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Abstract
This paper describes a method by which molecules that are impermeable to cells are encapsulated
in dye-sensitized lipid nanocapsules for delivery into cells via endocytosis. Once inside the cells,
the molecules are released from the lipid nanocapsules into the cytoplasm with a single
nanosecond pulse from a laser in the far red (645nm). We demonstrate this method with the
intracellular release of the second messenger IP3 in CHO-M1 cells, and report that calcium
responses from the cells changed from a sustained increase to a transient spike when the average
number of IP3 released is decreased below 50 molecules per nanocapsule. We also demonstrate
the delivery of a 23 kDa AGT fusion protein into Ba/F3 cells to inhibit a key player BCR-ABL in
the apoptotic pathway. We show that an average of ~ 8 molecules of the inhibitor is sufficient to
induce apoptosis in the majority of Ba/F3 cells.
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To uncover the spatiotemporal dynamics of cellular function, we need techniques that allow
us to perturb cells over space and time in a controlled fashion. The most common approach
for the delivery of bioactive molecules to cells in a highly spatiotemporally-resolved fashion
is the two-photon release of a chemically-caged compound.1–5 Caged molecules, however,
suffer from a number of drawbacks. The design and synthesis of a new caged compound can
be tedious and the caging of large protein molecules can be difficult, if not impossible. For
intracellular delivery, the caged molecules must be permeable to the cell; this requirement,
in turn, makes it difficult to control the precise concentration of the caged molecules inside
the cell because of their preferential partitioning into different cellular organelles and
membranes. These drawbacks of caged compounds have prompted us to develop light-
addressable lipid nanocapsules as a general platform for caging a wide range of bioactive
molecules.6–12 Nanocapsules based on lipid vesicles represent an emerging class of physical
cages,, some of which also have been used recently for intracellular release.13–18

Our first nanocapsules were lipid vesicles which we manipulated with optical tweezers and
photolyzed using a single nanosecond laser pulse in the UV.6,8,10 This capability was
sufficient for delivering molecules extracellularly in a cell-culture setting. Unfortunately, the
lipid vesicles were fragile and could not be stored in solution for more than a few days. This
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practical constraint prompted us to explore a range of more robust non-lipid based
nanocapsules, including ones formed by colloidal templating in silica and polymer-based
nanocapsules.7,9 However, we recently overcame the storage issue for lipid nanocapsules by
using an optimized lyophilization procedure that allows us to store lipid nanocapsules over
long periods of time at −20 °C as a lyophilized powder.19 As a result, we returned to
developing light-addressable lipid nanocapsules as a general caging platform for bioactive
molecules.

By sensitizing the shell of lipid nanocapsules with dyes, we were able to tune the one-
photon photolysis wavelength to the far red,11 which to date was not possible for
chemically-caged molecules because of the photophysical constraints of the caging groups.
By doping the shell of nanocapsules with dyes that have high two-photon absorption cross
sections, we were also able to achieve two-photon uncaging from lipid nanocapsules with
100% efficiency.11 This capability opens up new applications for lipid nanocapsules in
tissue slices or in vivo because of the optical advantages offered by far-red and near-IR light.

Unlike chemically caged compounds which become uncaged via a pathway involving
radicals, we determined the mechanism for uncaging lipid nanocapsules was photothermal.
12 The advantages of uncaging bioactive molecules in the far red or near-IR via a
photothermal pathway inside cells are significant. The cell is largely transparent to these
long wavelengths and is not damaged by radicals, which can be an issue with chemically
caged compounds.12 Because lipid nanocapsules physically isolate the bioactive molecules
from the cell until they are released, the concentration of bioactive molecules can be
controlled and preserved within the nanocapsule even after the nanocapsules have been
delivered into the cell. This feature is important because, as we demonstrate in this paper,
the cellular response can be quite different, depending on the copy number of molecules
released into the cytoplasm.

