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Abstract
Polymersomes are vesicles whose membranes are comprised of self-assembled block co-polymers.
We recently showed that co-encapsulating conjugated multi-porphyrin dyes in a polymersome
membrane with ferritin protein in the aqueous lumen confers photo-lability to the polymersome. In
the present study, we illustrate that the photo-lability can be extended to vesicles containing
dextran, an inert and inexpensive polysaccharide, as the luminal solute. Here we explore how
structural features of the polymersome/porphyrin/dextran composite affect its photo-response.
Increasing dextran molecular weight, decreasing block copolymer molecular weight, and altering
fluorophore-membrane interactions results in increasing the photo-responsiveness of the
polymersomes. Amphiphilic interactions of the luminal encapsulant with the membrane coupled
with localized heat production in the hydrophobic bilayer likely cause differential thermal
expansion in the membrane and the subsequent membrane rupture. This study suggests a general
approach to impart photo-responsiveness to any biomimetic vesicle system without chemical
modification, as well as a simple, bio-inert method for constructing photo-sensitive carriers for
controlled release of encapsulants.
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1. Introduction
The ability of a cell to manipulate membrane stability is pivotal for cell biological function.
Processes like secretion and uptake, for example, are mediated by dynamically controlled
membrane instability. Cell membranes are thus an inspiration for designing transport and
release mechanisms in synthetic membranes. A key step in inducing membrane instability is
creating membrane asymmetry. This idea, first introduced as the ‘Bilayer-couple
hypothesis,’ states that two halves of a closed lipid bilayer can have differential responses to
various perturbations, due to asymmetries between the bilayer leaflets.[1] Often, the
asymmetry causes a relative increase in the surface area of one leaflet of a closed bilayer,
which then increases the spontaneous curvature of that leaflet. Provided that leaflet is
unopposed, it will conform to its spontaneous curvature to minimize free energy. Thus,
deformation often initiates on the leaflet side with additional surface area (i.e. where the
asymmetry was located). Membrane asymmetry can appear in bilayers for a variety of
reasons that include differential (i) leaflet composition,[2] (ii) thermal expansivity
coefficients,[3] and (iii) thermal gradients,[4] as well as particle binding to either a leaflet or a
portion of the membrane;[5–7] this final case is often used to explain deformation and
instability in biological membranes.

Binding-induced membrane asymmetry is not, however, restricted to biological components.
Several studies have now shown that membrane instability and deformation should, in
principle, be caused by any particle binding asymmetrically on a membrane provided that
the adhering object is sufficiently adhesive and rigid.[2, 5, 8] Several other characteristics of
bound particles have been found to be important for inducing membrane instability. These
include amphiphilicity,[2, 9, 10] self association and clustering of the particle,[10–13]

structure,[14] and charge and electrostatic interactions.[1, 15] Synthetic molecules with some
of the previously-mentioned characteristics have successfully induced membrane instability
by way of asymmetrically interacting with the membrane and changing its spontaneous
curvature.[5, 16, 17]

Furthermore, membrane instability can be studied in synthetic membranes in which the
relationship between membrane stability and structure can be systematically studied. By
recreating instability in designed membranes, we gain insight into the requirements for
constructing membranes to perform specific tasks, such as delivering drugs. Polymersomes
are a class of synthetic vesicles, made from diblock co-polymers, that self-assemble into
bilayer vesicles ranging in diameter from 100 nm to 30 μm.[18] These vesicles are more
stable than liposomes, are fully synthetic and hence can be designed,[19–21] and have been
shown to encapsulate a wide variety of both hydrophilic and hydrophobic solutes.[22]

Recently, our group identified a polymersome composite with tunable sensitivity to light.
Polymersomes with the luminal, protein-solute ferritin, and a meso-to-meso ethyne-bridged
bis[(porphinato)zinc] (PZn2) chromophore membrane-solute, will degrade upon exposure to
light.[16] Through systematic experimentation, we hypothesized that the encapsulated
protein interacted with the luminal side of the membrane bilayer, thus creating an
asymmetric membrane. We further hypothesized that differential stress between leaflets of
the membrane, caused by the protein interaction and excitation of the PZn2 dye, which
dissipates a significant fraction (> 80%) of the energy of absorbed photons as heat, led to
asymmetric membrane deformation and rupture.

