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The need for sophisticated systems to improve drug delivery to the body is growing, as is the complexity
of therapeutic agents available to treat a variety of conditions. Among the requirements for intelligent
drug delivery systems (DDS), responsiveness is highly desirable as a means to control pharmacokinetics
and pharmacodynamics. Here, we study the potential of polymeric vesicles obtained from the self-
assembly of a photocleavable amphiphilic block copolymer as a light-triggered DDS. The vesicles
disintegrate upon UV irradiation, yielding small micellar-like structures, and simultaneously releasing
their payload. The versatility of our system is tested both for low molecular weight molecules
(fluorescein and ATTOG655 dye), and for proteins (enhanced green fluorescent protein). By varying the
UV intensity, the payload is released in a controlled manner, as established by fluorescence
spectroscopy and fluorescence correlation spectroscopy. Therefore, these responsive polymer vesicles
serve as smart, triggerable nanocarriers that can be applied to a variety of payloads, ranging from

conventional drug molecules to proteins, enzymes, or DNA.

Introduction

Nowadays, conventional drug delivery systems (DDS), such as
solid or liquid formulations for oral delivery and subcutaneous
or intravenous injections, are the preferred routes of adminis-
tration for a majority of active molecules. However, these
systems are susceptible to various drawbacks, including lack of
control over drug release and poor specificity when targeting cells
or tissues. Therefore, the development of truly intelligent DDS
should aim to improve therapeutic drug efficacy simply by
allowing a molecule to find its target and to release at a pre-
determined rate and time.

The self-assembly of amphiphilic block copolymers with
various architectures, including diblocks'™ and triblocks,>” but
also dendritic®'® and graft!' copolymers, has been shown to form
a variety of supramolecular structures.’*'* Among these
morphologies, polymer vesicles (also referred to as polymer-
somes) are currently under great scrutiny, due to their high
potential to serve as drug delivery systems. Structurally, polymer
vesicles are very similar to liposomes. They are hollow spheres
with an aqueous core, encapsulating hydrophilic drugs or other
biological compounds, and separated from the outside medium
by a membrane that traps hydrophobic compounds. However,
these synthetic structures outperform liposomes. They have
elastic and robust membranes thicker and far more stable than
liposomes’ membranes.»> In addition, recent advances in
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polymerization techniques have allowed the introduction of new
functionalities and a variety of possible chemistries to amphi-
philic block copolymers. In this respect, it is possible to introduce
chemically active monomers or biologically active moieties that
confer responsiveness to these polymersomes and the ability to
reach a specific target. Tailoring the properties of polymersomes
with respect to various stimuli, such as light, pH, or temperature,
makes them suitable for medical applications, acting as “smart”
systems.

The so-called stimuli-responsive polymers used in the fabri-
cation of responsive superstructures undergo rapid changes in
microstructure as a response to either external (ultrasounds,
light) or internal stimuli (pH, temperature, oxidation, reduction).
The response to these stimuli may be a modification of global
hydrophilicity,'®® the selective degradation of one block,*! or
the cleavage of a linker.?** Their common aim is destabilization
of the membrane in order to induce either permeability due to
poration,?® or rupture followed by vesicle destruction.®

Light is a particularly attractive stimulus because it provides
precise temporal (when the light source is switched on) and
spatial (where the light is directed) control.?**” Furthermore,
light-responsive systems do not require additional substances to
trigger release and, as a result, do not modify the local poly-
mersome environment. Several studies on light responsive
systems have been reported, mainly including liposomes,?6-*%-32
and micelles,**¢ but only a few are dedicated to polymer-
somes.*” ! Focusing on light-responsive polymersomes, it is
worth noting that most of those groups proposed micron-size
vesicles. It is well known that carrier size is a key feature in the
design of an ideal drug delivery system, because it is linked
directly to its blood clearance and circulation time.'”** To the
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best of our knowledge, only one report of effective drug release
from light-responsive vesicles of diameters below 300 nm has
been published to date.*® This motivated us to develop light-
responsive polymersomes as efficient DDS.

We recently reported the synthesis of a new, photocleavable
amphiphilic block copolymer, poly(methyl caprolactone)-ONB-
poly(acrylic acid) (PMCL-ONB-PAA) that self-assembles into
micelles and polymersomes (150 nm diameter).?* The copolymer
consists of the seldom used poly(methyl caprolactone), an
amorphous hydrophobic, biocompatible and biodegradable
polymer obtained via living ring opening polymerization
(ROP),* and a water soluble and biodegradable poly(acrylic
acid),* obtained via atom transfer radical polymerization
(ATRP). Light-responsiveness was introduced by a photo-
cleavable linker, O-nitrobenzyl (ONB), placed between the two
polymer blocks. UV-irradiation induced a successful cleavage of
the diblock copolymer chains, both in solvent (THF) and in
aqueous solution, as well as of their self-assembled supramolec-
ular structures (micelles and vesicles).

