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I
ntracellular delivery has attracted sub-
stantial attention due to applications in
therapy and investigations into cellular

function.1�5 The transport selectivity of the
cell membrane has been circumvented
by permeabilizing the cell membrane
with mechanical,6,7 electrical,8,9 or optical
means, such as photoporation10,11 and photo-
chemical internalization (PCI).12�14 A less per-
turbative approach involves carrier-mediated
strategies, such as viral vectors,15 photosensi-
tive caged compounds,16 microcapsules,17,18

and liposomal19 or the more stable poly-
meric20,21 nanoscale vesicles. Vesicle-mediated
delivery has attracted substantial attention in
disease therapy, due to their enhanced target
specificity and capacity to encapsulate a wide
range of payloads. Under the application of
external stimuli, release from vesicles can be
controlled and hence spatiotemporally mod-
ulate cellular function. On-demand modula-
tion of cellular function has greatly impacted
therapies and quantitative cell studies.9,22

Typical triggers for vesicle release are ultra-
sound, magnetic, and optical fields.5 Optical
fields have advantages due to their enhanced
spatial and temporal control and wide-
spread use in biophotonic applications such
as microscopy and optogenetics.
Here, we explore the benefits from the

high stability of polymeric vesicular nano-
carriers formed from self-assembling block
copolymer amphiphiles (polymersomes), eng-
ineered to be sensitive to light. We demon-
strate an optofluidic strategy to perturb the
polymersomemorphology and achieve pre-
cise intracellular delivery at the submicrom-
eter and subsecond resolution levels. The
polymersomes were formed from the oxi-
dation-sensitive block copolymer poly-
(ethylene glycol)-block-poly(propylene sulfide)
(PEG17-b-PPS30)

20 (Figure 1a). Light locally
activated a photosensitizer to oxidatively
increase thehydrophilicity of thehydrophobic
block (PPS) of the amphiphile. Polymersome
stability is highly sensitive to the hydrophilic/

hydrophobic balance of the constituent block
copolymer, and small changes in this ratio can
result inmicelle instead of vesicle formation.23

The photo-oxidation step perturbs this bal-
ance and thus destabilizes the block copoly-
mer lamellar phase habit, leading to rupture
and payload release. The optically driven
modification of the surface energy of the fluid
lyotropic polymersome membrane manifests
the method's optofluidic character.24,25

Optical nanocarrier destabilization has
been previously explored,26,27 yet employing
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ABSTRACT

We present an optical approach for intracellular delivery of molecules contained within

oxidation-sensitive polymersomes. The photosensitizer ethyl eosin is associated with the

polymersome membrane to oxidatively increase the hydrophilicity of the hydrophobic block

under optical excitation. This optofluidic interaction induces rapid polymersome rupture and

payload release via the reorganization of the aggregate structure into smaller diameter

vesicles and micelles. When the particles are endocytosed by phagocytes, such as RAW

macrophages and dendritic cells, the polymersomes' payload escapes the endosome and is

released in the cell cytosol within a few seconds of illumination. The released payload is rapidly

distributed throughout the cytosol within milliseconds. The presented optofluidic method

enables fast delivery and distribution throughout the cytosol of individual cells, comparable to

photochemical internalization, but a factor of 100 faster than similar carrier mediated delivery

methods (e.g., liposomes, polymersomes, or nanoparticles). Due to the ability to simulta-

neously induce payload delivery and endosomal escape, this approach can find applications in

detailed characterizations of intra- and intercellular processes. As an example in quantitative

cell biology, a peptide antigen was delivered in dendritic cells and MHC I presentation kinetics

were measured at the single cell and single complex level.

KEYWORDS: polymersomes . vesicles . immunology . biophotonics .
single-cell analysis . optofluidics
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damaging short wavelength radiation28 or causing
relatively weak and slow membrane perturbations;
such slow destabilization kinetics effectively limit the
temporal resolution in quantifying kinetics of cellular
processes.29�31 Rapid payload delivery and cytosolic
distribution has been demonstrated with PCI-based
methods, with temporal resolution in the subsecond
levels.13 On the contrary, light-driven intracellular
delivery based on carrier-mediated delivery such
as vesicles and capsules17,32,33 or metallic nano-
particles34,35 has so far been limited to a temporal
resolution of several minutes. One carrier-mediated
approach achieved cellular response in approximately
10 s after optical triggering of nanoscale liposomes;
however, prior to optical triggering, the nanocarriers
needed 2�3 h to first escape the endosome.36

