso-
nant liposomes retain an average diameter around

100 nm after the gold-coating process, similar to find-
ings reported in a previous work.15 Gold-coated lipo-
somes encapsulating the ligand CCK8 exhibit their
characteristic plasmon resonance peaks and tun-
ability.13�15 Gold-coated liposomes with a marked
resonance at 760 nm (Figure 2a) were used with the
760 nm laser diode directed through the microscope
objective for light-mediated release. Illumination of
such gold-coated liposomes results in localized heat-
ing, increased liposomemembranepermeability, and the
release of encapsulated agents, in a manner described
previously.14,15 Conversely, uncoated liposomes demon-
strate no extinction at or around 760 nm and are not
expected to release content in response to 760 nm laser
illumination.

Spatially Controlled Ligand Release. To demonstrate
spatially controlled release, we chose to monitor the
CCK2 receptor activation in stably transfected HEK293
cells. The CCK2 receptor belongs to the GPCR family,
which is a family of transmembrane receptors contain-
ing members that are recognized as crucial arbitrators
of tumor growth and metastasis, participate in auto-
crine and paracrine signaling in the tumor microenvi-
ronment, and represent the direct or indirect targets of
over 50% of current therapeutics.19,20 The CCK2 recep-
tor alone has been implicated in a number of cancers,
including pancreatic and small-cell lung cancer.21�23

The interaction of the CCK8 ligand with the HEK293/
CCK2R cells is well characterized; CCK8 binds to the
CCK2 receptor with reported dissociation constants
around 30 nM, and nonspecific binding to cells not
expressing the CCK2 receptor is insignificant.16,24 As
activation of GPCRs by extracellular ligands results in
increases to intracellular calcium concentration, we
loaded cells with the ratiometric calcium indicator
Indo-1 and monitored changes in the 405/485 nm
fluorescence intensity ratio. For the duration of the
controlled release experiment, Indo-1-loaded cells
were incubated with gold-coated or uncoated lipo-
somes, encapsulating or not encapsulating CCK8 at
a 50 μM concentration, in an open cell chamber set
on the stage of an inverted microscope. The incuba-
tion temperature of the setup and all added sample

Figure 1. Sizing (a) and zeta potential (b) for uncoated (gray) and 680 nm gold-coated (blue) liposomes encapsulating CCK8.
Sizing data are number weighted. Intensity weighted sizing data are available in the Supporting Information, Figure S1. Both
uncoated and gold-coated liposomes have average diameters around 100 nm. The zeta potentials for both uncoated and
gold-coated liposomes are minimal, with absolute values around 1 mV or lower. (c) Negative stain transmission electron
micrographs of gold-coated liposomes resonant at 680 nm. Scale bar represents 500 nm.
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aliquots were maintained at 10 �C to ensure that
liposomal contents would not be inadvertently re-
leased in response to environmental thermal stresses.
Our previous experience with thermosensitive lipo-
somes prepared according to the Needham Dewhirst
recipe17 and subsequently coated with gold indicated
some content leakage occurring at subphysiological
temperatures.14 The experimental design in this work
demonstrates the principle of localized ligand release,
without the interference of that leakage. A cell was
selected and illuminated over a duration of 2min using
a pulsed 760 nm laser diode beam delivering 10 mW
average power (measured before the microscope
objective) and focused to a 20 μm diameter spot at
the focus plane of a 60� objective (Figure 2b). Laser
light was pulsed at a frequency of 200 kHz and a pulse
width of 0.5 μs. The illumination time was chosen on the
basis of previous release studies indicating that 2 min of
illumination with this pulsing regimen ensures at least
75% content release from gold-coated liposomes.15