Here, we are interested in delving into greater detail regarding
the UV-induced degradation mechanism of self-assembled
superstructures of this copolymer, in order to understand how to
optimize them in terms of a controlled release. To demonstrate
their potential as DDS, we encapsulated and triggered the release
of small hydrophilic molecules such as fluorescein and ATTO
655. Of greater interest was the encapsulation of proteins, such as
enhanced green fluorescent protein (eGFP), inside the cavity of
our light-responsive polymersomes, offering a new approach
with potential in protein-based therapy. Irradiation conditions
(time, dose) were varied and their effects on release kinetics were
studied to optimize the system.

Experimental section
Materials

The synthesis of PMCL-ONB-PAA amphiphilic photocleavable
block copolymers was described in a previous paper.??

Fluorescein (Aldrich), PBS (Dulbecco Aldrich), THF (inhib-
itor free, Aldrich), ATTO 655 (ATTO-TEC GmbH), enhanced
green fluorescent protein in PBS buffer (EGFP, from Biovision)
were used as received.

Preparation of self-assembled structures

Copolymer was dissolved in a minimum amount of inhibitor free
THF to avoid UV light absorption by butylated hydroxytoluene
(BHT). Then phosphate buffered saline (PBS) was added drop-
wise. The pH of the solution was adjusted to 7.4 with 0.5M
NaOH solution (or HCI 0.5M). The solutions were allowed to
equilibrate in the dark for three days, and then extruded through
1 um, 0.4 pm and 0.2 um filters to get rid of large size aggregates.
Vesicles were isolated from micellar structures via size exclusion
chromatography, SEC (Sepharose 2B, eluent PBS). We evalu-
ated the final polymer concentration (i.e. after extrusion and
SEC) using a fluorescence calibration curve. The fluorescence
signal from the ONB linker was used for this calibration (Fig. S1,
ESIt). Typical polymer concentrations range: 1 to 2 mg mL™".
The solutions of empty vesicles were used to study the change in

size and morphology of the self-assembled structures upon UV-
irradiation.

Preparation of vesicles encapsulating small dye molecules and
fluorescent protein

The different loads were encapsulated upon self-assembly of the
copolymer using the co-solvent method.

Fluorescein. A solution of fluorescein in PBS buffer (25mM,
quenching regime) was prepared, and added drop by drop to
a polymer solution in THF. The mixture was allowed to equili-
brate for three days in the dark, and then was extruded through 1
and 0.4 pm filters. Free fluorescein was removed by dialysis
against fresh PBS buffer (for 2 mL of solution, 2 x 800 mL buffer
exchange, then 800 mL overnight, using a 100 000 MWCO
dialysis membrane), and SEC (Sepharose 2B, PBS).

ATTOG65S. Similar encapsulation procedure as above, using
a 25 uM solution in PBS buffer. Extrusion with 1 and 0.4 um
filters prior to dialysis, but without performing SEC.

eGFP. Similar encapsulation procedure, with a 3 uM eGFP
solution in PBS buffer. Extrusion with 1 and 0.4 um filters prior
to dialysis (with 300 000 MWCO membrane), but without per-
forming SEC.

UV irradiation

Self-assembled AB2 polymer in PBS and loaded vesicle solutions
were exposed to UV light provided by a Hamamatsu UV spot
light source LC4 (200 W mercury-xenon lamp, spectral range 240
to 400 nm), equipped with a fiber optic light guide. The required
irradiation wavelength (365 nm) was isolated using a set of UV
filters (UG11 and WG 360, Schott Glass, see UV CO spectra in
Fig. S2, ESIt). Samples were placed in quartz cuvettes, preferred
to prevent UV absorption as from common glass vials. Several
irradiation intensities were obtained as a function of light source
to sample distance (Fig. S3, ESIt). Samples were irradiated using
20, 200, or 700 mW cm~2, for a given amount of time. Experi-
ments were conducted at room temperature (a temperature
increase from 25 to 30 °C was observed with the highest energy
used, but was considered insignificant for our applications).

Self-assembled structures size and morphology

Transmission Electron Microscopy (TEM) was employed as
imaging technique to visualize the self-assembled copolymer
structures (empty vesicles). 0.1 to 1.0 mg mL~' solutions of
polymer were placed on a copper grid (300 mesh), treated with
glow discharge to make them hydrophilic. A drop of solution
was placed on the grid, and the excess liquid was blotted. Then
the grids were stained (2% uranyl acetate), followed by a rinsing
step. TEM micrographs were acquired with a Philips Morgagni
268D instrument, operated at 80 kV.

