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ABSTRACT: Polymersomes are bilayer vesicles that self-assemble from amphiphilic diblock copolymers, and provide an
attractive system for the delivery of biological and nonbiological molecules due to their environmental compatibility, mechanical
stability, synthetic tunability, large aqueous core, and hyperthick hydrophobic membrane. Herein, we report a nanoscale
photoresponsive polymersome system featuring a meso-to-meso ethyne-bridged bis[(porphinato)zinc] (PZn,) fluorophore
hydrophobic membrane solute and dextran in the aqueous core. Upon 488 nm irradiation in solution or in microinjected
zebrafish embryos, the polymersomes underwent deformation, as monitored by a characteristic red-shifted PZn, emission
spectrum and confirmed by cryo-TEM. The versatility of this system was demonstrated through the encapsulation and

photorelease of a fluorophore (FITC), as well as two different metal ions, Zn**

B INTRODUCTION

The caging and precise spatiotemporal release of bioactive
compounds is becoming increasingly important in the field of
nanomedicine. A particular focus has been the development of
chemical cages for metal ions, such as Zn*" and Ca*'. Zinc is
required for normal cell function and important for both
intracellular and extracellular signaling. Zinc deficiency can
retard growth and lead to immunodeficiency.'~* The biological
importance of Ca** has been studied extensively in muscle
contraction, cell 51gna11ng, gene regulation, thrombosis, wound
healing, and cell death.’ Deficiencies in zinc and calcium are
common in the human population, and can lead to neuro-
logical, cardiovascular, and endocrine disorders. Strategies for
further probing the biological functions of these metal ions
involve metal ion delivery to localized sites, which has the
advantage of avoiding homeostatic disruption in nontarget
areas.
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and Ca*'.

Traditional approaches for caging metal ions have employed
inorganic coordination chemistry, where one or more multi-
valent ligands coordinate the metal ion, and release of the caged
ion is achieved by modulating the dissociation constant, Kp, for
the ligand-metal ion complex. A family of ligands has been
developed for Zn** and Ca’* with weak and strong
affinities.*""" A common challenge with small-molecule ligands
is the lack of specificity where similar ions can compete for
binding to the coordination site. An extension of the
thermodynamically driven release of metal ions is incorporation
of stimulus responsiveness. Particularly attractive for applica-
tions that require targeted delivery of metal ions is the
engineering of their release in response to light, as this can be
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Figure 1. Photoresponsive nanopolymersome system. Nanopolymersomes were self-assembled from OB29 diblock copolymer (PEO;,—PBD,q).
PZn, (Supporting Information) was encapsulated within the 10-nm-thick hydrophobic membrane at 10 mol % and 10 kDa dextran was encapsulated
in the aqueous core. Hydrophilic encapsulants, such as divalent metal ions (M**) or fluorophores, were additionally incorporated within the aqueous

core.

applied with precise spatial and temporal control. Light has
been used in conjunction with coordination chemistry to
provide a binary system that switches from caged to uncaged
for both Zn** and Ca"."”° In these systems, photoactive
moieties such as o-nitrobenzyl, fluoroionophores, and nitro-
dibenzofurans were used for Zn*" and Ca** caging; however,
high doses of near-UV light were typically required for
uncaging, which limited biocompatibility and depth penetration
in living tissue. Light penetration into tissue can be improved
by using long wavelength irradiation that takes advantage of 1-
or 2-photon excitation. NDBF-EDTA is a photosensitive
calcium chelator employing a nitrodibenzofuran (NDBF)
moiety shown to combine 2-photon uncaging abilities with
efficient calcium binding and release."* The NDBF 2-photon
cross-section is modest (0.6 GM) as seen with other 2-photon
active calcium chelators such as azid-1 and DM-nitrophen,
which have 2-photon cross sections of 1.4 and 0.013 GM,
respectively.”! There are limited examples of caging metal ions
for activation with 1-photon visible (vis) or near-infrared (NIR)
light. One example by Canto et al. used spiropyran receptors
conjugated to single-walled carbon nanotubes (SWNTs) for the
reversible trapping and release of Zn>* with visible light.**