In addition to these advantages, lipid nanocapsules also act as a carrier for cell-impermeable
molecules into the cellular interior. As we show in this paper, a single nanosecond laser
pulse in the far red was sufficient to release the encapsulated molecules into the cytoplasm
of the cell. Finally, because single lipid nanocapsules could be photolyzed with great
precision over space and time,6–8,11 we can accurately control the spatiotemporal profile of
release from individual nanocapsules. We demonstrated the release of small molecules
(Alexa 488 and IP3) and a conjugate of a protein and small molecule inhibitor (AGT-PP1-1)
with our new approach. IP3 binds to the IP3 receptors located on the endoplasmic reticulum,
which then causes release of internal calcium stores into the cytosol. AGT-PP1-1 acts as an
inhibitor of BCR-ABL, a kinase, which when inhibited can lead to apoptosis. We observed
intriguing cellular responses following the intracellular release of these molecules.

Results and Discussion
Delivery of lipid nanocapsules inside cells

There are several common approaches for the delivery of membrane-impermeable
molecules or nanoparticles to interiors of cells. For molecules, one popular approach is
microinjection. For nanoparticles, endocytosis is the most common pathway into the cell.
However, in our studies with lipid nanocapsules, the initial starting point was
microinjection, not endocytosis, because it is well known that endocytosed nanoparticles
often cannot escape the endosome. We thought we would have difficulty in releasing the
molecules from the lipid nanocapsule into the cytoplasm if we followed the endocytosis
route. Indeed, we found microinjection was effective in delivering the lipid nanocapsules
into single cells. Unfortunately, we also found microinjection to be rather tedious.
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This constraint prompted us to re-evaluate endocytosis and other alternative pathways for
introducing lipid nanocapsules into cells. We found endocytosis was efficient in delivering
lipid nanocapsules in parallel into all the cells in the culture. Most importantly, we found the
application of a single nanosecond light pulse was sufficient to release the contents of the
lipid nanocapsules into the cytoplasm of the cells.

The mechanism of endocytosis of nanoparticles is well studied. Different methods are
available to promote the uptake of nanoparticles and lipid vesicles by cells, including
molecular recognition and electrostatic interactions.20–24 For charge-induced endocytosis,
different cell types prefer different charges on the nanoparticle. For example, CHO-M1, Ba/
F3, HeLa, and HEK 293 preferentially take up positively-charged vesicles; others cell types,
such as CV1 and MCF-7, prefer negatively-charged vesicles.21, 24 In our experiments, we
chose 100-nm-diameter lipid vesicles composed of 9:1 DPPC:DOPC + 4 mol% DiD. The
positive charges on the vesicles come primarily from the membrane dye, DiD, and also from
DiO when present.

We first studied the pathway by which cells take up our vesicles. Figure 1A–D shows
images of HEK 293 cells (taken from a slice of a confocal z-scan) simultaneously loaded
with lipid nanocapsules (which fluoresce red because of the presence of DiD) and the
common endosomal marker, pHrodo-dextran (10,000 MW) shown in green. Figure 1E–H
shows HEK 293 cells simultaneously loaded with lipid nanocapsules (red) and another
common endosomal marker, transferrin-Alexa 488 (green). In both cases, the cells were
simultaneously loaded with lipid nanocapsules and their respective endosome markers in
serum-free media for a total of one hour. The cells were then washed twice and immediately
imaged, with subsequent images collected every hour for five hours. Image analysis was
performed using the co-localization program Jacop, and the Manders co-efficient was
calculated and reported (Figure 1I).25 In Figure 1I, the green bars represent the amount of
co-localization of the endosomal markers with DiD and the red bars indicate the amount of
co-localization of DiD with the endosomal markers.