The hydrodynamic radii and size distribution of the self-
assembled copolymers (empty vesicles) were measured at room
temperature by dynamic light scattering (scattering angle: 90°)
with a commercial goniometer (ALV/CGS-8F, ALV Langen)
equipped with a He:Ne linear polarized laser (JDS Uniphase,
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wavelength = 632.8 nm). An ALV-5000/60X0 correlator was
used to calculate the correlation function of the scattered light
intensity, which was analyzed using the CONTIN algorithm. For
static light scattering measurements, we used solutions with
different polymer concentrations (from 0.1 to 1.0 mg mL™"), at
scattering angles from 40 to 150° with 10° angular steps. For each
angle, three measurements of 100 s each were performed. For
DLS and SLS data processing we used the ALV static & dynamic
fit and plot software (version 4.31 10/01). SLS data were pro-
cessed according to the Berry-model, and cumulant analysis.

Fluorescein release kinetics

The amount of released dye was followed at room temperature
using fluorescence spectroscopy (on a Perkin Elmer, LS55).
Irradiated samples of loaded vesicles were placed in quartz
cuvettes and directly analyzed. The excitation wavelength was set
at 494 nm and the emission spectra were recorded from 450 to
650 nm. The instrument was used in scan mode, with excitation
slit set to 10 nm and emission slit set to 3 nm.

FCS

Fluorescence correlation spectroscopy (FCS) was performed
with an inverted confocal fluorescence laser scanning microscope
LSM 510 META/Confocor2 (Zeiss, Germany) equipped with an
argon laser (for 405, 458, 477, 488 and 514 nm), and two helium-
neon lasers (543 and 633 nm) as excitation sources. For FCS,
15 pL solution of loaded vesicles were applied to the glass surface
of a cover glass (Huber & Co. AG, Switzerland) positioned on
the xy-stage of the microscope. The excitation laser beam and the
fluorescence emission passed through the same objective. The
fluorescence signal was detected by highly sensitive avalanche
photo diodes. Fluorescence intensity fluctuations were processed
in terms of an autocorrelation function.

Results and discussion
Design of diblock copolymers and formation of polymersomes

The structure of the amphiphilic block copolymer is based on
a photocleavable moiety (O-nitrobenzyl) acting as a junction
between the hydrophilic poly(acrylic acid) (PAA) and hydro-
phobic poly(methyl caprolactone) (PMCL) blocks (Fig. 1). This
molecule is efficiently cleaved upon irradiation with 365 nm UV
light (as well as two-photon IR), concomitant with an

Photocleavable linker

Hydrophilic

Hydrophobic

Poly(acrylic acid);-O-Nitrobenzyl-poly(methyl caprolactone)s
PAA ,;~ONB-PMCL 4

intramolecular rearrangement.*®*” We reported that, upon UV
exposure, the diblock copolymer was rapidly split into two
distinct polymer chains.** In addition, micellar (with a PMCL
core and a PAA corona) and vesicular structures (the membrane
of which is formed by interdigitated PMCL-PAA block copol-
ymers) were obtained upon self- assembly of PMCL,ys-ONB-
PAA3q copolymer (ABI1 in Table 1) in PBS buffer.??

Here, we self-assemble a PMCL,c-ONB-PAA s diblock
copolymer (AB2, in Table 1) under conditions similar to ABI.
We changed the length of hydrophobic and hydrophilic blocks
relative to ABI in order to favor the formation of vesicles that
were only a minor population in the case of AB1. The ability of
AB2 to form vesicular structures was confirmed by dynamic and
static light scattering (DLS and SLS) and transmission electron
microscopy (TEM).

The size distribution histograms, obtained by DLS, indicate
that the initial solution of self-assembled structures contains
a major population with a hydrodynamic radius (R;) of 80 nm.
The major population and a secondary population with an R,
around 200 nm reveal the presence of large structures that could
be either vesicles or micellar aggregates (Fig. 2). We calculated
a ratio of 0.94 between the radius of gyration (R,) and the
hydrodynamic radius (Rj), using cumulant analysis and Berry
plots (SLS data, Fig. S6, ESIT). This value is comparable to the
theoretical value given for hollow spheres (R,/R;, = 1.0),** and
represents an indication that the two populations are vesicles.
The presence of two vesicle populations indicates that structures
obtained with AB2 are kinetically frozen structures. The second
population (with R;, around 200 nm) may be removed by further
extrusion through 0.1 pum filters.