Encapsulation within stimulus-responsive nanocarriers is a
more generalizable approach to metal ion caging/release
compared to ligand-caged systems.”® The release no longer
depends upon the ligand chemistry, enabling the same
nanocarrier to be used for a variety of different metal ions, or
to deliver a combination of metal ions simultaneously. One
versatile class of nanocarriers is polymersomes, which are self-
assembled bilayer vesicles synthesized from amphiphilic diblock
copolymers.**** Polymersomes provide a large internal
aqueous environment for hydrophilic compound encapsulation
and a hyperthick membrane for hydrophobic encapsulation,
and can be surface modified to provide targeting capabil-
ities.>* ">

The work presented here specifically utilizes photoresponsive
nanoscale polymersomes for the encapsulation and delivery of
metal ions with a visible-light trigger. It has been shown, by our
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laboratories and others, that it is possible to make photo-
responsive polymersomes by incorporating light-responsive
elements into vesicles. For example, Cabane et al. incorporated
a UV-active o-nitrobenzyl moiety between the hydrophobic and
hydrophilic polymer blocks; vesicles made from this polymer
were ruptured by photolysis of this linker to release small
molecular weight dyes as well as proteins.”’ Hammer and
Burdick devised a system where the photoresponsive amino
acid analogue, 2-nitrophenylalanine, could be inserted in the
junction of a polymersome-forming diblock copolymer;
illumination caused cleavage of the polymer and the release
of contents that were entrapped in the vesicle.”” There are
examples of other types of nanocarriers that can be made
photoresponsive, such as micelles with embedded 2-photon-
active photoswitches.>*™*° Additional examples exist for
controlled drug release from light-responsive nanopar-
ticles.**™*

Our laboratories have shown that micron-scale polymer-
somes synthesized from poly(ethylene oxide)-poly(butadiene)
(OB29, MW = 3800 g/mol) can be made photoresponsive
through the addition of a solute (e.g., protein or dextran) in the
aqueous core and highly conjugated porphyrin-based fluo-
rophores in the hydrophobic membrane.*>™* Excitation of
these membrane-dispersed fluorophores with visible or NIR
light results in relaxation via fluorescence and local heat
generation. In conjunction with this, the aqueous solute
interaction with the inner leaflet of the polymersome
membrane leads to a local asymmetric membrane stretching.
This results in irreversible membrane deformation and
subsequent rupture.*> Such vesicles disperse, for example, the
meso-to-meso ethyne-bridged bis[(porphinato)zinc] (PZn,)
fluorophore, and can be engineered to undergo membrane
deformation upon irradiation with vis or NIR light.

Here, we present the extension of this work from micron-
scale vesicles to vesicles that are 100 to 200 nm in diameter, a
size regime amenable to the use of this system in biological
applications (Figure 1). Additionally, we demonstrate the
ability to tune the photorelease with visible light by varying
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irradiation time and the presence of dextran in the core. The
system presented here shows efficient encapsulation and release
of a small molecule, fluorescein isothiocyanate (FITC), and two
biologically relevant metal ions, Zn** and Ca*". This is the first
report of nanopolymersomes that encapsulate metal ions and
release them in response to visible light.

B EXPERIMENTAL SECTION

Self-assembly of Nanoscale Polymersomes. Nanoscale poly-
mersomes were made by direct injection of DMSO containing
poly(ethylene oxide)—polybutadiene (PEO;y—PBD,4, denoted OB29,
MW = 3800 g/mol) into aqueous buffer. The final mixture contained
30% DMSO by volume and was immediately vortexed for 5 min to
promote vesicle self-assembly. Vesicle size and monodispersity were
tuned through polymer concentration, aqueous-to-organic volume
ratio, and vortex time. To make light-responsive nanopolymersomes,
PZn, (2123 g/mol) was added to the DMSO solution to achieve a
final concentration of 10 mol % with respect to the polymer prior to
vortexing.zs‘“’“_47 Dextran (10 kDa) was added to the aqueous buffer
to make a 10 mg/mL solution. FITC-loaded vesicles were synthesized
with a saturated solution of FITC in 290 mOsm PBS, pH 7.2. Ca*'-
loaded vesicles were assembled from a solution containing 150 mM
CaCl,, whereas Zn*"-loaded vesicles were assembled from a solution
containing 150 mM ZnSO,.