Although typically slower, nanocarrier-based delivery
systems present several advantages in comparison to
PCI. In PCI, photo-oxidizers and bioactivemolecules are
delivered separately, and differences in cellular uptake
can hinder colocalization within the same endosomal
compartment prior to illumination.37 In a nanocarrier-
based system, photo-oxidizers and bioactive mol-
ecules are retained within the same nanoparticle to
ensure both protection from as well as colocalization
within the endosomal environment. The optofluidic
method discussed here combines the encapsulation
capacity of carrier-based delivery with the speed of PCI

since, under short illuminations, payload distribution
throughout the cytosol takes place within approxi-
mately 50 ms. We attribute these rapid kinetics of
endosomal escape to the unique capability of poly-
mersomes to convert into micellar surfactants capable
of introducing pores into endosomal membranes at
sufficiently high concentrations.38 For optical treat-
ment, visible radiation was employed, which can be
extended to the near-infrared by choosing alternative
photosensitizers with high one or two photon absorp-
tion cross sections at these wavelengths.

RESULTS AND DISCUSSION

The polymersomes were photosensitized through
the incorporation of ethyl eosin. This hydrophobic dye
readily associates with the PPS-rich inner leaflet of
the membrane with 93% encapsulation efficiency
(Supplementary Figure 1). To directly visualize the
effect of the illumination, we imagedmicrometer-scale
vesicles suspended in water and irradiated with a
488 nm laser beam. In Figure 1b, such a measurement
is illustrated, where polymersomes received a 1�2 s
treatment, focused on a small area of the membrane
with a 600 nm spot. The small excitation area gave rise
to excitation densities of approximately 100 W/cm2.
This treatment gave rise to localized destabilization of
the polymersome membrane and the formation of
smaller diameter vesicles. Illumination of the whole

Figure 1. Concept of optofluidic polymersome rupture. (a) Chemical structure and schematic of PEG17-b-PPS30 block
copolymers and vesicles; PEG is the hydrophilic and PPS the hydrophobic block. (b) Localized illumination of single vesicles
for 1�2 s that leads to the formation of smaller diameter vesicles; vesicle diameters are indicated in each frame, while insets
show the optical treatment location at power densities of approximately 100W/cm2. (c) Rupture of a single polymersome in a
series of video microscopy frames; illumination was at 500 W/cm2; in subsequent optical treatments, a collimated excitation
beam was employed giving rise to lower excitation densities. (d) In bulk suspensions, photo-oxidative morphology changes
are manifested in decreases in turbidity, here shown in response to white light at 18 mW/cm2. Variations in the sensitizer
concentration aremanifested as different release profiles; insets showa schematic of the experimental setup and two colored
photographs of the sensitized suspension before (left) and after illumination (right). (e) Cryogenic transmission electron
microscopy images confirm the transition from vesicles to spherical micelles after photo-oxidation.
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polymersome for longer periods resulted in a complete
destabilization of the polymersomes (Figure 1c).
We observed an interesting behavior when the

photosensitized polymersomes were subjected to
long-term illumination with a collimated incoherent
light beam. As shown in Figure 1d, the suspension
turbidity decreases under illumination, indicating that
the average particle size also decreases. After approxi-
mately 10 h of illumination, the average particle size
decreased from 245 nm down to 60 nm as determined
by dynamic light scattering measurements. This parti-
cle size change suggests a transition from vesicles
to micelles. The formation of micelles is likely due
to the increased hydrophilicity of the hydrophobic
block and thermodynamically driven reorganization of
the aggregate structure. Micelle formation was con-
firmed by cryogenic transmission electron microscopy
(Figure 1e). The possibility to employ white incoherent
light can potentially enable targeted delivery using
cost-effective light sources (e.g., lamps). Such sources
could be deployed in illuminating cell cultures at broad
excitation areas. Sensitizers at different concentra-
tions or with different spectral responses can be co-
encapsulated in the polymersomes to control the
temporal profile of the release under white-light
excitation conditions (Figure 1d).
Photosensitized oxidation can involve a number of

different pathways.39 To explore the underlying me-
chanism, turbidity measurements were performed in
the presence of either the oxygen scavenger hydrazine
or the singlet oxygen (1O2) quencher NaN3.