We hypothesized that extracellular release of CCK8
from liposomes results in activation of GPCR signaling
pathways in nearby cells (Figure 2c). This activation
mechanism does not involve internalization of gold-
coated liposomes by cells; rather, it entails release of a

ligand in proximity to a cell, followed by binding of
that ligand to extracellular domains of GPCRs. Indeed,
local release of CCK8 resulted in an increase of the
405/485 nm fluorescence ratio of intracellular Indo-1.
Figure 3 shows differential interference contrast (DIC)
and fluorescence intensity images, which are indicative
of activation of HEK293/CCK2R cells incubated with
various liposome compositions. Cell activation upon
laser illumination occurs only with gold-coated lipo-
somes loaded with the CCK8 ligand. As discussed later,
in control experiments where cells were incubated
with uncoated liposomes with encapsulated CCK8 or
gold-coated liposomes without CCK8, no significant
changes in calcium concentration were noted. From
these observations, it appears that cell activation oc-
curs following photothermal release of CCK8 from
gold-coated liposomes, and that this photothermal
activation does not compromise the activity of the
released ligand. Furthermore, ligand release and sub-
sequent cellular activation is limited to the single cell
selected for illumination, demonstrating unprece-
dented spatial control of the release process.

GPCR Response to Ligand Release. The duration of the
intracellular calcium increase is shorter when eliciting a
cellular response with CCK8 released from gold-coated

Figure 2. (a) Extinction spectra of liposome preparations: uncoated liposomes (gray) and gold-coated liposomes with a
plasmon resonance peak at 680 nm (blue) and at 1100 nm (red). Experimental samples were prepared and measured with
equal quantities of lipids in solution and, therefore, presumably an equal number of liposomes per unit volume. (b) Schematic
drawing of the inverted microscope setup for light-induced release and calcium monitoring. The 760 nm beam for light-
induced release is produced by a pulsed fiber-coupled laser diode and is directed though a 60� objective to illuminate
HEK293/CCK2R cells through an IR/vis beam splitter. Indo-1 intensity from HEK293/CCK2R cells is monitored through the
same 60� objective and imaged using an EMCCD camera. (c) Schematic drawing of light-induced release from gold-coated
liposomes. HEK293/CCK2R cells are incubated with gold-coated liposomes, which only release and induce cellular activation
when illuminated with 760 nm light. The microscope objective focuses the laser to obtain an activation area comparable to
the surface area of the cell. Uncoated liposomes do not respond to the laser stimulus and do not induce cellular activation.
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liposomes than when adding free CCK8 to the system.
Figure 4 (left column) shows the spike in intracellular
calcium concentration observed when a cell is stimu-
lated via light-activated ligand release from gold-
coated liposomes; this spike lasts for less than 2 min
before calcium returns to baseline levels (Figure 5). This
localized activation is followed by secondary calcium
responses, up to 3�5 min after light-mediated activa-
tion of gold-coated liposomes (Figure 4, left column).
These transient changes in intracellular calcium con-
centration are evocative of the oscillations in intracel-
lular calcium previously reported in pancreatic acinar
cells exposed to low pM concentrations of CCK8,
similar to normal endogenous levels.25,26 They are also
similar in duration to intracellular calcium increases
experienced by theHEK293/CCK2R cellswhen exposed
to 0.5 nM free CCK8 (right column). We attribute the
transient calcium concentration spikes following light-
activated ligand release to the stochastic character of
receptor activation associated with very low concen-
trations of ligands.27 Following their local release from
gold-coated liposomes, the diffusion of the CCK8 li-
gandmay result in concentration of this peptide that is

close to the receptor activation threshold, and the
resulting GPCR activation is driven by chance.26,27

An alternative explanation for the secondary calcium

Figure 3. Differential interference contrast images of
HEK293/CCK2R cells (top row), 405/485 ratiometric images
derived from fluorescence imaging of Indo-1 (middle row),
and composite images of DIC, ratiometric, and 760 nm laser
spot images (bottom row). Ratiometric images represent
intracellular calcium concentration after 1.5 min of illumi-
nation; green color is indicative of increases in intracellular
calcium levels from baseline ratios around 0.43; quantita-
tive representation of intracellular calcium is presented in
Figure 4. Cells incubated with gold-coated liposomes (right
column) demonstrate an increase in calcium response due
to the CCK2 receptor activation in the cell colocalized with
the laser spot (shown in red), as evident by the overlapping
green and red color (bottom row). Cells incubated with
gold-coated blank liposomes (left column) and uncoated
CCK8-loaded liposomes (middle column) do not demon-
strate significant change in calcium response due to laser
illumination (middle and bottom rows). Scale bar applies to
all panels and corresponds to 20 μm. Figure 4. DIC images and time-lapse intracellular calcium