Encapsulation and Nanovesicle Purification. Hydrophilic
encapsulants (dextran and FITC, or dextran and divalent metal
ions) were added to the aqueous buffer prior to solvent injection and
vortexing. After vortexing, vesicles were dialyzed against the
corresponding buffer of equal osmolarity using a 50 kDa molecular
weight cutoff dialysis cassette to remove free 10 kDa dextran and
unencapsulated hydrophilic cargo. Metal ion samples were dialyzed
against isosmotic NaCl for 2 days at 4 °C with at least two buffer
changes. An additional separation step was performed on samples to
be used for release studies to ensure that all free encapsulant was
removed. A 50 kDa molecular weight cutoff Amicon Ultra centrifugal
filter was used to separate any remaining free hydrophilic encapsulant
from the nanovesicles. The vesicles were spun at 9300 rcf to
concentrate, and resuspended in buffer for further washes. This
process was repeated until free encapsulant could no longer be
detected in the filtrate via UV/vis absorbance.

Vesicle Characterization. Polymersome size distribution was
measured by dynamic light scattering (DLS) using a Malvern NanoZ$
Zetasizer. Polymersome samples were diluted 10-fold in the
corresponding aqueous buffer in 1 mL polystyrene cuvettes. Vesicle
size is reported as intensity %. Methods for further characterizing
vesicles by cryo-TEM are detailed in the Supporting Information.

Cargo Photorelease from Polymersomes. Light-responsive
polymersomes (30 L) were irradiated in a 3 X 3 X 5 mm® PDMS well
placed on a 0.17-micron-thick glass coverslip. An Olympus FV1000
confocal laser scanning microscope was used for irradiation, with
continuous wave visible laser lines and power measured at sample
(indicated in parentheses): 488 nm (25 W), 515 nm (21 pW), 543
nm (19 W), and 633 nm (14 yW). The laser power was set to 80%
when a combination of lasers was used. When 488 nm laser excitation
was used alone, the laser power was set to 100%. The sample was
centered within the field of view of a 10X air objective lens (Olympus
UPlanSApo, NA = 0.40), focused at the coverslip—liquid interface, and
subsequently irradiated for 1, 2, 5, or 10 min without measurable
sample evaporation occurring. The laser was rastered over a 512 X 512
pixel (2500 X 2500 pm?) field of view with a dwell time of 4 us/pixel.
A positive control (100% release) was achieved through the addition
of a surfactant, Triton X-100, to a final concentration of 0.1 vol %.
Negative control samples (0% release) were kept at constant osmotic
strength and were not irradiated.

Detection of Cargo Release from Nanopolymersomes. After
irradiation, 25 uL of the polymersome sample was removed from the
PDMS well and placed into a 50 kDa molecular weight cutoff Amicon
Ultra 0.5 mL centrifugal filter and diluted to 75 pL in the
corresponding buffer. The sample was centrifuged for 15 min at
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9300 rcf. The filtrate was collected and analyzed for fluorescence using
a Cary Eclipse Fluorescence Spectrophotometer. The sample was
placed in a small volume quartz cuvette (40 uL) and excited at 495
nm. FITC release was calculated from the emission at 523 nm. Oregon
Green 488 BAPTA-1 hexapotassium salt (Life Technologies, Grand
Island, NY) (1 uM, 5 uL) was added to the Zn** and Ca®* samples to
detect the presence of these metal ions, and the peak fluorescence
intensity at 517 nm was used to calculate release. Positive and negative
control vesicles were subjected to the same conditions. For Ca®*
measurements, samples were diluted 128-fold because of the higher
final metal jon concentration in solution.