If this mechanism of failure is correct, it suggests that any luminal solute that associates with
the inner leaflet of the membrane can, in conjunction with PZn2, induce polymersome
instability. We have investigated dextran, a carbohydrate solute of tunable size, as a luminal
encapsulant. Dextran offers further advantages because it is inexpensive, biocompatible, and
has some solubility in hydrophobic solution, suggesting it might associate with the
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membrane. In addition, the currently accepted mechanism of membrane deformation
suggests that the encapsulant and chromophore can be replaced and elicit the same
instability. This ability to substitute components suggests particle binding-induced
instability in tandem with photo-activated membrane rupture could be recreated in almost
any biomimetic vesicle carrier.

Here, we show that dextran and PZn2 encapsulation results in vesicle deformation and
destruction upon light absorption by the chromophore. The amphiphilic-driven dextran
interactions with the membrane were studied by analyzing changes to mechanical properties
of the membrane and changes in the frequency of photo-induced deformation that occurred
by modifying the dextran molecular weight and concentration. Increasing the molecular
weight or concentration of dextran leads to a higher incidence of polymersome deformation
and decreased mechanical strength of the membrane, suggesting that vesicle-encapsulant
interactions, and the resulting membrane stability, can be finely tuned by modifying
properties of the encapsulant.

2. Results and Discussion
2.1. Vesicle Deformation

Polymersomes were constructed with a meso-to-meso ethyne-bridged (porphinato)zinc(II)
dimer (PZn2, 2123 Da)[23, 24] in the membrane and dextran in the lumen by thin film
rehydration (see Methods). When both PZn2 and dextran were present, membranes
deformed in response to laser illumination; these studies were carried out in an experimental
configuration that allowed for confocal imaging and laser stimulation (λex = 458, 488, 515,
543, and 633 nm; laser power = 33 mW) to be carried out independently and virtually
simultaneously. To investigate the effect of molecular weight and concentration of the
solute, vesicles were either made with various size dextran solutes in the lumen, at a
constant concentration (10 mg/mL) or made with varying concentrations of dextran of a
specific molecular weight (500 kDa). Depending on the concentration and the molecular
weight of dextran, a wide variety of membrane deformations were seen, including
membrane budding, pearling instabilities, membrane stretching, and vesicle rupture. Rupture
was the most frequent type of deformation, regardless of dextran size, and was often
initiated at a single point in the membrane. Membrane rupture events also increased in
frequency as the average molecular weight (MW) of dextran was increased (Figure 1B),
indicating that the mechanism of rupture is influenced by dextran MW.

The method used to manufacture vesicles in this study, thin film rehydration, produces a
variety of unilamellar and multilamellar structures. Of the unilamellar vesicles that
deformed, membrane rupture was the predominant form of deformation. While
multilamellar vesicles also experienced membrane rupture, they experienced a greater
number of budding and membrane stretching events.