40 The
strong inhibition of morphology change in the pre-
sence of hydrazine or NaN3, respectively, verifies the
presence of an oxygen-dependent reaction and indi-
cates that 1O2 generation is the dominant mechanism
(Figure 2a and inset). Wavelengths not efficiently
absorbed by ethyl eosin did not cause any morpholo-
gical changes. This was determined by DLS, which
indicated that the average particle diameter decreased
from approximately 150 to 54 nm by employing
wavelengths within the ethyl eosin absorption spec-
trum (inset of Figure 2a). To investigate the exact
mechanism of the polymersome rupture, NMR spec-
troscopy was performed on illuminated samples (see
Methods). The NMRmeasurement indicated that, upon
illumination, the hydrophobic PPS block is converted
to a more hydrophilic poly(propylene sulfoxide) deri-
vative (Figure 2b). The conversion percentage was
approximately 20% (Figure 2b and Supporting
Information). Gel permeation chromatography (GPC)
revealed only a slight increase in polydispersity of the
PEG17-b-PPS30, indicating minimal chain cleavage in-
duced by photo-oxidation (Supplementary Figure 2).
The kinetics of polymersome rupture and release

were explored using a single-particle assay (see
Methods). At the single-particle level, detailed rupture
kinetics can be revealed (Figure 1c), contrary to bulk

studies performed in suspensions where rupture ki-
netics can bemasked by the propagation of the photo-
oxidizing radiation through the turbid medium. Ethyl
eosin was co-encapsulated with calcein at a self-
quenching concentration (30 mM). This allowed the
monitoring of payload release via the evolution of
the fluorescent signal due to calcein dequenching
(Figure 2c). Subsequent to rupture, calcein is released
in an explosive burst, approximately 8 times faster than
passive diffusion. This transport mechanism is attrib-
uted to the higher osmotic pressure within the poly-
mersome than the surrounding, due to its higher
concentration of membrane-impermeable calcein
and salt (PBS 50 mM) and possibly elevated localized
temperatures during optical excitation or production
of reactive oxygen species.41 For a polymersome for-
mulation similar to what was subsequently employed
in intracellular delivery, approximately 75% of the
polymersomes required less than 4.5 s of irradiation
to release (Figure 2c). Calcein may also contribute to

Figure 2. Origins of polymersome morphological changes
under optical excitation. (a) Polymersome photo-oxidation
is inhibited in the presence of the 1O2 quencher NaN3, here
manifested by time-dependent turbidity variations under
optical excitation; the bottom inset plots the average
particle diameter (red spheres) dependence on the excita-
tion wavelength as determined by dynamic light scattering
and of the absorption spectrum of ethyl eosin (blue line);
top inset plots the particle diameter as measured by DLS of
particle suspensions that received the same amount of
illumination but at different hydrazine concentrations. (b)
1H NMR spectra of PEG17-b-PPS30 before (I,II) and after
(III�IV) oxidation. The shift in protonswithin the CH3 groups
of the PPS block after photo-oxidation was compared to
selective oxidationof the PPSblock to sulfones and sulfoxides:
CH3 protons before oxidation (II), after reaction with 10%
hydrogen peroxide (III), after reaction with 20% nitric acid (IV,
dotted line), and after photo-oxidation with ethyl eosin at
488 nmexcitation for 10 h (IV, solid line) and after illumination
of calcein-loaded polymersomes without ethyl eosin at 488
nm excitation for 10h (V). (c) Single-particle studies reveal the
time required for rupture and calcein release from photosen-
sitive polymersomes under optical excitation (n = 300
observations). A typical measurement is shown in the inset
with a series of fluorescent images of a single polymersome
(1.6 μm in diameter) releasing its payload.
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the polymersome morphology change due to its
photo-oxidation properties.42 However, we found that
calcein was not as efficient as ethyl eosin, demonstrat-
ing slower release kinetics by more than a factor of 2
(Supplementary Figure 3). Due to its water solubility,
calcein is not retained within the polymersome mem-
brane for a localized reaction with short-lived singlet
oxygen species. Under the same 10 h illumination
conditions, polymersomes loaded solely with calcein
were not found by NMR to be significantly oxidized
(Figure 2b). When neither ethyl eosin nor calcein was
encapsulated within the polymersomes, no rupture
was observed under illumination during the single-
vesicle levels or bulk studies.
Intracellular delivery was explored in RAW macro-