Porphyrin Dimer (PZn,) Wavelength Shift Determination. A
CRi Multispectral Imaging System, NuanceFX camera attached to an
Olympus IX81 inverted microscope, was used for measurement of the
PZn, emission spectrum before and after sample irradiation. Epi-
fluorescence illumination was used for PZn, excitation with a mercury-
arc lamp and 530—550 nm band-pass filter. A three-dimensional image
cube, measuring PZn, emission from 660—720 nm in 3 nm steps, was
collected by the camera through a 10X air objective (Olympus
UPlanSApo, NA = 0.40). The PZn, emission spectrum was
determined for select regions of interest using the Nuance 2.10 real
component analysis software.

In Vivo PZn, Emission Wavelength Shift Determination.
Zebrafish embryos were obtained from the CDB Zebrafish Core
Facility at the University of Pennsylvania, Perelman School of
Medicine. All embryos obtained were Tiibingen Long-Fin (TLF X
TLF) wild-type. Nanopolymersomes were made according to the
aforementioned protocol with PZn, (10 mol %) in the hydrophobic
membrane and dextran in the aqueous core (10 kDa, 10 mg/mL). For
in vivo imaging and toxicity experiments, vesicles were prepared with
10 kDa Texas Red Dextran in the aqueous core. Nanopolymersome
samples were concentrated 4-fold from the initial preparation (to final
concentration = 1.2 mM OB29) and injected without further
modification. A Harvard Apparatus PLI-100 Pico-Injector was used
to inject controlled volumes. Injection volume was calibrated to
dispense 10 nL per embryo. All injections were performed at the one-
cell stage and injected only into the cell compartment. Zebrafish
embryos were incubated at 28 °C in E3 zebrafish medium and imaged
at the 1-cell stage and at later stages extending to 30 h postfertilization
(hpf). Embryo micrographs were collected with an Olympus FV1000
laser scanning confocal microscope using transmitted light imaging
and fluorescence imaging. A 10X air objective (Olympus UPlanSApo,
NA = 0.40) was used for single embryo imaging and irradiation. For
PZn, emission shift determination, a region of interest (ROI) was
selected to include the cellular compartment only, and irradiated with
488 nm for 5 min. A CRi Multispectral Imaging System, NuanceFX
camera attached to an Olympus IX81 inverted microscope was used
for measurement of the PZn, emission spectrum before and after
embryo irradiation. Epi-fluorescence illumination was used for PZn,
excitation with a mercury-arc lamp and 530—550 nm band-pass filter.
A three-dimensional image cube measuring PZn, emission from 660—
720 nm in 3 nm steps was collected by the camera through a 10X air
objective (Olympus UPlanSApo, NA = 0.40). The PZn, emission
spectrum was determined for the ROI using Nuance 2.10 real
component analysis software pre- and post-irradiation.

Materials. PEO;,—PBD,¢ (OB29) was purchased from Polymer
Source (Quebec, Canada). Oregon Green 488 BAPTA-1 hexapotas-
sium salt was purchased from Life Technologies (Grand Island, NY).
PBS (10x), DMSO (ACS reagent grade), CaCl, (dihydrate), ZnSO,
(heptahydrate), and Slide-a-lyzer G2 dialysis cassettes, were purchased
from Fisher Scientific (Pittsburgh, PA). Amicon Ultra centrifugal filters
were purchased from Millipore (Billerica, MA). Texas Red Dextran,
10000 MW, was purchased from Life Technologies (Grand Island,