Transferrin has been implicated in the endocytosis of nanoparticles.26–27 In our
experiments, we saw little or no co-localization of transferrin-Alexa with lipid nanocapsules,
indicating that the nanocapsules were not endocytosed via the transferrin pathway. In
contrast, the lipid nanocapsules showed excellent co-localization with pHrodo-dextran,
which is commonly used as a marker for following endosomes formed by fluid-phase
endocytosis. As expected, the red bar was much higher than the green bar because not all
endosomes contained a lipid nanocapsule but nearly all lipid nanocapsules were located
within an endosome.

The high degree of co-localization was observed after one hour, indicating the lipid
nanocapsules were likely taken up through fluid-phase endocytosis. We also followed the
degree of co-localization over five hours. Co-localization was markedly decreased starting at
hour 2. There are two possibilities that may account for this observation: (1) a loss of
fluorescent signal from pHrodo due to pH changes in the endosome; indeed, we observed
that the number of pHrodo-labeled endosomes decreased by half 2 hours post incubation, or
(2) the lipid nanocapsules somehow escaped from the endosome. We will discuss this point
in more detail in a later section. Additionally, we found that the size of the cell seems to play
an important role in how many lipid nanocapsules are endocytosed. In the case of the
smallest cell type (Ba/F3) typical cells contained roughly 20–40 lipid nanocapsules while
the largest (HEK 293) sometimes contained >100 lipid nanocapsules. Additional images are
available in the supporting information (Figure S1).
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Far-red photolysis of individual lipid nanocapsules inside cells and intracellular release of
IP3

We next demonstrated the release of an encapsulated dye, Alexa-488 (Figure 2A–C).
Chinese hamster ovary (CHO-M1) cells were loaded with the same 9:1 DPPC:DOPC + 4
mol% DiD 100-nm nanocapsules used on the HEK 293 cells. These lipid nanocapsules were
loaded with 50µM Alexa-488. Based on the encapsulation procedure and past calculations
of encapsulated contents,28 each lipid nanocapsule should have contained approximately 12
molecules of Alexa dye. We saw a complete loss of fluorescent signal for successful
photolysis events. It is possible that the lipid nanocapsule was photolyzed inside the
endosome and the loss of signal occurred because the dye molecules became too dilute, but
we have evidence in the form of IP3 activation that the encapsulated dye was released into
the cytosol of the cell. We note we were still able to visualize the Alexa loaded lipid
nanocapsules 24 hours later, indicating that our lipid nanocapsules appear to be stable over
this time period.

To demonstrate delivery of the contents of the lipid nanocapsules into the cytosol, we
released D-myo-inositol 1,4,5-trisphosphate (IP3) inside CHO-M1 cells. IP3 is a well-
studied second messenger that binds to the IP3 receptors (IP3R) on the endoplasmic
reticulum. The binding event releases calcium from the cell’s internal stores.29 Visualization
of successful intracellular release of IP3 can be monitored by loading the cells with fluo-3,
which has a 40-fold increase in fluorescent signal upon binding calcium. Cells were loaded
for two hours with 100-nm-diameter nanocapsules that consisted of 9:1 DPPC:DOPC + 4
mol% DiD + 0.5 mol% DiOC18 and included 730 µM IP3. When we photolyzed single lipid
nanocapsules containing IP3, we nearly always observed an increase in fluorescence from
fluo-3 (Figure 2D–F). In our control experiments, where all the conditions were identical
except there was not any IP3 in the lipid nanocapsules (Figure 2G–I), we never saw an
increase in fluorescence from fluo-3, which was expected because IP3 was not present to
bind to the IP3R to trigger a calcium increase. Because calcium signaling is also triggered
when cells are stressed, this experiment showed that our technique does not cause any
measureable cell stress, unlike uncaging initiated with UV light pulses.11