2.2 Modification of Dextran and Polymer
To explore the role of dextran on the failure of the membrane, we systematically varied the
size of both dextran and the membrane polymer. Increasing the MW of dextran within a
polymersome population made from a specific polymer results in an increased frequency of
deformation (Figure 2A). Dextran has been shown to increase in amphiphilicity with
increasing MW as it changes from a hydrophilic polysaccharide at low molecular weights
(1000 Da) to becoming more hydrophobic at increasing molecular weights.[25] Increasing
the molecular weight of dextran leads to decreased critical aggregation concentrations
(CACs) which facilitates an increased rate of hydrophobic aggregate formation.[25] Thus, the
increasing amphiphilicity and aggregation tendency of dextran with increasing molecular
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weight likely cause the increased incidence of polymersome deformation. When the
hydyrophilic and inert PEO polymer (200,000 Da), known to have limited interactions with
the membrane, was encapsulated in the polymersome in place of dextran, the photo response
ceased (S2). Increasing the concentration of dextran also increases the frequency of
deformation events. Furthermore, the exponential shape of the dextran concentration versus
deformation frequency curve (Figure 2B) indicates that a critical aggregation concentration
is required before the dextran affects the deformation rate. In a study of the effect of
hydrophobic modification and MW of dextran on CAC, Filippov et al.[26] found that a
40,000 Da MW dextran had a CAC of 0.14 mg/mL. Since the dextran used in the current
study had a higher MW (500,000 Da), we can assume the CAC of 500 kDa dextran (Figure
2B) is lower than 0.14 mg/mL. This estimated CAC corroborates our findings that
deformation occurs at dextran encapsulation concentrations as low as 0.1 mg/mL and that a
rapid increase in deformation events occurs with increasing dextran encapsulation
concentration.

To confirm the role of dextran amphiphilicity and chain length in membrane rupture, we
compared the response of two different diblock copolymer membranes, OB29 (3800 Da)
and the higher MW, and more rigid OB18 (10400 Da).[27] Both polymersomes populations
deform at increasing frequencies with increasing dextran MW, but an overall significantly
lower frequency of OB18 vesicles deformed compared to OB29 vesicles. The lower
deformation rate confirms the role of membrane cohesiveness in deformation, which has
been discussed in previous theoretical and experimental studies as a parameter that reduces
membrane deformation.[28]

Additionally, the photo-responsiveness is destroyed when the dextran MW falls below 1000
Da in OB29 vesicles and the vesicles remain stable even when the concentration of 1000 Da
dextran is increased to 100 mg/mL. OB18 vesicles only become photo responsive with
dextran of a MW higher than 5000 Da. The increased MW of dextran required to facilitate
deformation in OB18 vesicles demonstrates that stronger amphiphilic membrane interactions
between dextran and the membrane polymer are required to cause deformation for more
cohesive polymer membranes. Specific interactions of dextran with the vesicle membrane
are discussed in the following sections.

2.2.1. Fluorescence Recovery after Photobleaching (FRAP)—To assess whether
dextran was directly interacting with the polymersome membrane, we measured dextran
mobility within the polymersome by FRAP. Vesicles containing lumen-encapsulated
Fluorescein isothiocyanate (FITC)-tagged dextran were first confirmed to deform upon
exposure to laser light. For FRAP measurements, two locations within the vesicle, one near
the membrane and the other at the center of the aqueous core, were photobleached (Figure
3A). The mobility of dextran in the vicinity of the membrane was observed to be restricted
with no FITC fluorescence recovery in a nine second period after photobleaching (Figure
3B), indicating very slow or no diffusion of dextran at the membrane. In contrast,
photobleaching of dextran in the core of the lumen led to complete fluorescent recovery
within nine seconds, indicating that dextran located in the aqueous lumen is mobile. This
hindered diffusion near the membrane suggests association of dextran with the membrane.

2.2.2. Micropipette Aspiration of Dextran Loaded Polymersomes—Because
FRAP measurements suggested that dextran was associated with the membrane, we
reasoned that dextran encapsulation should alter membrane material properties.
Encapsulation of 500,000 Da dextran (10 mg/mL), which successfully caused deformation
in approximately 50% of vesicles exposed to light, resulted in a decreased area elastic
modulus (Ka) of membranes (Figure 4A). Encapsulation of 1000 Da dextran, which did not
impart photo-responsiveness to vesicles, did not change the Ka. Additionally, vesicles
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without PZn2 were studied in order to confirm that the decreased Ka was due to dextran, not
the membrane encapsulated chromophore. Figure 4B shows the area elastic modulus results
of dextran encapsulation in different polymer vesicles. Encapsulation of dextran in both
OB29 and OB18 vesicles led similarly to decreases in Ka, but the Ka of the OB18 vesicles
remained higher than that of the OB29 vesicles when dextran was encapsulated in both.
These measurements support the previous finding that OB18 vesicles require higher MW
dextran than OB29 vesicles to facilitate light induced-deformation because of the increased
strength of the OB18 membrane (Figure 2).