TEM micrographs reveal the presence of spherical structures
of diameters ranging from 100 to 150 nm, and only a few larger
(diameter up to 500 nm, Fig. 2), which is in good agreement with
the light scattering data. The combination of DLS, SLS, and
TEM demonstrate that, when hydrated, PMCL,s-ONB-PAA |4
block copolymers self-assemble into vesicles.

Degradation of polymersomes upon UV irradiation

Elucidating the UV degradation mechanism of vesicles is a key
step in the investigation of their potential as smart, triggerable
nanocarriers. The strategy of payload release from our system is
based on exposing vesicles to UV light, inducing a subsequent
degradation of the ONB linkers that cause the cleavage of

= ooy . :.;_} >
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Degradation products

Fig.1 Schematic view of the amphiphilic photocleavable block copolymer, chemical structure of the poly(methyl caprolactone)-ONB-poly(acrylic acid)
diblock copolymer, and its degradation products upon UV irradiation. Upon cleavage, PAA chains bearing the photodegraded linker and PMCL chains

bearing -COOH end groups are formed.
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Table 1 Properties of AB diblock copolymers with different f ratios, used to form self-assemblies (NMR and GPC data for AB2 are given in the ESI{,

Fig. S10 and S11)

Copolymer DP (PMCL)" DP (PAA)® Mn (g mol)” PDI¢ Vi
ABI“ 105 30 17600 12 0.15
AB2 76 16 11300 1.2 0.11

“ The ABI copolymer was used in our previous study. ® Degree of polymerization (DP) and number-average molecular weight (Mn) values calculated
from '"H-NMR. ¢ Polydispersity index (PDI) obtained by GPC, using polystyrene standards. ¢ Hydrophilic to hydrophobic mass ratio.

corona-forming PAA chains, and exposing the PMCL domains
to water (Fig. 3). Because they are energetically unfavorable,
these photodegraded supramolecular structures undergo a rear-
rangement at the macromolecular level to yield more favorable
entities, or the hydrophobic domains simply precipitate The
inner content of the vesicles is released during this transition
(Fig. 3).

We observed the changes in size and morphology of the pol-
ymersomes caused by UV-irradiation in order to understand the
responsiveness of the system and to propose a plausible degra-
dation mechanism. The heat generated by UV-light exposure
(temperature raised from 25 to 30 °C) was considered to have
a negligible effect on vesicle stability. Number-averaged size
distributions of a solution of vesicles measured after different
irradiation times indicate that, during the irradiation process,
vesicle size decreases (Fig. 4, full kinetics given in Fig. S4, ESI+).

After 20 min of irradiation with a dose of 200 mW cm™2, both
populations of initially observed intact vesicles (radii of 80 and
200 nm, Fig. 4A) were significantly reduced, and a distinct
population of smaller entities appeared (Fig. 4B).

Conjecturably, those newly formed species, with a R; of
around 40 nm, are fragments of degraded vesicles. There were
relatively few intact vesicles after 45 min of irradiation, and the
major peak was associated with fragments of vesicles (Fig. 4C).
In turn, these entities finally yield micellar-like structures, rep-
resented by the sharp peak with an R, < 20 nm (Fig. 4D).
Interestingly, even after 60 min of UV irradiation, a very small
peak (accounting for 1% of the aggregates) can still be seen at 80
nm, indicating that a fraction of the vesicles is not destroyed
(insert in Fig. 4D). A similar degradation sequence was observed
when a lower UV irradiation dose (20 mW cm?) was applied to
the same solution (Fig. S5, ESIf). In addition, a significant

& Drug PAA PMCL

v,
e

Fig. 3 Scheme depicting polymersomes, and the conformation of the
assembled polymer chains forming their membranes (A). Upon UV
exposure, the corona PAA chains are cleaved, i.e. separated from the
PMCL, forming the core of the membrane (B). Consequently, the vesicle
membrane is destroyed and the payload released (C).

decrease in the mean count rate during the DLS experiment was
observed (Fig. 5), as previously reported for photodegradable
micelles,* and for redox sensitive micelles.** In general, the

1.0

054

Intensity (a. u.)

10 100 1000
R, (nm)

Fig. 2 Size distribution (from DLS), and TEM micrographs showing vesicles formed by self-assembly of PMCL,,-ONB-PAA 4 in PBS, pH 7.4.
Divergence in size of the objects observed by TEM and DLS is attributed to the difference in size between hydrated corona chains in water (DLS), and
collapsed corona chains in the dry state (TEM). TEM scale bars: 1000 and 500 nm.
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Fig. 4 Number-averaged size distributions obtained by dynamic light
scattering (DLS). Three measurements at 90° for 300 s each were per-
formed on samples irradiated (200 mW cm2) for different amounts of
time. The correlation curves were fitted using the CONTIN method. (A)
0 min, (B) 20 min UV, (C) 45 min UV, and (D) 60 min UV.