phage cells, chosen for their high rate of endocytosis
and ability to phagocytose large particles, allowing
high spatial resolution imaging (Figure 3a and Supple-
mentary video 1). The cells were incubated for 2 h with
polymersomes loaded with both ethyl eosin (to induce
rupture) and calcein (to visualize rupture). Under the

conditions of 2 h incubation, the polymersomes were
found always intact within the endosomes prior to
optically triggered cytosolic delivery. This suggests
that there was inadequate time for fusion of endo-
somes with lysosomes to take place that would effec-
tively lead to polymersome degradation. Under no
illumination, no release from the polymersomes or
endosomes was detectable after 2 h, as also previously
observed under similar conditions.43 During exposure
to a 488 nm beam, endosomal spatiotemporal inten-
sity variations initially take place (Figure 3b�d). These
intensity variations are likely due to vesicle fusion
inside the endosome (Figure 3g,h); the leakage level
during this process depends on the distance between
the vesicles that undergo fusion (Supplementary
Figure 4). A typical fusion of polymersomes within an
endosome can be observed in Figure 3g,h, where two
separate vesicles fuse to form a single larger one (see
also Supplementary video 2). These light-driven intra-
endosomal processes were not found to be extensively
leaky (Supplementary Figure 4). During single-particle

Figure 3. Endosomal escape with optofluidic polymersome rupture in macrophages. (a�h) Series of fluorescent microscopy
frames show polymersomes that have been taken up by RAWmacrophage cells rupturing under optical excitation, releasing
their contents in the endosome and cytosol; endosomal escape is illustrated in panels (d) and (f). (i) Optically triggered release
of calcein is mapped by the fluorescent intensity variation inside the endosome and cytosol. “A” and “B” specify the locations
where calcein release was imaged by measuring the time-dependent fluorescence; inset is a magnified view of the previous
graphs showing that release first takes place in the endosome and then the cytosol (y-axis is scaled for visualization). (k)
Intensity variation at twodifferent locations in a single cell (center and top) due to the release from two individual endosomes
at different time points; the inset shows the location and release from the two endosomes.
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studies without cells, polymersomes that were confined
within a bigger block copolymer vesicle (vesosomes)
were observed to undergo fusion under illumination
when in close proximity to each other (Supplementary
Figure 4c).
Vesicle rupture and payload release were mani-

fested as strong fluorescence increases in the endo-
some and subsequently across the cytosol (Figure 3d,f).
The fluorescence intensity inside the endosome de-
creases to background levels within approximately
400ms after payload release, indicating that endosomal
escape is both rapid and complete (Figure 3i). Endo-
somal escape is attributed to the PPS block associating
with and temporarily permeabilizing the endosomal
membrane as independently observed in passive re-
lease experiments (Supplementary Figure 5).44 The
observation of multiple release events indicates that
endosomes reseal and remain intact.13,45 The high
speed of the endosomal escape is attributed to the
osmotic swelling of the endosome with respect to the
cytosol resulting from accumulation of reactive oxygen
species and released calcein, as well as to localized
temperature increases due to light absorption.41 Typi-
cally, the first endosomal release occurs within the first
15 s of illumination. The calcein payload was imaged
as it spread from cytosol location A to location B
(Figure 3a). The payload distribution throughout the

cytosol required approximately 50ms after endosomal
escape. Illumination of cells either with or without
endocytosed ethyl eosin- and calcein-loaded polymer-
somes at similar excitation conditions was found to
have no effect on cell viability for up to 2 min of
exposure (Supplementary Figure 6). While similar op-
tical treatment duration has been reported using
polymeric microcapsules,46 the almost instantaneous
delivery throughout the cell cytosol is similar to PCI
and, to our knowledge, of the fastest reported based
on optical nanocarrier destabilization.17,32�36 By focus-
ing the same excitation field into an approximately
600 nm diameter area, it was possible to address single
endosomes in individual cells. Triggered cytosolic de-
livery from single endosomeswas achieved in this way,
opening thus the possibility for both time and space
multiplexed cytosolic release (Figure 3j); the differ-
ences in the two transport profiles are attributed to
the stochastic nature of phagocytosis, which intro-
duces variability in endosome size and content.
To demonstrate the precise spatial and temporal