The fact that the membrane is made more compliant by the encapsulation of dextran
suggests that the polysaccharide interacts substantially with it. Unlike ferritin, whose
encapsulation causes an increased Ka,[16] this change in mechanical properties rules out the
possibility that the interaction of dextran with the membrane is merely physisorption on the
exterior PEO corona. Rather, the surfactant-like behavior of dextran suggests that the
amphiphilic saccharide penetrates the corona, at least to the point of the PEO-PBD interface.
Intercalation of dextran at this interface would reduce the interfacial tension, thereby
reducing the Ka.[9, 29, 30] Dextran has previously demonstrated a capacity to penetrate a
vesicle bilayer and destabilize the membrane,[8, 17, 31] yet this instability has been
insufficient to cause complete membrane failure.

2.3. Role of Porphyrin Dimer (PZn2)
2.3.1. PZn2 loading—To investigate the role of PZn2 in the photo-activated polymersome
deformation, we varied the amount of chromophore in the membrane, and measured the
resulting frequency of deformation. Relative to conventional NIR fluorophores, PZn2 and
related structures are unusual in that they feature strongly attenuated inter-system crossing
yields; hence PZn2 excited states decay via fluorescence (φF = 16%) or via fast internal
conversion to produce heat and the chromophore ground state, and do not give rise to
significant yields of electronically excited triplets.[23] Localized heat production leads to
thermal expansion of the membrane, which because of membrane asymmetry resulting from
physisorbed molecules on the inner leaflet, leads to membrane instability. Thus, the role of
the chromophore was thought to be limited to energy conversion in order to induce
membrane thermal expansion. Decreasing the loading of PZn2 below a 1:7
(chromophore:polymer) molar ratio resulted in a decrease in the frequency of polymersome
deformation (Figure 5A). This finding is consistent with the hypothesis that decreased PZn2
loading leads to decreased heat production and the resulting incidence of vesicle
deformation. It was found, however, that increasing the loading of PZn2 from a 1:7 molar
ratio in the membrane to a 2:7 and 3:7 molar ratio also decreased the frequency of
polymersome deformation (Figure 5A). To determine if increased membrane rigidity,
caused by increased PZn2 loading, caused the decreased number of deformation events, we
conducted mechanical analysis of the polymersome membranes. Micropipette results
revealed no significant change in the Ka of the membranes, indicating no mechanical
stabilization of the membranes results from increased PZn2 loading (Figure 5B).

Next, we measured the effect of differential loading of PZn2 on chromophore emission. As
PZn2 loading increases, the chromophore emission decreases (Fig 5C) and the total emission
from PZn2 at the highest loadings (2:7 and 3:7) plateaus. The decrease in emission per
molecule indicates that PZn2 self quenches due to close contact between chromophores.
Previous studies show that PZn2 loading as low as 0.4:7 (chromophore:polymer) molar ratio
results in measurable self quenching.[22] As the number of available pathways for excited-
state non-radiative decay generally increases with fluorophore aggregation, self quenching
often gives rise to increased heat dissipation.[32] Yet, a decreased incidence of polymersome
deformation occurs in polymersomes that display increased PZn2 self quenching. The
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fraction of excited-states that decay via non-radiative pathways, the non-radiative decay rate
(which is normally fast in PZn2 and PZn3 [23]), the heating rate, and the nature of the
chromophore vibrational modes are all affected by chromophore packing. These factors are
likely to be crucial in facilitating light-induced membrane rupture. We hypothesize that
these factors may be more important in producing the photo-response than the total amount
of heat released over a long time period. It is difficult, however, to resolve the changes in
photo-physical dynamics of the chromophores due to the complexity of the polymersome
membrane environment.