concentration changes within HEK293/CCK2R cells follow-
ing laser-induced release from gold-coated CCK8-loaded
liposomes (left column), exposure to CCK8-loaded gold-
coated liposomes preheated at 55 �C for 10 min (middle
column), and exposure to 0.5 nM free CCK8 (right column).
The “activation” time point signifies 1.5 min of laser illumi-
nation (left column) or addition of free CCK8 from either
heat-treated gold-coated liposomes or CCK8 stock solution
(middle and right columns). Images are derived from sub-
tracting a baseline 405/485 ratiometric image (taken di-
rectly prior to the start of illumination or CCK8 addition)
from those of each represented time point. Following the
initial single cell response to light-mediated CCK8 release,
after 1.5 min of illumination (column 1, row 3), described in
Figures 3 and 5, there is a second flux of calcium that occurs
approximately 3.5 min later (column 1, row 6) and spreads
to neighboring cells. In cells exposed to preheated gold-
coated liposomes (middle column), calcium levels increase
in cells throughout the field of view right after exposure and
return to baseline about 5 min later. Calcium increases in
cells exposed to 0.5 nM free CCK8 (right column) are much
shorter in duration and intracellular calcium levels return to
baseline about 2 min after CCK8 exposure. The false color
scale at the top right corner applies to all panels and
extends over a range of 0 to 0.24 (representing the increase
in the Indo1 405/485 ratio). The scale bar at the lower right
corner corresponds to 20 μm.
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response is the transactivation of another receptor
whose downstream effects result in increases in intra-
cellular calcium, such as the epidermal growth factor
receptor (EGFR). Downstream signaling of the CCK2
receptor has been shown to stimulate metalloprotei-
nase cleavage of membrane-bound EGFR ligand pre-
cursors from the cell surface, which then leads to
activation of EGFR.28,29

In comparison, when free CCK8 from gold-coated
CCK8-loaded liposomes that have been heat-treated is
introduced into solution, to achieve a free CCK8 con-
centration of about 100 nM (determined using a
fluorescamine assay), the increase in intracellular cal-
cium encompasses most of the cells in the field of view
and lasts about 2.5 times longer, between 4 and 5 min,
before returning to baseline (Figure 4, middle column),
an effect reminiscent of acinar cells hyperstimulated
with CCK8.26 Increases in intracellular calcium concen-
trations resulting from introduction of free CCK8 are
greater than those following release from gold-coated
liposomes, as can be seen in the quantitative results
provided in Figure 5.

Quantitative changes in the Indo-1 fluorescence
ratio (405/485 nm) over several experimental condi-
tions are compared in Figure 5. The calcium response
for the single cell located in the area of laser illumina-
tion (see Figure 3) is provided for cells incubated with
gold-coated CCK8-loaded liposomes (Figure 5, blue);
this cell shows an increase in the Indo-1 fluorescence
ratio during illumination with laser light, indicating the
controlled release of encapsulated CCK8 within the

area of laser illumination. Notably, the magnitude of
the Indo-1 fluorescence ratio observed in this cell is just
below the average peak Indo-1 signal observed in cells
exposed to heat-treated (10 min at 55 �C) CCK-loaded
gold-coated liposomes (Figure 4 inset, pink) and to
ionomycin (with a peak value of 0.602).

Controls for Light-Induced Release. In a series of control
experiments, HEK293/CCK2R cells incubated with either
uncoated liposomes containing CCK8, gold-coated li-
posomes without CCK8, or PBS, and subsequently ex-
posed to the same laser illumination regimen, did not
produce significant changes in fluorescence intensity
(Figure 5, red, green, and cyan, respectively); this trend is
corroborated when examining only cells in the path of
the laser, as well (Supporting Information Figure S2).
Uncoated liposomes containing CCK8 do not exhibit
any extinction at 760 nm (Figure 2a) and expectedly did
not cause significant changes in intracellular calcium
concentration. Gold-coated liposomes not containing
CCK8 were tested to ensure that, upon laser illumina-
tion, gold-coated liposomes do not compromise cell
viability, as described below. Incubation in PBS at 10 �C
was tested to examine the presence of nonspecific
intracellular calcium transients and the effects of laser
light exposure on intracellular calcium response; neither
10 �C incubation nor exposure to 760 nm laser light is
accompanied by measurable changes in intracellular
calcium (see Figure 5 and Supporting Information
Figures S3 and S4).