From the IP3 experiment above, we knew IP3 was successfully released from the lipid
nanocapsules into the cytoplasm. It was still unclear, however, whether the lipid
nanocapsule photolysis took place inside the endosome (in which case the endosome must
have ruptured during photolysis) or the nanocapsules escaped the endosomes by the time we
photolyzed them. To distinguish between the two possibilities, we compared the percentage
of cell activation (calcium increase) by IP3 at 1 and 2.5 hours after we initiated the loading
of lipid nanocapsules into the cells. At 1 hour, over 80% of the lipid nanocapsules were still
located inside the endosome (Figure 1I), but at 2.5 hours, the majority of lipid nanocapsules
no longer exhibited co-localization with the endosomal marker. The rationale follows that if
the percentage of cell activation between the 1-hour and 2.5-hour time points was
comparable then the photolysis of the lipid nanocapsule must have been sufficient to rupture
the endosome as well. If the percentage of cell activation was markedly less at the 1-hour
time point, then the lipid nanocapsules must have escaped the endosomes by the 2.5-hour
time point.

We observed a dramatic increase in the number of cell activations for the later time point
(83%) than the earlier one (15%). This result indicates the lipid nanocapsules had likely
escaped the endosomes within 2–3 hours after being endocytosed. The mechanism of
endosomal escape by our lipid nanocapsules is unclear, but once escaped, the contents of the
nanocapsule could be easily released into the cytosol with a single nanosecond laser pulse.
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Dose-dependent calcium responses
Next, we varied the concentration of IP3 inside the lipid nanocapsules and photolyzed them
individually inside the cell. To quantify the cellular calcium response, we plotted over time
the average fluorescent intensity of a 1 µm2 area of the CHO-M1 cell that was located 1 µm
from the region where the lipid nanocapsule was photolyzed. As the average concentration
of IP3 inside each lipid nanocapsule was dropped from 730 to 370 to 180 to 90 µM, we
observed a corresponding decrease in the frequency of successful calcium activations
(Figure 3A). Surprisingly, we also observed a different type of calcium response. Based on
our previous measurements,28 these concentrations of IP3 corresponded to an average of
180, 90, 45, and 22 molecules, respectively. For high concentrations of IP3, we observed a
long, sustained increase in calcium (Figure 3B). However, as the number of IP3 molecules in
the lipid nanocapsules decreased to below ~50 molecules, we began to observe more
frequently a transient calcium increase (Figure 3B inset). This difference in calcium
response could lead to different downstream signaling pathways.30–33 When only an hour of
incubation time (i.e. loading of cells with nanocapsules) was allowed (bar labeled 730*), we
saw a decrease in the number of activations as compared to longer incubation time. We
believe this is further evidence that our lipid nanocapsules are escaping the endosomes.

Intracellular release of a protein-small molecule inhibitor conjugate (AGT-PP1-1) against
the tyrosine kinase BCR-ABL

In order to determine the diversity of molecules compatible with our intracellular delivery
method, we aimed to release a protein-small molecule conjugate that inhibited kinases into
Ba/F3 cells. Ba/F3 is an interleukin-3 (IL-3) dependent, murine cell line that has been used
to determine the intracellular potency of a number of protein kinase inhibitors.34 Ba/F3 cells
expressing the constitutively active tyrosine kinase, BCR-ABL, become IL-3 independent.
Because of the independence from IL-3, growth arrest and apoptosis can be readily detected
with intracellular kinase inhibition. In these cells, we utilized AGT-PP1-1, a potent and
selective inhibitor of BCR-ABL tyrosine kinase.35

The effects of kinase inhibition were determined with Ba/F3 cells expressing p210 BCR-
ABL adhering to fibronectin-coated cover slips. Adherent Ba/F3 cells (Figure 4A,B) in the
absence of IL-3 appeared smooth and elongated. Treatment with a 5µM solution of the
clinically-approved kinase inhibitor, dasatinib36–37, caused >95% of the adherent cells to
undergo apoptosis within six hours (Figure 4G; bar labeled “Dasatinib”). Drug-treated
apoptotic cells underwent a fairly drastic morphological change, blebbing (Figure 4C,D)
and/or a rough morphology (Figure 4E,F), which was observed using oblique illumination.
An assay utilizing MitoTracker Red and Annexin V Alexa488 confirmed apoptosis of the
cells (Figure D,F). In this assay, healthy cells will be stained red, and apoptotic cells will
show green fluorescence. Cells treated with 5µM dasatinib in the presence of IL-3 were
rescued from cell death, consistent with BCR-ABL inhibition causing apoptosis (bar labeled
“Dasatinib + IL3”).