control afforded by this method, we explored the
loading of peptide antigens from the cytosol onto the
major histocompatibility complex I (MHC I) of dendritic
cells (DCs).1 The timing of this process is critical for
immune processes including cancer immunotherapy47

and due to lack of available methods has not been

Figure 4. Antigen presentation in dendritic cells. (a�d) Optofluidic polymersome rupture can enable the release of theMHC I
binding peptide SIINFEKL, shown here in the series of fluorescent images. (e) Presentation events on the cell membrane are
manifested as localized fluorescent spots, shownwith arrows on a cell at a time point of 9min after release. (f) After bleaching
the spots in (e), the same cell did not exhibit a similar signal in subsequent recordings. Similar presentation levels and events
were observed in cases where SIINFEKL was delivered via a 2 h (g) or overnight (h) incubation. Not all cells exhibit the same
presentation kinetics due to their inherent cell heterogeneity, as manifested in the plot of the time points of the first antigen
presentation event for nine different dendritic cells (i); the histogram indicates that themajority of events take place between
16 and 25 min.
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well-characterized. Polymersomes were loaded with the
octapeptideovalbuminMHC I epitopeSIINFEKL (100μM),
alongwith ethyl eosin and calcein. Bone-marrow-derived
murine dendritic cells were incubated for 2 h to allow
endosomal uptake of polymersomes (Figure 4a). Endo-
somal escape was induced within individual cells by the
aforementioned optofluidic treatment. This allowed us to
record the time of the peptide release into the cytosol
withmillisecondprecision (Figure 4b�dandSupplemen-
tary video 3). Endosomal escape within the DCs required
treatment of approximately 6 s (Supplementary Figure 7).
Antigen presentation was visualized with a fluorescently
tagged antibody specific for the SIINFEKL peptide loaded
in the MHC I complex. Antibody binding on the cell
membrane was detected as individual fluorescent spots
at a different excitation wavelength (561 nm) than the
one used for release (Figure 4e). On average, the dura-
tion for the first presentation event was 19.8 ( 6.9 min
(Figure 4i; mean ( SD), and for more than 50% of the
cells studied, a second presentation event took place at
a later time. Recent measurements of the intracellular
diffusion coefficient of short peptides indicate that
within the measured duration of antigen presentation
the peptide can travel across the cell approximately 200
times.48 This value suggests that the peptide's passive
diffusion is not likely to be the rate-limiting step in
antigen presentation, in agreement with the current
consensus that presentation kinetics are limited by the
highprobability of peptide degradationbefore reaching
the endoplasmic reticulum.49 We observed similar pre-
sentation events occurring after a 2 h incubation of the
cells with unencapsulated SIINFEKL (Figure 4g) with
presentation being stronger in the case of overnight
incubation (Figure 4h). No antigen presentation was
observed when no SIINFEKL was delivered, either

passively via vesicle degradation or actively via optoflui-
dic polymersome rupture. While previous works8,17,50,51

have primarily focused on characterizing antigen pre-
sentation in population studies either by measuring the
cytotoxic T cell responses, flow cytometry, or imaging at
the single-cell level, the optofluidic delivery presented
here enabled the direct measurement with high preci-
sion of the kinetics of this biochemical pathway at the
single-cell and even single-peptide MHC I complex level.

CONCLUSION

In conclusion, we demonstrated an optofluidic meth-
od that permits precisely controlled polymersome rup-
ture for intracellular delivery. Contrary to conventional
delivery methods, the proposed optofluidic approach
enables both high spatial precision and almost instanta-
neous endosomal escape of the polymersome payload
without damaging cellular membranes. With this meth-
od, we delivered antigens toDCs andpreciselymeasured
the kinetics of antigen loadinguponMHC I.We anticipate
this optofluidic technique will enable novel applications
in controlling cellular activity relevant to the characteriza-
tion of cellular processes, as well as in therapeutics for
studies on both single and populations of cells. The
localized and low level of photo-oxidation required for
triggered release can be generated with standard white
lamps or even sunlight, allowing broad applicability with
standard laboratory equipment. While phagocytic cells
were utilized in the current study, the versatility of block
copolymer chemistry allows adaptation of this method
for targeting the endocytic pathways of almost any cell
type. Cells containing recently phagocytized polymer-
somes were also observed to release their payload
toward their extracellular environment (Supplementary
Figure 8), suggesting still other applications.