In examining the effect of reduced temperature on
the experimental GPCR response reported, it should be

Figure 5. Time dependence of the fluorescence emission intensity ratio (405�485 nm). Intensity counts obtained with
HEK293/CCK2R cells incubated with gold-coated liposomes containing CCK8 (blue), uncoated liposomes containing CCK8
(red), gold-coated blank liposomes (green), and PBS (cyan). This figure provides a quanititative representation of data
provided in Figures 3 and 4. Time 0 indicates the initiation of 760 nm laser illumination and time 2 indicates the end of laser
illumination. For gold-coatedCCK8-loaded liposomes,fluorescence ratioswere collected from the single cell in the laser beam
path; averages and standard deviations are derived from two trials. For all other samples, measurements were collected from
cells in the beam path and from four other randomly selected cells; averages and standard deviations are collected from two
trialswithfivepoints fromeach trial. Thefluorescence ratio for gold-coated liposomes loadedwithCCK8and in the path of the
760 beam increased significantly following 1.5 min of 760 nm illumination, indicating an increase in calcium concentration in
these cells; the calcium concentration was then restored within about 1.5 min. The increase in the fluorescence ratio
corresponds to the maximum anticipated change represented by gold-coated and uncoated CCK8-loaded liposomes heat
treated at 55 �C for 10 min (inset, pink and purple, respectively). All other preparations showed no significant changes in
intracellular calcium levels during or following illumination.
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noted that CCK8 can bind to and activate cells expres-
sing the CCK2 receptor at temperatures as low as
4 �C.24,30 However, these lower temperaturesmay affect
cellular processes, such as receptor-mediated endocy-
tosis, which has been shown to occur at rates about
10� slower at 4 �C than 37 �C.24,30 Indeed, we deter-
mined that HEK293/CCK2R exposure to 2 nM free CCK8
at 10 or 37 �C generates a similar magnitude of intra-
cellular calcium concentration increase (Supporting
Information, Figure S3). However, their temporal re-
sponses vary, with cells at 37 �C demonstrating a longer
response (Supporting Information, Figure S3). The re-
duced setup temperature allows us to demonstrate the
concept of spatially and temporally controlled release
of a bioactive molecule and subsequent activation of
cellular pathways, while minimizing any background
due to non-negligible liposome permeability.14 New
compositions of plasmon resonant liposomes currently
developed in this laboratory will improve stable encap-
sulation ofmolecules at physiological temperatures and
extend the range of possible applications of this tech-
nology in biological assays.

Cell Viability. Viability of cells used in light-activated
release experiments was assessed by monitoring cell
membrane integrity and intracellular esterase activity.
An early indicator of cell death due to photothermal
heating of gold nanoparticles adjacent to cell mem-
branes is compromisedmembrane integrity, which can
be monitored by a resulting influx of extracellular
calcium into cells.31 As shown in Figure 5 (green trace),
incubation and 760 nm laser illumination with gold-
coated liposomes not containing CCK8 did not change
the Indo-1 405/485 fluorescence ratio in HEK293/CCK2R
cells immersed in HBSS (which includes 1.26 mM Ca2þ),
confirming the integrity of the cellular membrane. At
the completion of the controlled release process, we
examined cell viability using calcein AM. Calcein AM
was added at a 5 μM concentration to HEK293/CCK2R
cells following incubation and 760 nm laser light re-
lease with unloaded gold-coated liposomes. Setup
temperature and laser light release conditions were

as described previously for Figures 2�5. The strong
and uniform calcein fluorescence in images taken
following the release process indicates normal enzy-
matic activity of cells and provides further evidence of
cell membrane integrity (Figure 6). Together, these tests
demonstrate that the conditions of light-activated CCK8
ligand release and GPCR activation do not interfere with
normal cellular functions and that the gold-coated
liposomes and their subsequent light-induced heating
do not affect cell viability.