600
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s004 b

400 -
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o 1 ® % 4 % % 7 @ % w
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Fig. 5 Plot of mean count rate vs. irradiation time (200 mW cm~2) for

DLS experiment using AB2 vesicles in PBS. Values averaged over three

measurements.

intensity decay is due to a lower number of aggregates in solution
(correlated with the destruction of the initial particles and
material precipitation), a decrease in their size, or a combination
of both. Surprisingly, the UV exposure of the self-assembled
PAA-ONB-PMCL chains is not accompanied by precipitation.
This proves that, in this case, the observed decrease in mean
count rate is solely associated with the disruption of vesicles to
smaller particles.

We performed SLS on a vesicle solution after 94 min of UV
irradiation to gain further insight into the morphology of the
degraded structures, (Fig. S6, ESIT). The R,/R; ratio dropped
from 0.94 for intact vesicles, to 0.88, a value that is higher than
the typical ratio of 0.77, which is specific for micellar structures.
The presence of still intact vesicles in solution is likely to explain
this ratio.

We applied TEM to visually observe the morphology changes
upon UV irradiation. The TEM micrographs show three
different morphologies, corresponding to different stages of
photodegradation: vesicles, broken vesicles, and finally micellar
structures (Fig. 6).

The kinetics of vesicle degradation can be investigated by
a change in size induced by UV irradiation over time (20 and
200 mW cm~2, Fig. 7). When the lowest irradiation intensity was
used, the decrease in size took place rather slowly. As expected,
the process is faster when a higher intensity of UV is applied.
This behavior correlates to the increased ONB degradation rate
for higher UV intensities,® and can be used to tune the release
rate of encapsulated compounds. The progressive change in size
and morphology is correlated with the destruction of the initial
vesicles and with the formation of micelles, as proposed in the
summary included in Fig. 7.

UV-induced degradation mechanism of polymersomes

Although a triggered degradation mechanism of responsive
polymersomes is not often discussed in detail, it is generally
accepted that the destruction of vesicular structures is due to
a loss of membrane integrity.’’ In the majority of stimuli-
responsive vesicles, the membrane is destabilized via the alter-
ation or modification of one of the polymer blocks. In the most
common systems, hydrophobic segments are fractionated by
acidolysis.*? In this case, the stimulus causes a dramatic change in
the hydrophilic/hydrophobic ratio (this ratio increases as the
hydrophobic block is shortened),*® and vesicles disintegrate to
form micellar structures, a transition favored by this new
hydrophilic/hydrophobic balance. In other systems, the hydro-
philicity of a block can be tuned to obtain a fully hydrophilic
copolymer chain, leading to dissolution of the membrane,6-18:54:55
and causing the vesicle’s destruction.

To our knowledge, the work of Katz and coworkers,*® repre-
sents the only detailed example of a polymersome for which
destabilization is induced by cleavage at the hydrophilic/hydro-
phobic interface. A diblock copolymer of poly(ethylene oxide)
(PEO), which represents the hydrophilic part and with poly
(caprolactone) (PCL) as the hydrophobic part and joined by
a photocleavable moiety, self-assembled into vesicular struc-
tures. UV exposure induced a rearrangement of the cleaved PCL
chains inside the membrane, resulting in a release of content.
However, the vesicular structure was retained because the
membrane was stabilized by the remaining, uncleaved PEO
chains. After sufficient irradiation time, when all PEO chains
were cleaved, the aggregates collapsed, and a precipitation
occurred.

As the architecture of our diblock copolymer is similar, one
would expect a comparable degradation mechanism. However,
we observed completely different degradation behaviour after
UV irradiation: no polymer precipitation occurs, and micellar
structures are formed instead. These structures, consisting of
purely hydrophobic blocks, are not conventional polymeric
micelles (i.e. micelle formed by amphiphilic diblock copolymers),
but rather “shaved micelles”. The existence of such polymeric
superstructures, due to electrostatic stabilization in water, was
reported previously. In particular, aggregates such as unim-
olecular micelles*® and dendrimers,>” which have a hydrophobic
core, can be electrostatically stabilized in aqueous solutions by
functionalization with charged carboxylic head groups.
Recently, Benaglia er al®*® reported the formation of micelles
composed of a completely hydrophobic block copolymer bearing
a terminal carboxylic end group; the negatively charged corona

This journal is © The Royal Society of Chemistry 2011
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Fig. 6 Morphology change observed by TEM micrographs: (a) before UV, vesicles with diameters around 100 nm, (b) 25 min UV, broken vesicles and
shapeless aggregates, and (c) 90 min UV, micelles and micellar aggregates. Scale bars are 200 nm. UV energy: 200 mW cm—.