METHODS
Block Copolymer Synthesis Characterization. Unless otherwise stated,

all chemicals were purchased from Sigma. PEG17-b-PPS30 (Mn of
2700, PEG weight fraction of 0.28) was synthesized as previously
described;23 briefly, the living polymerization of propylene sulfide
was initiated with benzyl mercaptan and capped with mesylate-
functionalized PEG methyl ether (Supplementary Figure 9). The
product was precipitated in methanol, and purity was verified
by gel permeation chromatography (GPC) using Waters Styragel
THF columns (HR 2, 3, and 4) with a tetrahydrofuran (THF)
mobile phase via both refractive index and UV/vis detectors
(Waters Corporation). 1H NMR in DMSO-d6: δ = 1.26�1.32 (m,
CH3, PPS), 2.58�2.69 (m, CH, PPS), 2.82�3.01 (m, CH2, PPS),
3.24�3.26 (OCH3, PEG), 3.49�3.54 (CH2, PEG), 7.16�7.19 (d,
CHaromat).

To identify the degree of oxidation of the irradiated poly-
mersomes, polymersomes (3.7 mM) were reacted in aqueous
solutions of either 10%hydrogen peroxide, which is expected to
produce a mixture of sulfoxide and sulfones,52 or 10% nitric
acid, which has been shown to selectively oxidize PPS to poly-
(propylene sulfoxide).53 Samples were lyophilized prior to 1H
NMR analysis. 1H NMR in DMSO-d6 after oxidation with hydrogen
peroxide: δ = 1.26�1.32 (m, CH3, PPS), 1.33�1.38 (m, CH3, poly-
propylene sulfone), 1.38�1.46 (m, CH3, polypropylene sulfone),

2.82�3.01 (m, CH2, PPS), 3.24�3.26 (OCH3, PEG), 3.49�3.54 (CH2,
PEG), 7.16�7.19 (d, CHaromat).

1H NMR in DMSO-d6 after oxidation
with nitric acid: δ = 1.26�1.32 (m, CH3, PPS), 1.33�1.45 (m, CH3,
polypropylene sulfoxide), 2.58�2.69 (m, CH, PPS), 2.82�3.01 (m,
CH2, PPS), 3.24�3.26 (OCH3, PEG), 3.49�3.54 (CH2, PEG), 7.16�7.19
(d, CHaromat). Polymersomes irradiated in the presence of ethyl
eosin displayed identical NMR spectra as samples reacted with
nitric acid (Figure 2b).

Polymersome Preparation and Characterization. Polymersomes
were formed by either solvent dispersion or thin film rehydration.
The polydispersity index of the polymerwas 1.12 (Supplementary
Figure 2). For both methods, ethyl eosin was first separately
dissolved in a 90% ethanol solution at 7 mM, and the diblock/
ethyl eosinmolar ratio during polymersome formationwas 106:1.
During solvent dispersion, PEG17-b-PPS30 (20 mM) was dissolved
in THF with or without the addition of ethyl eosin and added
dropwise to water at a 0.025:1:5 (ethanol/THF/water) ratio fol-
lowed by desiccation to remove the THF. Unloaded ethyl eosin,
ethanol, and residual THF were removed by dialysis.

Thin film rehydration was performed by dissolving PEG17-b-
PPS30 in dichloromethane with or without the addition of ethyl
eosin and then desiccating the solution for 2 h to form thin films.
Films were rehydrated by overnight rotation at 4 �C in 50 mM
PBS containing either or both calcein (30 mM) or SIINFEKL
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(100 μM). Loaded polymersomes were purified from unloaded
molecules first by dialysis (MWCO 10 kDa, Thermo Scientific,
Rockford, IL) and subsequently by size exclusion chromatogra-
phy with a Sepharose CL-6B column. Purification was verified
with UV/fluorescence HPLC (Waters Alliance 2695, Waters
Corporation).