CONCLUSIONS

Using plasmon resonant gold-coated liposomes in
combination with focused laser light, we were able to
elicit localized ligand release with subsequent GPCR
activation with a single-cell spatial and high temporal
resolution. This system improves upon the photo-
chemical uncaging technology32�35 and overcomes a
number of its limitations. Photochemical uncaging
requires chemical modification of compounds, which
has restrictions on the size and type of the usable
compound, and often diminishes its binding affinity.
Also, UV light frequently used in these applications has
limited penetration through andmay cause damage to
biological samples, and two-photon uncaging is lim-
ited to certain compounds. Lastly, photochemical un-
caging does not allow for the release of large payloads.
Polymeric,36�41 liposomal,42�44 and other stimuli-
sensitive nanoparticles45�50 are able to encapsulate
agents without additional chemical modification, re-
lease larger payloads, and can be targeted to specific
cell types, but have not yet been shown to be able to
induce cellular responses in a single cell or with high
temporal resolution.
We envision that this spatially controlled release

technology can be employed in connection with a
highly collimated beam and a spatial light modulator or
spatial scanning to stimulate release of encapsulated
signaling molecules in user defined spatial patterns or
shapes, expanding on an earlier concept of spatially
patterned photolysis of caged neurotransmitters.33,51

Figure 6. Cell viability assay following the laser illumination procedure with gold-coated blank liposomes (not containing
CCK8). CalceinAMwas added following the completion of the illumination procedure. Laser illumination consisted of 2min of
0.5 μs pulses delivered at a frequency of 200 kHz. Laser light was supplied by a 760 nm laser diode operating at an average
power of 10mWand focused to a spot size of about 20μm indiameter; the point of laser illuminationwithin thefield of view is
marked by a white circle in panel c. The location of cells, as shown by the DIC image taken at the beginning of the release
process (a), colocalizes with calcein fluorescence (b), as shown in the composite image (c). Over two trials, 100% of cells in the
field of view remained viable after the laser release process with gold-coated liposomes. Scale bar applies to all panels and
corresponds to 20 μm.
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The spatial control of this process may also be used to
examine individual cells within mixed cultures, an ap-
proach that is particularly enticing for interrogating
cancer stem cells within their preferred microenviron-
ments.52 As we demonstrated here, GPCR activation by
localized extracellular release of GPCR ligands from
gold-coated liposomes results in a short calcium re-
sponse, similar to the response expected to physiologi-
cally relevant CCK8 concentrations.26,53 Gold-coated
liposomes can potentially encapsulate a number of
signalingmolecules andpeptides, includingneurotrans-
mitters such as dopamine and serotonin, with the
precise amount of payload delivered controlled by
illumination time, as previously described.15 When used
in combination with spectrally selective release allowed
by gold-coated liposomes, it may also be possible to
encapsulate and release different agents to examine
cellular response to multiple ligands released in a
spatially and temporally controlled manner and mimic
cellular microenvironments. If encapsulating receptor
agonists and antagonists, this system can perform
similarly to optical switching, expanding the existing
array of tools formanipulation of cells with light.7 Lastly,
PEGylated lipids already present in these gold-coated

liposomes facilitate the addition of ligands targeting
molecular receptors known to internalize nanoparticles
of this size.54�58 Receptor-mediated endocytosis fol-
lowed by light-induced release from gold-coated lipo-
somes may enable in situ hybridization, delivery of
siRNA, or tracking of intracellular signaling through well
conducting monolayers, like endothelium.
In conclusion, we demonstrated spatial and tempo-

ral control of ligand release and subsequent cell activa-
tion using a combination of gold-coated liposomes
and laser-mediated release. Using a model of the
general process of agonist-mediated receptor activa-
tion, we were able to release CCK8 from gold-coated
liposomes to activate a single selected HEK293/CCK2R
cell growing in vitro upon application of a light stimu-
lus. The light-activated nanocapsules introduced here
can be used for investigating and mapping the time-
dependent response of cells to a signaling peptide and
perhaps the spread of cell signals via intercellular and
intracellular communication. Full development and
application of this technology will lead to a better
understanding of intercellular signaling in cancer and
to new diagnostic and therapeutic approaches not
available at the present time.