B RESULTS AND DISCUSSION

Vesicle Self-Assembly Characterization. In previous
reports, OB29 nanopolymersomes were made through thin-film
self-assembly, where polymer was dried onto a Teflon square
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and subsequently incubated with the hydration solution and
vortexed to make nanovesicles.’®*® This method limits the
maximum concentration of polymer that can be cast onto the
Teflon square to that required to make an even film, which
reduces the vesicle yield and consequently the amount of cargo
that can be encapsulated. To increase the concentration of
polymer (and vesicle yield), a direct solvent injection method
of self-assembly was explored where OB29 in DMSO was
directly injected into PBS buffer, and immediately vortexed to
promote self-assembly. Polymer concentration, DMSO per-
centage, and vortex time were varied to determine the best
conditions for the self-assembly of monodisperse, unilamellar
nanovesicles using OB29 polymer. The assembly conditions
were carefully chosen to maximize s4pherical vesicle formation
with limited nonvesicular structures.”® OB29 was selected due
to its innate stability toward pH and temperature changes, as
well as low membrane permeability once assembled into a
vesicle.*” The concentration of polymer in DMSO was varied
from 1 to 3 mM and vesicle sizes were analyzed by DLS and
confirmed by cryo-TEM (Supporting Information Figure S1).
The ratio of DMSO to aqueous buffer was optimized as well,
ranging from 10% to 70% final volume of DMSO in buffer
(Supporting Information Figures S2, S3). Additionally, the
promotion of self-assembly was compared with vortex times of
1, S, 10, and 20 min (Supporting Information Figures S4, SS).
Through testing various conditions, it was determined that 1.5
mM OB29 in DMSO, directly injected into 0.1 M PBS at a 30/
70% v/v ratio, immediately followed by S min vortexing,
yielded a large population of monodisperse, unilamellar
vesicles. Vesicles from these conditions were determined by
dynamic light scattering to have an average hydrodynamic
diameter of 120 + 20 nm (Supporting Information Figure S6).
To make the vesicles light responsive, identical conditions were
used with DMSO solutions of OB29 containing 10 mol % PZn,
and vesicles were again analyzed by DLS and imaged by cryo-
TEM. Figure 2 shows the histogram of vesicle diameters at the
final self-assembly conditions, centered at 140 nm, and the
morphology of the PZn,-loaded nanovesicles as seen by cryo-
TEM.

Nanovesicle Rupture Determined by PZn, Emission
Shift. The meso-to-meso ethyne-bridged (porphinato)zinc(II)
fluorophore (PZn,, Supporting Information Figure S7) was
previously demonstrated to undergo an emission band shift in
response to its environment; deformation of micron-scale
OB29 vesicles was monitored by this approach.”® We expect
PZn, to adopt similar conformations within nano- and micron-
polymersomes as the thickness of the OB29 hydrophobic
membrane is the same in these vesicles.”' Encapsulation within
the polymersome membrane at high loading restricts the mean
PZn-PZn torsional angle, causing PZn, to adopt a more planar
structure and exhibit a red-shifted emission band compared to
that observed in dilute solution.>® Upon irradiation (488 nm)
and membrane destabilization, PZn, encounters more free
volume within the membrane, which drives an increase in its
mean interplanar torsional angle, causing a fluorescence blue-
shift relative to that observed for unirradiated polymersomes.*®
Thus, PZn, emission wavelength is a convenient and accurate
way to monitor vesicle integrity and rupture.

To probe nanovesicle rupture, vesicles were irradiated with
visible light (488, 515, 543, 633 nm) for increasing amounts of
time (1, S, 10, 20 min). A multispectral imaging camera was
used to determine an aggregate PZn, emission of the bulk
polymersome-containing solution after each irradiation period.
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Figure 2. Polymersome characterization. (A) Size distribution of
polymersomes in (B) as determined by dynamic light scattering. (B)
Cryo-TEM image of polymersomes containing 10 mol % PZn, in the
membrane. Scale bar indicates 200 nm.