Polymersomes were characterized with dynamic light scat-
tering (DLS) and cryogenic electronmicroscopy (cryo-TEM). DLS
analysis was performed with polymersome suspensions in PBS
(1 mL, 0.1 mg/mL) using a Zetasizer Nano ZS (Malvern
Instruments,). For cryo-TEM, polymersome suspensions in PBS
(5 μL at 1 mg/mL) were applied to carbon-coated copper grids
(400 mesh, Agar Scientific) and plunged into liquid ethane
(�127 �C) to prepare films of vitreous ice using the bare-grid
technique.54 Grids were placed in a Gatan cryoholder and
analyzed at �180 �C with a Philips/FEI CM12 transmission
electron microscope at a voltage of 100 kV. Images were
recorded with a Gatan 794 slow scan digital camera.

Turbidity Assay. The bulk particle rupture experiments were
performed in a cuvette at concentrations of approximately
0.75 mg/mL, unless otherwise stated. Illumination for rupture was
provided with a white-light source (X-Cite 120Q, Lumen Dynamics)
at specified powers and an excitation area of approximately 2 cm2.
Band-pass color filters (Shemrock) were placed in front of the
white-light beam path in order to select certain excitation wave-
lengths. Transmission was measured with a He�Ne laser (Newport
Corporation) or an infrared diode laser and was detected by a
sensitive CCD camera (Apogee Imaging Systems, US).

Single-Particle Assay. The single-particle and cell experiments
were performed on an inverted frame microscope (IX71, Olym-
pus, Japan), equipped with a high-resolution stage (MS-2000,
Applied Scientific Instrumentation, OR, USA) and a 100�,
NA = 1.45 objective (PLAPO100XO/TRIFM-SP, Olympus, Japan).
Images and videos were captured with an EMCCD camera (iXon
DV885 VP, Andor Technology, Ireland) cooled to �80 �C. The
time resolution of the measurements was in most cases ap-
proximately 20 ms, while the spatial resolution was 200 nm, as
determined by single-molecule fluorescent measurements. For
these experiments, vesicle rupture was induced with the
488 nm line of an argon ion laser (Innova 300, Coherent, US).

Optofluidic Intracellular Delivery. Microfluidic chambers (300
μm thickness and 1 cm wide) were fabricated via cast molding
lithography. Briefly, SU-8 photoresist (Gersteltec Inc., Switzerland)
was spun on a Si wafer and patterned with contact-mode optical
lithography. The structured SU-8 was treated with trimethylchlo-
rosilane vapor for 2 min (Sigma Aldrich), and the pattern was
subsequently transferred to PDMS (Dow Corning) at a ratio of
monomer�catalyst ratio at 10:1 via cast-molding. The structured
PDMS was placed in an O2 plasma chamber (15 W, 20 s) to
permanently bond to a similarly treated glass coverslip. The glass
coverslips received a cleaning protocol as previously described.55

The bonded microchannels were additionally cleaned with 2 M
NaOH and coated with sterile 0.01% aqueous solutions of poly-L-
lysine.

RAW264.7macrophages or bone-marrow-derived dendritic
cells were seeded at 100 000 cells/mL in 12-well tissue culture
plates (Falcon) and incubated with 0.5 mg/mL polymersome
solutions in DMEM for 2 h at 37 �C. After washing with DMEM,
cells were scraped off the surface of the wells and injected into
the microfluidics chambers. Within the chambers, adhered cells
were preincubated for 30minwith 2.4G2 FcR-blocking antibody
(Invitrogen) in DMEM. Immediately prior to imaging, a phycoer-
ythin-tagged 25-D1.16 SIINFEKL/MHC I-specific antibody solu-
tion (10 μg/mL, eBiosciences) in DMEM containing the 2.4G2
FcR-blocking antibody was flowed over the surface of the cells.

Cell treatment was performed in the same setup employed
in the single-particle assay, with power densities of approxi-
mately 50�80mW/cm2, unless otherwise stated. For imaging, a
solid-state laser operating at 561 nm was employed (Newport
Corporation, US). The SIINFEKL peptide loaded in the MHC I
complex was visualized on the cell membrane as individual
localized fluorescent spots. These bright spots appeared at
subsequent time points after the optofluidic release; prolonged
illuminations at 561 nm led to their disappearance over time
due to bleaching. The obtained fluorescent images were

correlated with bright-field images of the cell to ensure that
these spots were not due to “lensing” effects due to the three-
dimensional cell morphology.
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