Next, we encapsulated AGT-PP1-1 (supplementary information scheme 1) in our lipid
nanocapsules and delivered this protein-small molecule conjugate into adherent Ba/F3 cells.
After 2 hours of loading and an additional 6 hours of incubation, 95% of the Ba/F3 cells
remained viable (Figure 5C, bar labeled “Unphotolyzed”). Different numbers of lipid
nanocapsules were then photolyzed inside the cells. The cells were tracked for over 6 hours
to determine their viability (supplementary info video). Because apoptotic cells lose their
adhesion to the fibronectin surface, cell death was confirmed with the observation of
morphological changes using oblique illumination, which did not require washing steps that
would disrupt the location of the cells on the coverslip. As in Figure 4, healthy cells were
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smooth and round (Figure 5A) while cells that died appeared rough and/or displayed signs
of significant blebbing (Figure 5B).

Interestingly, a strong correlation was observed between intracellular inhibitor release and
cell death. Twenty percent of cells that had 1 or 2 photolyzed lipid nanocapsules underwent
cell death but 80% of cells with 3–4 lipid nanocapsules photolyzed underwent cell death.
When empty lipid nanocapsules (bar labeled “4 Blank Vesicles Photolyzed”) were
photolyzed, only 8% of cells died; the cell death rate was comparable to that in our control
experiments where cells were cultured on fibronectin-coated coverslips in RPMI media
without any further additions or perturbations (Figure 4G; bar labeled “Control”). Finally, to
confirm that cell death was due to intracellular inhibition of BCR-ABL, four lipid
nanocapsules containing AGT-PP1-1 were photolyzed in adherent Ba/F3 cells in the
presence of IL-3. Under these conditions, the cell death rate decreased to 16%, indicating a
significant increase in cell viability.

We were interested in how many AGT-PP1-1 molecules were loaded in each lipid
nanocapsule after observing a dose-dependent onset of cell death based on the number of
nanocapsules photolyzed. It was not clear whether large protein molecules had the same
encapsulation efficiency as we previously determined for small molecules.28 Therefore, to
determine the average number of AGT-PP1-1 contained in lipid nanocapsules, we labeled
AGT-PP1 with Alexa488 and quantified the number of AGT-PP1-Alexa488 molecules per
lipid nanocapsule using a single-molecule counting technique we previously developed.38

From this experiment, we found there were, on average, 2.4 +/− 0.2 molecules of AGT-PP1-
Alexa488 per lipid nanocapsule. This means approximately 8 molecules of AGT-PP1-1 are
sufficient to induce apoptosis in the majority of Ba/F3 cells.

Conclusions
Light-addressable lipid nanocapsules for intracellular delivery offer several important
advantages: (1) The lipid nanocapsules act as carriers to deliver cell-impermeable molecules
into the cell where a single light pulse releases their contents into the cytoplasm; (2) There is
zero or near-zero background biological activity over the timescale of the experiments (~ 6
hours) from the encapsulated molecules because the lipid nanocapsules prevent physical
contact between the encased molecules and the cell; (3) Lipid nanocapsules allow facile
tuning of the photolysis wavelength to the far red or near IR; (4) Photolysis occurs via a
photothermal pathway (which does not cause cell stress as monitored using a calcium
indicator), eliminating concerns with radical-induced cell stress or damage; (5) It is
straightforward to control and vary the concentration of molecules encapsulated within lipid
nanocapsules which, in turn, determines the copy number of molecules released into the cell;
(6) Photolysis of individual lipid nanocapsules using single-focused laser pulses allows
stimuli to be released in the cell with high spatial and temporal precision. We believe these
advantages, coupled with the ability to target cell-impermeant molecules (e.g. drugs,
metabolites, siRNA, DNA, proteins) into cells using lipid nanocapsules, will open new
possibilities in studying cellular signaling and screening drugs against intracellular targets.