120
broken

%ﬁk
20-“.3

Fig.7 Evolution of Ry, vs. irradiation time, showing the transition from
vesicles, to a mixture of broken vesicles and components of smaller size,
and finally to micelles.

| vesicles —= ——= micelles

—0— 200 mW/cm®
—A— 20 mWicm®

R, (nm)

Irradiation time (min)

of the micelles stabilized the particles in an aqueous environment.
In the case of our diblock copolymer AB2, the degradation
pathway is based on the photolysis of the O-nitrobenzyl linker,
generating a carboxylic end group on the cleaved poly(methyl
caprolactone) chain (Fig. 1). These terminal weak acids
(pK, ~ 4.5) are negatively charged under the conditions that we
use (Z.e. PBS buffer, pH = 7.4).

Hence, there is a strong electrostatic repulsion in the outer part
of the membrane (polymer-water interface) due to the ionic
groups generated by cleavage of the ONB linker. A rearrange-
ment takes place in the membrane in order to minimize this
repulsion, occurring via an increase in the surface area available
for negative charges. Because the area available for ionic head
groups is proportional to 1/R (where R is the radius of the
spherical particle),> the morphology will evolve from flat bilayer
(extremely low curvature, high R value) to more favorable
micellar structures (small R, high curvature). The supramolec-
ular structures resulting from UV irradiation of AB2 vesicles are
micelle-like particles formed by aggregated PMCL chains,
stabilized by an ionic corona of charged carboxylic end groups
(see Fig. 8). Additionally, uncleaved AB2 chains contribute to
the stabilization of these aggregates in the early stage of the
degradation process, explaining the transition structures
observed by TEM and DLS. The size of the structures (approx.

20 nm in hydrodynamic radius) clearly indicates that they are
formed by several PMCL chains. A putative scheme of the
degradation mechanism is summarized in Fig. 8.

The different degradation behavior of our diblock copolymer
compared to that reported by Katz er.al.*? is due to the chemical
nature of the photosensitive linker: O-nitrobenzyl linker yields
a COOH residue upon cleavage, whereas the N-nitrobenzyl
linker yields an amide residue.®® As the amide is uncharged at
physiological pH, there is no driving force toward the formation
of micellar structures. In addition, poly(caprolactone), as
a hydrophobic block,*® is a crystalline polymer with reduced
chain mobility, limiting a complete reorganization of the
hydrophobic segments after cleavage.'®* In the case of PMCL,
a totally amorphous homopolymer,®* the flexibility of the chains
is such that it provides fluidity to the membrane, which is able to
adopt an alternate conformation and evolve toward a newly
formed supramolecular structure.

Encapsulation and release of low molecular weight molecules

In order to test whether this system can be used as a photo-
triggered nanocarrier, we studied the encapsulation of small
hydrophilic molecules inside the aqueous cavity, and their release
upon UV irradiation.

The loading of polymersomes with fluorescein and its release
as a result of the exposure of polymersomes to UV was followed
by fluorescence spectroscopy at different UV energies (Fig. 9). A
significant increase in fluorescence intensity over time was
obtained for the solutions of loaded vesicles exposed to UV,
which was associated with the release of fluorescein (Fig. 9A-C).
The solution of loaded vesicles that was kept in the dark showed
no fluorescence increase over time, indicating that there was no
leakage without UV irradiation (Fig. 9D).

In addition, release rates depended on the UV intensity: by
increasing the UV intensity, a more rapid release was obtained
(Fig. 9 and Fig. 10A). While 200 min were necessary to release
about 40% of the encapsulated fluorescein by irradiation with an
intensity of 20 mW cm~2, only 20 min were necessary to release
a similar fraction when an intensity of 700 mW cm~2 was used
(Fig. 10B). The fact that the UV triggered release from AB2
vesicles is highly dependent on the intensity of the irradiation can
serve to control the release process.

We used fluorescence correlation spectroscopy (FCS) to gain
further insight into release behavior from AB2 polymersomes
because it is a very sensitive method, detecting as little as a single
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Fig. 9 Fluorescence spectra of fluorescein-loaded polymersomes
exposed to different UV doses, showing the increase in fluorescence over
time (from 0 to 311 min) due to release of the dye from a state of high
concentration inside vesicles (self-quenching regime) to free dye in water
(unquenched regime). (A) Irradiation with 700 mW cm~2; (B) irradiation
with 200 mW cm~%; (C) irradiation with 20 mW cm~2; (D) kept under
dark conditions (i.e. no UV).

molecule. FCS provides diffusion time, number, and brightness
of freely diffusing fluorescent molecules through a confocal
volume of around 1 fL. The diffusion time can be used to
determine the hydrodynamic radius of the particles by using the
Stokes—FEinstein equation.®* We used FCS both to determine the
amount of released dye from polymersomes as a function of
irradiation time, and to calculate the size of the polymer

superstructures present in solution. For encapsulation, we used
ATTOG655 dye instead of fluorescein, because it is more photo-
stable while having a similar molecular weight (Fig. S7, ESIt).