PZn, emission blue-shifted from 714 to 705 nm with increasing
irradiation times (Figure 3A), consistent with PZn, adopting a
more twisted structure in a less conformationally restricted
environment (Figure 3B). The sample irradiated for 20 min
correlated well with a positive control release sample where a
surfactant, Triton X-100, was added to fully destabilize the
membrane. These data were consistent with vesicle rupture.
FITC Loading and Release from Nanovesicles. Initially,
we investigated this photoresponsive nanopolymersome system
by encapsulating and releasing a model hydrophilic dye
molecule, fluorescein isothiocyanate (FITC). The photo-
response of the nanopolymersomes was investigated in
response to dextran, irradiation time, and irradiation sources.
Previous work from our laboratories developed a generalized
system for tuning the photoresponsiveness of micron-sized
polymersomes.* It was determined that including a high
molecular weight dextran in the aqueous core of polymersomes
and PZn, in the membrane was required for vesicle rupture.
Previously, we provided multiple lines of evidence that dextran
likely interacts with the inner leaflet of the bilayer membrane
and reduces its elasticity, whereas nonradiative relaxation
pathways of electronically excited PZn, function to generate
local heating upon irradiation.*** The combined effect
produces an asymmetric thermal stretching of the membrane,
ultimately causing rupture.*> We translated these findings to
photoresponsive nanovesicles, with a modification to encapsu-
late lower molecular weight dextran (10 kDa) in the aqueous
core due to the smaller luminal volume of nanopolymersomes.
It was also hypothesized that the membrane could be
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Figure 3. Membrane deformation detected by PZn, emission blue-
shift. (A) Emission spectrum for PZn, in nanopolymersomes was
detected as a function of irradiation time. The emission blue-shifted
with increasing irradiation time. (B) Normalized ratio of I;;, (more
planar) to Ip; (more twisted conformations).

destabilized from the thermal expansion caused by PZn, alone
because of the increased curvature of nanovesicles.

To assess the dependence of triggered release upon the
presence of dextran, FITC was loaded into the aqueous core of
nanopolymersomes with and without the inclusion of 10 kDa
dextran in the aqueous core. Both systems were irradiated with
a 488 nm laser, or via a combination of four visible wavelength
lasers (488, 515, 543, 633 nm). The combination of four lasers
was chosen as an extension of our previous work with micron-
vesicles, corresponding to several absorbance features of PZn,
in the polymersome membrane.*> The 488 nm laser was
chosen as a single irradiation source as PZn, absorbs maximally
near this wavelength. The release curves for these four
conditions (+/— dextran, 488 nm/all lasers) are shown in
Figure 4. As expected, percent release (calculated from
Supporting Information Equation S1) was identical within
experimental error when using 488 nm excitation only (Figure
4B) vs the combination of simultaneous excitation using all
visible laser light sources (Figure 4D). This provided additional
evidence that vesicle rupture was due to PZn, absorption and
not a nonspecific effect of irradiation, as the combined laser
power was significantly greater than 488 nm alone. As
hypothesized, due to the increased curvature, nanopolymer-
somes ruptured without dextran (Figure 4A,C), contrary to the
previous micron-vesicle polymersome system. Nonetheless,
dextran-loaded nanovesicles consistently exhibited higher 9%
release under all conditions tested (Figure 4). Nanopolymer-
somes were also prepared without PZn, and dextran, and
maximum irradiation of these vesicles resulted in negligible
FITC release (Supporting Information Figure S8), which
confirmed the need for PZn,.

To better understand the mechanism of rupture, nano-
polymersomes were imaged by cryo-TEM before and after
irradiation (Figure S). Figure SA shows a large population of
uniform, unilamellar vesicles before irradiation as well as a small
number of worm-like micelles. After irradiation, many non-
vesicular structures were present (Figure 5B) including a larger
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Figure 4. Release curve of FITC-loaded polymersomes. Nanopolymersomes containing PZn, in their membranes were irradiated for various
amounts of time. (A) Polymersomes containing no dextran in the core (4., = 488 nm; see Experimental Section for details regarding the light source
and excitation conditions). (B) Polymersomes containing 10 kDa dextran in the core and irradiated with 488 nm laser. (C) Polymersomes
containing no dextran in the core and simultaneously irradiated using 488, 515, 543, and 633 nm laser light sources. (D) Polymersomes containing
10 kDa dextran in the core and simultaneously irradiated using 488, 515, 543, and 633 nm laser light sources. Each point represents the average of 3

trials +/— SEM.
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Figure S. Morphological change in polymersomes after light irradiation. Polymersomes containing 10 mol % PZn, in the membrane and 10 kDa
dextran and FITC in the core were imaged with cryo-TEM: (A) before irradiation, and (B) after 20 min of simultaneous irradiation using 488, 515,