Materials and Methods
Materials

The mini-extruder used to generate vesicles was purchased from Avestin (Ottawa, Ontario).
All lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All dyes were
purchased from Invitrogen, Molecular Probes (Carlsbad, CA). AGT-PP1 and SNAP-
Surface™ Alexa Fluor® 488 were all purchased from New England BioLabs (Ipswich, MA).
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The culture medium, RPMI-1460, was obtained from atcc.org. All other materials and
reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Cell Culturing
Chinese Hamster Ovary (CHO) and HEK 293 cells were purchased from atcc.org, and Ba/
F3 cells were graciously provided by the Shah lab at UCSF. CHO-M1 and Ba/F3 cells were
cultured in RMPI-1460 medium supplemented with glutamine, 10% fetal bovine serum
(FBS), and 1% Penn/Strep. HEK 293 cells were cultured in DMEM supplemented with 10%
FBS and 1% PennStrep. Ba/F3 cells were selected for their BCR-ABL dependence.
Inhibition of BCR-ABL reverts the cells to interleukin 3 (IL-3) dependence and results in
apoptosis when IL-3 is not present. This cell line serves as a model for chronic myelogenous
leukemia (CML).

Optical Setup
The setup for visualization and photolysis of vesicles has been described in detail elsewhere.
12 The optical setup used for TIRF analysis also has been described in detail.38 Confocal
images were taken using a Zeiss 510META Confocal microscope.

Design and expression of His-(AGT)-SGSG-APTYSPPPPP (AGT-PP1)
Design and synthesis were completed as previously described.35 Briefly, a mutant form of
the human gene O6-alkylguanine-DNA-alkyltransferase (AGT) was amplified and extended
from the pSS26b plasmid (Covalys) by a two-step process using the following primers:

Step 1,

FWD: 5’- GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT AAT GGA CAA
AGA TTG ACG A-3’

RVS: 5’- CGG GCT ATA GGT CGG CGC GCT ACC GCT GCC TCC CAG ACC
CGG TTT ACC CAG-3’

Step 2

FWD: 5’- GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT AAT GGA CAA
AGA TTG ACG A-3’

RVS: 5’- GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC CTA CGG CGG
CGG CGG CGG GCT ATA GGT CGG CGC-3’

AGT-PP1 was directly incorporated into a pDONR™ 221 vector (Invitrogen) using
Gateway® technology. AGT-PP1 was then placed into the vector PDEST-527, which
contains an N-terminal His6 tag, using Gateway® technology. The sequence of the final
construct was confirmed by sequencing of the entire gene. AGT-PP1 was expressed in BL21
E. coli cells and purified using Ni·NTA resin. Purity was confirmed by SDS-PAGE.

Synthesis of Compound 1
Compound 1 (supplementary info, scheme1) was synthesized as previously described.35

Briefly, the quinazoline portion, Boc protected at the pipirizine, was deprotected in 30%
Trifluoroacetic acid/methylene chloride for 3 hours. All volatiles were removed in vacu and
the product was used without further purification. The deprotected quinazoline portion was
reacted with the glutaric anhydride linked benzylguanine portion in DMF with HOBT·H2O,
DIPEA, and EDCI overnight while stirring at room temperature. The reaction was then
purified using reverse phase preparatory HPLC to yield the product. The product was
characterized using analytical HPLC, mass spectrometry, and 1H NMR.
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Labeling of AGT-PP1 with Compound 1
AGT-PP1 was labeled with 1 using the following conditions. A purified AGT fusion protein
(15 µM) was incubated with 1 (22.5 µM) in labeling buffer (50 mM Tris buffer, pH 7.5, 100
mM NaCl, 0.1% Tween 20 and 1 mM DTT) for 1.5 h at 25 °C. The protein-small molecule
conjugate was then purified (using the conditions described below), quantified, and used
directly.