We analyzed the autocorrelation curves using the least-squares
fitting for two populations: free dye and polymersomes (Fig. 11,
experimental curves given in Fig. S9, ESI{).*? The average
diffusion time (tp) of the free dye was 44 ps, while the tp for
encapsulated dye inside polymersomes was 15.64 ms. Nearly 70%
of dye was released after 15 min of UV irradiation, (Table 2). The
fraction of free dye in solution increased with longer UV irra-
diation, and after 45 min ATTOG655 was completely released
(Fig. 11).

The diffusion times were used to estimate the R, of loaded
polymersomes and degraded supramolecular structures, respec-
tively (see Table 2). Upon UV irradiation, the hydrodynamic
radius of the supramolecular structures progressively decreased
from 172 to 10 nm, in agreement with dynamic light scattering.
Thus, UV irradiation triggers the disassembly of the polymer-
somes (R;, of 172 nm) to yield micellar structures (R;, of 10 nm).

Release of encapsulated eGFP upon UV irradiation

We investigated the encapsulation and release of enhanced green
fluorescent protein using FCS, to prove the versatility of our
smart UV-responsive polymersomes with respect to large mole-
cules such as DNA and proteins. The encapsulation efficiency
e defined as the ratio between the number of encapsulated eGFP
molecules inside the inner volume of one vesicle and the theo-
retical maximal number of eGFP molecules fitting inside the
same volume was estimated using the FCS data, and according to
the calculations detailed in Supplementary Information.
According to our calculations, we found an encapsulation

This journal is © The Royal Society of Chemistry 2011
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Fig. 10 (A) plot of normalized fluorescence (maximum emission intensity at A = 513nm) vs. irradiation time for fluorescein-loaded polymersomes: (m)
no irradiation, (@) irradiation with 20 mW cm~2, and (4 ) irradiation with 700 mW cm~2. (B) percentage of Fluorescein released vs. irradiation time for
fluorescein-loaded polymersomes exposed to different UV energies, showing energy dependent release kinetics: (*) 20 mW cm 2, (A ) 200 mW cm 2, and
(+) 700 mW cm 2. Note: the percentage of dye released was estimated from comparison with the maximum fluorescence emission intensity obtained after
mechanical destruction of the vesicles kept under dark conditions. The exact amount of released fluorescein is biased by the fraction of the dye that is
affected by photobleaching. The release of fluorescein results in a fluorescence increase, while the photobleaching results in a fluorescence decrease,
which amounts to a 20% loss of signal (at Ay, = 513nm, see Fig. S7, ESIt). The combination of those two opposing effects has been taken into account
for the estimation of the released dye. It results in 78% released dye, but only 60% of it still being fluorescent (the rest is already photobleached).
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Fig. 11 FCS autocorrelation curves obtained for a solution of free
ATTO655 in PBS ([]), a solution of polymersomes loaded with
ATTOG655 under dark conditions (O), the same solution exposed to UV
(15 min) (A), to 25 min UV (<), and to 45 min UV (+). All curves were

2

normalized to 2. UV energy: 200 mW cm .

efficiency of 22%, which seems to be a reasonable estimation
when compared to other systems of polymersomes encapsulating
proteins.®® During the release experiment, we expect that eGFP
will not be affected by the slight temperature raise (25 to 30 °C)
caused by the UV-irradiation.

The diffusion time of free ¢GFP was 98.5 ps, while it was
10.4 ms for the protein encapsulated in polymersomes (Table 3).

Table 2 FCS results for vesicles encapsulating ATTO655 dye

The diffusion time of free proteins corresponds to a hydrody-
namic radius of 2.2 nm, in good agreement with the reported
radius of 2.3 nm.*

The solution of encapsulated eGFP kept in dark conditions
did not indicate the presence of free protein (Table 3). After UV
irradiation, the autocorrelation curve was fitted by taking into
account the presence of two populations: free protein and
encapsulated protein (labeled F; and F,, respectively) (Fig. 12).
That the fraction of free eGFP in solution (F;) rapidly increased
from 0 to 80% with UV exposure time indicates a gradual release
of the protein in response to the UV trigger. The second fraction,
which amounts to 17% (with a tp of 694 ps) corresponds to small
structures, with a hydrodynamic radius of R;,, = 15nm (see
Table 3), and corresponds to released proteins that interact with
free cleaved PAA chains.