MATERIALS AND METHODS

Liposome Preparation and Encapsulation of CCK8. Liposomes were
prepared from synthetic lipids using a lipid composition similar
to one previously demonstrated to exhibit temperature-sensi-
tive controlled release;17 the logic supporting this composition
is that the instability that occurs during the gel to liquid�
crystalline phase transition of lipids sufficiently perturbs
the liposome membrane to induce the leakage of contents.
The membrane was composed of dipalmitoylphosphatidylcho-
line (DPPC), monopalmitoylphosphatidylcholine (MPPC), and
dipalmitoylphosphatidylethanolamine-[N-methoxy-
(polyethylene glycol)-2000] (DPPE-PEG2000, all lipids from
Avanti Polar Lipids; Alabaster, AL) in a 90:10:4 molar ratio. The
proper proportions of dry lipids were dispersed in chloroform
and dried by convection with N2; this process was followed by
overnight evaporation under vacuum. Dry lipids (60 mM lipid
concentration) were then dispersed in phosphate buffered
saline (PBS) or PBS containing a 50 μM concentration of a
cholecystokinin peptide derivative, Asp-Tyr-Met-Gly-Trp-Met-
Asp-Phe-NH2 (CCK8) (Sigma Aldrich, St. Louis, MO), prepared
from a 1 mM stock solution of CCK8 in DMSO. Liposomes were
prepared by the standard freeze/thaw cycle method and sub-
sequent extrusion through 100 nm polycarbonate membranes,
as detailed in previous publications.13�15 Following extrusion,
the liposome preparation (2 mL) was subjected to one stage of
dialysis against PBS (2 L) at 4 �C using cellulose membrane with
a 100 000 molecular weight cutoff (Spectrum Laboratories;
Rancho Dominguez, CA) to remove excess CCK8. All liposome
preparations were stored at 4 �C to minimize content leakage.

Reduction of Gold. The process for the reduction of gold onto
the surface of liposomeswas similar to the technique previously
reported.13�15 To summarize, aqueous solutions of gold chlo-
ride (100 mM) and of ascorbic acid (500 mM) were prepared.
These solutions were added to the previously prepared lipo-
some sample diluted with PBS (1 mL, 10 mM). For resonance
wavelengths approximately matched to a 760 nm laser diode,
the gold chloride solution (18 μL) was added and gently swirled
until uniformly distributed; this was followed by the addition of
the ascorbic acid solution (27 μL) and gentle swirling until color,

a feature characteristic of the presence of plasmon resonance,
developed. Following reduction, the gold-coated liposomes
(1 mL) were dialyzed twice against PBS (1.5 L) at 4 �C. Extinction
spectra of gold-coated liposomes were taken with a Cary
5 spectrophotometer in double beam mode. Samples were
diluted (0.25 mM lipids) in PBS for measurement.

Particle Sizing and Zeta Potential. A Zeta Sizer Nano-ZS particle
sizer from Malvern Instruments was used to measure the size
and zeta potential of intact (as prepared) uncoated and gold-
coated liposomes.

TEM Imaging. A Phillips CM-12 transmission electron micro-
scope (TEM) operating at an accelerating voltage of 100 keVwas
used to observe the morphology of the liposomes. The sample
imaged was unloaded gold-coated liposomes with a plasmon
resonance peak at 680 nm. Sample preparation followed the
liposome preparation and reduction of gold procedures de-
scribed earlier. Liposome samples were diluted (100 μM lipid
concentration). Samples were prepared for TEM by placing a
droplet of the liposome solution (5�6 μL) on a mica-carbon
support film, then, the film was floated onto a solution of water
and 8% ammonium molybdate, and a stain was introduced to
visualize the surface of lipid bilayers. A nickel grid was subse-
quently used as a deposition surface, and the excess solution
was wicked away using filter paper.

Cell Culture. The cells used in this experiment were from a
HEK293 cell line stably transfectedwith CCKR2 (HEK293/CCK2R),
as previously described.16 Cells were maintained in DMEM sup-
plemented with 10% fetal bovine serum at 37 �C and 5% CO2.

Dye Loading. For release studies, HEK293/CCK2R cells were
incubated on 25 mm round coverslips and loaded with a 6 μM
concentration of cell-permeant Indo-1 (Invitrogen, Carlsbad,
CA) for 25 min following a 10 min wash in Hank's Balanced Salt
Solution (HBSS). Following loading, the cells were washed twice
in HBSS, for 10 min each wash.