Labeling of AGT-PP1 with SNAP-Surface™ Alexa Fluor® 488
AGT-PP1 was labeled with SNAP-Surface™ Alexa Fluor® 488. A purified AGT fusion
protein (15 µM) was incubated with SNAP-Surface™ Alexa Fluor® 488 (22.5 µM) in
labeling buffer (50 mM Tris buffer, pH 7.5, 100 mM NaCl, 0.1% Tween 20 and 1 mM DTT)
for 1.5 hours at 25 °C. The protein-small molecule conjugate was then purified (using the
conditions described below), quantified, and used directly.

Purification of AGT-PP1-Small Molecule Conjugates
Bio Rad Micro Bio-Spin® columns equilibrated with Tris buffer were used to purify the
protein-small molecule conjugates. All AGT-small molecule conjugate labeling reactions
were purified twice using two Bio Rad Micro Bio-Spin® columns according to the
manufacturer’s procedure

Nanocapsule Synthesis
Small unilamellar vesicles (SUVs) were formed by extrusion. Chloroform solutions of lipids
and membrane dyes were combined in a vial and dried under a stream of N2 for ~30 min.
Samples were then further dried under vacuum for a minimum of two hours to remove any
residual chloroform. Once the chloroform was removed, the dried lipid material was then
rehydrated with a biological buffer (pH = 7.4) containing (if any) the contents to be
encapsulated to a final lipid concentration of 2.0 mM. This solution was then vortexed for
about 1 minute to remove the lipid cake and to create multi-lamellar vesicles. SUVs were
formed by passing the solution of multi-lamellar vesicles through a mini extruder that
contained 100-nm pores at a temperature above the melting temperature (Tm) of the lipid
membrane at least 25 times. Because the loaded contents are not membrane permeable and
non-encapsulated materials are diluted to concentrations in the nM range when introduced to
the cells, no further purification step was utilized.

Loading Lipid Nanocapsules into Cells
Cells were grown to confluence on No. 1 (for photolysis) and No. 1 ½ coverslips (for
confocal imaging). For photolysis experiments, a solution of concentrated vesicles was
added to the media for endocytosis for 2 hours, washed gently with fresh media, and
returned to the incubator for an additional 30 minutes. For the confocal images, vesicles
were loaded for 1 hour simultaneously with an endosome marker, pHrodo-dextran or
transferrin. Cells were then gently washed and returned to fresh media.