In addition, the size of self-assembled structures dramatically
changed upon UV irradiation. The fraction of eGFP released in
solution correlates to the size decrease of the structures (Fig. 12).
The change in the hydrodynamic radius upon UV exposure is in
good agreement with the values obtained by dynamic light
scattering, and supports the process of UV-mediated transition
from vesicles to micelles, with a simultaneous release of the
protein.

The release profiles of different payloads, ranging from low
molecular weight compounds up to proteins, correlate with the
time scale associated with the disassembly process of the vesicles.
They indicate an immediate and modulated response (as a

Sample F\[%] “ tp[us]’ Ry, ([nm] F[%]" po[us]’ Ry, o[nm]*
ATTO655, 52 nM in PBS 100 44 0.5 NA? NAY NAY
Loaded vesicles, UV = 0 min 0.01 44 0.5 99.9 15645 171.9
Loaded vesicles, UV = 15 min 70.1 44 0.5 29.9 5015 55.1
Loaded vesicles, UV = 25 min 96.4 44 0.5 3.6 1486 16.3
Loaded vesicles, UV = 45 min 97.9 44 0.5 2.1 950 10.4

“ Fraction of component n. > Average diffusion time of fraction n. ¢ Hydrodynamic radius of fraction n. ¢ Not applicable.
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Table 3 FCS evaluation of polymersomes loaded with eGFP

Sample Fi[%]" .alns]” Ry, [nm]* Fa[]” .fus] R o[nm]*
eGFP, 60 nM in PBS 100 98.5 2.2 NAY NAY NAY
Loaded vesicles, UV = 0 min 0 98.5 2.2 100 10384 231
Loaded vesicles, UV = 5 min 61 98.5 2.2 39 10096 224
Loaded vesicles, UV = 10 min 69 98.5 2.2 31 5691 126
Loaded vesicles, UV = 23 min 79 98.5 2.2 21 2439 54
Loaded vesicles, UV = 43 min 77 98.5 2.2 23 550 12
Loaded vesicles, UV = 60 min 83 98.5 2.2 17 694 15

“ Fraction of component n. © Average diffusion time of fraction n. ¢ Hydrodynamic radius of fraction n. ¢ Not applicable.
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Fig. 12 Top: fitted FCS correlation curves of free eGFP and polymer-
somes loaded with eGFP irradiated for increasing amounts of time.
Bottom: percentage of eGFP free in solution (fraction 1) as a function of
irradiation time, and hydrodynamic radius (Rj) of supramolecular
structures vs. irradiation time. All curves were normalized to 2. UV
energy: 200 mW cm—2,

function of UV intensity) of the polymersomes to the stimulus
(UV light). When the light is switched on, both the transition
from the vesicle to micelle and the release start simultaneously.
This indicates that our system is sensitive enough to respond to
the UV stimulus, even if a fraction of polymer chains remains
uncleaved. Vesicle membranes are destabilized and rendered
permeable to the encapsulated molecules in the very first minutes
of irradiation.

If a slower degradation of vesicles is intended, mixing AB2
with a PMCL-PAA copolymer that is inert to UV irradiation
should be considered. Indeed, blends of inert and hydrolysable
copolymers that form vesicles have rates of release linearly

dependent on the amount of degradable copolymer blended in
the membrane, providing tunable release properties.”> In our
system, release rates can even be correlated to the number of
photocleavable moieties, because PMCL-ONB-PAA copolymers
comprise a single linker per chain.

Conclusions

We were interested in understanding how polymersomes that are
formed by the self-assembly of a photocleavable amphiphilic
block copolymer (PMCL-ONB-PAA) degrade upon UV-irradi-
ation, and in demonstrating that they can be used as efficient
photo-triggerable nanocarriers. We demonstrated the ability of
vesicles to encapsulate payloads ranging from low molecular
weight hydrophilic molecules (fluorescein and ATTO655) to
proteins (eGFP), which supports the versatility of our system in
various therapeutic applications. Polymer vesicles are dis-
integrated by UV irradiation within minutes, depending on the
UV intensity. While the PAA-cleaved chains are solubilized in
PBS, the cleaved hydrophobic chains are involved in the
formation of new, supramolecular assemblies, coined as “shaved
micelles”. The payloads of the polymersomes are released upon
reorganization of the polymer chains, i.e. membrane disintegra-
tion. As the release rates of the payload depend on UV intensity,
the inner content of the photodegradable polymersomes can be
released in a controlled manner, supporting the system as an
efficient stimuli-responsive drug delivery system.
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