543, and 633 nm laser light sources. Scale bars indicate 200 nm.

fraction of worm-like micelles and “dumbbell”-shaped vesicles.
These images suggest a rupture mechanism where the
membrane buckles and folds over itself, or is disrupted and
reassembles. The mechanism was further corroborated by DLS,
which showed no significant change in size post-irradiation.

In Vivo Nanovesicle Rupture Determined by PZn,
Emission Shift. Experiments were performed in living
zebrafish embryos to determine the ability to rupture
nanovesicles in vivo. Zebrafish embryos were injected at the
1-cell stage with nanopolymersomes containing PZn, in the
hydrophobic membrane and dextran in the aqueous core. The
emission wavelength of PZn, was measured within the cellular
compartment of the embryo before and after 488 nm
irradiation (rastering the ROI for S min). The embryos were
imaged before (Figure 6A) and after irradiation (Figure 6B) to
confirm that no physical damage occurred to the embryo
during the irradiation process. An identical blue-shift in
emission from 714 to 705 nm was detected in vivo as was
seen in the bulk sample (Figure 3A,B). The complete shift to
705 nm was seen with significantly less irradiation time in vivo
than in the bulk sample (S min vs 20 min), likely due to the
smaller volume being irradiated. To investigate nanopolymer-
some toxicity and diffusion within a living zebrafish embryo,
nanovesicles containing membrane-dispersed PZn, and Texas
Red-dextran (MW = 10 kDa) in the aqueous cores were
microinjected at the 1-cell stage. Embryos were monitored for
PZn, and Texas Red emission, as well as normal development
from the 1-cell stage up through 30 hpf (Supporting
Information Figure S9). Embryos developed normally,
comparable to the uninjected controls. Emission from PZn,
and Texas Red could be detected until 30 hpf, at which point
the increased volume of the developing embryo likely diluted
the signal.

Loading and Releasing Metal lons with Photo-
responsive Nanopolymersomes. To demonstrate the
versatility of this system, encapsulation and release techniques
were applied to two metal ions with importance in cellular
processes. Ca®* or Zn** was incorporated into the aqueous core
of nanopolymersomes via an identical direct-injection self-
assembly process that utilized a 150 mM metal ion solution.

804
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0.0 + T : - : :
660 680 690 700 710 720
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Figure 6. Nanopolymersome rupture in vivo detected by PZn,
emission blue-shift. (A) Representative image of zebrafish embryo
microinjected with nanopolymersomes and imaged at the 4-cell stage.
(B) Injected embryo was irradiated with 488 nm laser for S min and
imaged. Scale bar is 200 microns. (C) Emission spectra of PZn, in
nanopolymersomes were measured within the cellular compartment of
the embryo before (black) and after (red) irradiation.

Building on the results detailed in Figures 4 and S, these
vesicles were prepared with 10 kDa dextran in the aqueous core
and 10 mol % PZn, in the hydrophobic membrane and
characterized by DLS (Supporting Information Figure S10).
Metal ion-loaded vesicles were subjected to varying irradiation
times using 488 nm excitation. Figure 7 shows release curves
for Ca®* (A) and Zn** (B). Both metal ions were successfully
loaded and released from nanopolymersomes, with maximum
release occurring for both ions within 10 min irradiation of the
polymersome solution.