In Vitro Release. To monitor changes in calcium levels in
response to liposomes and released CCK8, cell cultures were
observed under epi-illumination using an inverted Olympus
IX71 microscope equipped with a 60� 1.42 NA objective and a
100Wmercury lamp excitation source. Indo-1 fluorescence was
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excited at 345 nm and emission intensities were collected at
405 and 485 nm wavelengths; the 405 nm peak of Indo-1
increases in intensity and the 485 nm peak decreases in
intensity in response to increasing calcium concentrations.

Coverslips with HEK293/CCK2R cells loaded with Indo-1
were placed in a low-profile open bath chamber (Warner
Instruments, Hamden, CT) mounted on the microscope stage
and immersed in 300μL of HBSS at 10 �C. Following five baseline
images taken at 1 min intervals, 200 μL of HBSS and 100 μL of
gold-coated CCK8-loaded liposomes, uncoated CCK8-loaded
liposomes, gold-coated liposomes without encapsulated CCK8
(10mM lipids), or PBSwere added to the chamber and fivemore
images were taken at 1 min intervals. The cells were then
illuminated through the objective of the inverted microscope
with a 760 nm laser diode (RPMC lasers, O'Fallon, MO) delivering
an average power of 10 mW (measured before the microscope
objective) and focused to a spot size about 20 μm in diameter.
The laser diode was pulsed at a frequency of 200 kHz and with a
0.5 μs laser pulse width, an illumination scheme previously
shown to elicit content release from gold-coated liposomes.15

The duration of illumination was 2 min. Cells were imaged at
30 s intervals during illumination and at 1 min intervals follow-
ing the end of laser illumination for 6 min. To examine the
response to full content release from gold-coated CCK8-loaded
liposomes, 100 μL of gold-coated CCK8-loaded liposomes were
heat treated at 55 �C for 10 min. Heat treated uncoated and
gold-coated liposomes were then added to cells in the manner
described above, resulting in a free CCK8 concentration of
about 100 nM, as determined using fluorescamine (see below);
cells were then imaged at 1 min intervals for 6 min. Following
in vitro release, 6 μL of 1 mM ionomycin was added to cells to
achieve a 10 μM concentration, and the cells were imaged for
Indo-1 intensity. An air-cooled 512 � 512 pixel back-thinned
EM-CCDdigital camerawas used to collect images (Hamamatsu,
Bridgewater, NJ).

Fluorescamine Assay of Encapsulation Efficiency. Encapsulation of
CCK8within liposomeswasmeasured by heat treating 500 μL of
uncoated and gold-coated liposomes at 55 �C for 10 min. The
heated solutions were then individually dialyzed against 5mL of
PBS overnight, and the dialyzate was collected. A 500 μL aliquot
of each dialyzate was then added to 500 μL of fluorescamine in
acetone at a 500 μMconcentration. Fluorescence emission from
both resulting solutions were then measured at 495 nm using a
back-thinned CCD array spectrometer (OceanOptics, Dunedin, FL)
and a 390 nm LED excitation source. CCK8 concentrations were
determined by comparison of emission intensity to that of a
standard curve developed by diluting free CCK8 in PBS.

Cell Esterase Activity. Cell viability was determined using a
calcein AM (Invitrogen, Carlsbad, CA) live cell assay following
the in vitro release process with blank gold-coated liposomes
not containing CCK8. Calcein AM was added to the HEK293/
CCK2R cells at a 5 μM concentration following the release
process described above. Following a 2 min incubation, the
cells were washed with HBSS (1 mL) twice. Calcein fluorescence
was then monitored by epi-fluorescence with an illumination
wavelength of 485 nm and an emission wavelength of 525 nm.
Viability was determined by correlating calcein fluorescence
with the presence of cells, as delineated by differential inter-
ference contrast (DIC) images taken at the initiation of the
in vitro release process.

Data Analysis. Fluorescence images were analyzed using
ImageJ software. For each in vitro release study, the 405 and
485 nm intensities of cells located at the point of 760 nm
illumination and four other random cells in the field of view
were measured and the 405/485 ratio was calculated for each
monitored cell. Ratiometric images were obtained by dividing
images of fluorescence emission intensities at 405 nm by those
at 485 nm, and corrected by subtracting the ratio images of cells
prior to illumination.
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