Intracellular Photolysis
After various loading times, cells were washed twice with media and returned to the
incubator for an additional 30 minutes. Vesicles were photolyzed with a single 645-nm, 3-ns
pulse of 600nJ/pulse measured at the back of the objective. For IP3 experiments, CHO-M1
cells were washed twice with a biological buffer that didn’t contain Ca2+.
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Tracking Cells with Photolyzed Vesicles
For the inhibition experiments, cells were photolyzed in very small wells (diameter ~1mm)
and tracked via brightfield illumination with a 10× objective for a period of six hours with a
snapshot taken every 90 seconds in order to monitor movement. After six hours, positions
were noted, and morphology was determined using a 100× superfluor objective.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Co-localization study of lipid nanocapsules with endosomal markers
Images of HEK 293 cells that were loaded for 1 hour with 100-nm-diameter 9:1
DPPC:DOPC+4mol% DiD nanocapsules and endosomal markers (A–D) pHrodo-dextran
and (E–H) transferrin-Alexa 488. The cells were then washed and imaged immediately. Red
fluorescence is from DiD and green fluorescence is from the endosomal marker. Scale bar
represents 4 µm. (I) Histogram plot of Mander’s coefficient displaying co-localization of
lipid nanocapsules with the respective endosomal markers. Again, cells were loaded with
lipid nanocapsules and endosomal markers for one hour, washed, then imaged immediately
and then 2–5 hours after the start of incubation. For each case 30–35 cells were imaged for
data collection.
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Figure 2. Release of encapsulated contents from endocytosed lipid nanocapsules into the
cytoplasm
The lipid nanocapsules were photolyzed by a single 3-ns pulse of 645-nm light after 2 hours
of incubation followed by 2 washing steps. (A–C) CHO-M1 cells loaded with 100-nm-
diameter nanocapsules consisting of 9:1 DPPC:DOPC+4mol% DiD and 50µM Alexa-488.
(D–F) CHO-M1 cells loaded with the calcium indicator dye fluo-3 and 100-nm-diameter
nanocapsules made of 9:1 DPPC:DOPC+4mol% DiD+1mol% DiO and 730µM IP3. (G–I)
CHO-M1 cells loaded with fluo-3 and empty 100-nm-diameter nanocapsules made of 9:1
DPPC:DOPC+4mol% DiD+1mol% DiO. Fluorescence is from 488nm excitation in the
epifluorescence configuration; the scale bar is 5µm.
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Figure 3. Dose dependent response from single cells after cytoplasmic delivery of IP3
(A) Histogram plot showing the percent calcium activation as measured using fluo-3 versus
the average concentrations of IP3 contained within the 100nm lipid nanocapsules. The blue
bars show the fraction of cells exhibiting a calcium response, including both sustained and
transient calcium increases. The red bars show only those cells that exhibited a transient
calcium increase. At the 90 µM of IP3, the majority of calcium responses was transient, in
sharp contrast to the 370 µM result where nearly all responses were sustained. All
measurements were performed at 2.5 hours after the start of lipid nanocapsule loading, with
the exception of the 730* results, which were obtained at the 1-hour time point after loading
was initiated. Total N = 150 cells for each bar (50 cell activation attempts over 3 days for
each bar). (B) Plots showing the increase in calcium as a function of time, illustrating
examples of sustained and transient responses. The control indicates photolysis of an empty
vesicle. The cells used for these experiments were CHO-M1.
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Figure 4. Apoptosis of Ba/F3 cells induced by inhibition of BCR-ABL
(A–B)Healthy Ba/F3 cell stained with MitoTracker Red and Annexin-Alexa 488. (C–
F)Apoptotic cells stained with MitoTracker Red and Annexin-Alexa 488. Scale bar is 5 µm.
(G) Histogram of cell death in Ba/F3 cells. From left to right, percent cell death of
unperturbed (control), cells exposed to 5µM Dasatinib, and cells exposed to 5µM Dasatinib
and 1 ng/ml IL-3. For each bar in the histogram, N=100 cells.
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Figure 5. Apoptosis is induced in the majority of Ba/F3 cells with only eight molecules of the 23
kDa protein inhibitor of BCR-ABL
Images of a (A)healthy and (B)dying cell observed using oblique illumination. Scale bar is 5
µm. (C) Histogram of cell death in Ba/F3 cells. From left to right, cells loaded with 100nm
lipid nanocapsules containing AGT-PP1-1 for six hours and left unphotolyzed; cells in
which 4 empty lipid nanocapsules were photolyzed; cells in which 1–2 lipid nanocapsules
containing AGT-PP1-1 were photolyzed; cells in which 3–4 lipid nanocapsules containing
AGT-PP1-1 were photolyzed; and cells in which 4 lipid nanocapsules containing AGT-
PP1-1 were photolyzed in the presence of 1 ng/ml IL-3. For each bar in the histogram, N=25
cells.
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