The concentration jump of Ca** in solution after vesicle
rupture was determined to be 760 yM and the concentration of
Zn** in solution after vesicle rupture was 35 uM. Both
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Figure 7. Release curves of metal ion-loaded polymersomes.
Nanopolymersomes containing PZn, in the membrane were irradiated
for various amounts of time. (A) Ca**-loaded polymersomes. (B)
Zn**-loaded polymersomes. Each point represents the average of 3
trials +/— SEM.

concentration values were determined by full release from
vesicles with Triton X-100 and quantified via corresponding
Oregon Green-488 BAPTA-1 calibration curves. The final
concentration of OB29 polymer in the irradiation sample was
kept constant at 0.3 mM, and the number of vesicles per sample
volume was assumed to be consistent. The average number of
130 000 Ca*" ions per vesicle and 6000 Zn*" ions per vesicle
was estimated assuming a polymer density of 1 chain/nm?
which has previously been used to calculate vesicle number
(Supporting Information Equation $2).*® Differences in Ca**
and Zn”* vesicle loading may result, in part, from counterion
effects (CI™ vs SO,>7) of the metal salts employed. Although
the concentration of released Zn>* was significantly lower than
the level achieved with Ca®*, it is still appropriate for biological
applications, as the cellular concentration of free Zn>* is
typically in the picomolar to nanomolar range.”

Currently, DM-nitrophen (Millipore, Billerica, MA) is the
most efficient caged Ca®" chelator, based on its high calcium
aflinity before photolysis, and low affinity postphotolysis. Upon
irradiation with UV light (365 nm), DM Nitrophen can provide
up to a 600 M jump in Ca®" concentration in living neurons."®
However, DM Nitrophen must be employed at similarly high
concentration due to the monovalency of the chelator. As
noted above, the nanopolymersome system can provide a
similar Ca** concentration jump, with the added benefits of
visible-light release, potential for greater biological stability, and
the ability to encapsulate tens of thousands of ions per vesicle.
Further optimization of nanopolymersomes may be possible,
for example, to accelerate the rate and % yield of metal ion
release.
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B CONCLUSIONS

We have reported a visible light-responsive nanopolymersome
system capable of encapsulating and releasing small molecules
(FITC) and metal ions (Ca®* and Zn®*). The nano-
polymersomes could be detected in developing zebrafish
embryos until 30 hpf, and were additionally shown to be
photoresponsive in vivo. This system encapsulated the
hydrophobic ethyne-bridged bis[ (porphinato)zinc] fluorophore
in the membrane to provide thermal expansion and subsequent
membrane rupture upon optical excitation. Inclusion of dextran
in the aqueous core increased loading and fractional release;
however, rupture was also achieved without dextran, unlike our
previously reported micron-sized photoresponsive polymer-
somes, perhaps due to the increased curvature of the
nanovesicles and a corresponding increased sensitivity to
localized heating driven by nonradiative relaxation of the
membrane-dispersed electronically excited PZn, chromo-
phore.*®

Importantly, we demonstrated metal ion release at
concentrations suitable for cellular applications. Our system
has many potential benefits over previously reported caged
chelators, namely, the use of 488 nm light, and the ability to
encapsulate different metal ions without the need for modifying
metal chelation or changing the self-assembly process. Our
results in living zebrafish embryos along with previous reports
of passive uptake in cells make this system advantageous for in
vivo delivery.® Additionally, encapsulation within polymer-
somes increased the mean residence time of cargo in vivo in
comparison to uncaged systems.* The PZn, emission shift
provided a built-in reporter for vesicle rupture, which was useful
for monitoring vesicle deformation in solution or in living
zebrafish embryos. Additionally, due to the broad absorbance
spectrum of PZn,, it is feasible to extend future work to
releasing with near-IR light, as PZn, has an absorption manifold
centered at ~700 nm,° or through the use of related
fluorophores that are dispersible within the polymersome
membrane and emit at longer wave:lengths.26’43
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Details on self-assembly variables, structure of PZn,, in vivo
image collection, DLS of metal ion-containing vesicles, and
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