Another possible explanation, that we can explore, is the ability of the chromophore to
stabilize the membrane though cohesive interactions with the polymer chains.
Chromophore-membrane interactions are expected to change upon changes in PZn2 loading
and could serve to stabilize the membrane as PZn2 is increasingly loaded in the membrane.
By replacing the current chromophore with one that has similar excited-state properties but
different amphiphilicity we can explore the role of non-covalent interactions between the
chromophore and the polymer chains in modulating membrane stability and membrane
photo response.

2.3.2. PZn2 membrane stabilization—As chromophore loading is increased in the
membrane, we found that PZn2 molecules appear to stabilize the membrane against photo-
disruption through changes in interactions between PZn2 and polymer chains. In order to
investigate the stabilizing effect of PZn2, it is important to understand the specific
localization of this hydrophobic chromophore within the membrane. The porphyrin dimer
contains two chromophoric cores, each possessing 3′5′-disubstituted pendant aryl groups.
The ancillary substituents on the aryl groups can be varied, altering the hydrophobicity of
the porphyrin molecule and its interactions with the membrane. The PZn2 molecule used in
the current study contains a 9-methoxy-1,4,7-trioxanonyl substituent (essentially a pegylated
group) on one aryl group and a more hydrophobic 3,3-dimethyl-1-butyloxy substituent on
the other.[23] The presence of the pegylated substituent reduces porphyrin hydrophobicity
and causes PZn2 localization near the interface of the hydrophilic PEO and the hydrophobic
PBD blocks.[33, 34] Increased loading of PZn2 increases interactions between the
chromophore and the membrane chains.

To explore the possibility that PZn2 may stabilize the membrane through interactions with
the polymer chains, the porphyrin dimer was replaced with the more hydrophobic PZn3
trimer. Containing an additional chromophoric core with the hydrophobic 3,3-dimethyl-1-
butyloxy ancillary substituents, this dye was expected to fully localize within the
hydrophobic membrane core and have enhanced interactions with the polymer chains. There
was little difference in deformation frequency between PZn2 and PZn3 in the OB29 series
(PEO-PBD, 3800 Da) vesicles, but a significant difference resulted in the OB18 series
(PEO-PBD, 10400 Da) vesicles, which have thicker hydrophobic membrane cores (Fig. 6).
Fewer than 5% of OB18 vesicles deformed when PZn3 was incorporated. While the effect of
porphyrin-polymer interactions will be further investigated in a future study, initial results
indicate that the localization of the chromophore within the membrane (the PEO-PBD
interface versus the core of the hydrophobic phase) affects chromophore-polymer
interactions and thus, the extent of membrane instability upon PZn2 light absorption. The
peak frequency of deformation that results from differential porphyrin loading (Fig. 5A)
demonstrates that a balance exists between PZn2-induced heat production and PZn2-induced
membrane stabilization.
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2.4. Mechanism of Dextran-induced membrane destabilization
We consider various possibilities for the mechanism of membrane destabilization. Recently,
Mabrouk et al. [35] showed that polymersomes with one UV-responsive inner leaflet
similarly burst in response to UV light exposure. The authors proposed that the mechanism
of membrane bursting was due to asymmetric stresses on the membrane. In response to UV
light, the responsive leaflet changed conformation introducing excess surface area in one
leaflet and increasing the spontaneous curvature there. Upon thermal activation, the
additional surface area of the inner leaflet led to the formation of a pore, whose growth
enabled relaxation of surface elastic energy (caused by the increased spontaneous curvature)
and ultimately membrane rupture. In the present study, we believe this proposed mechanism
applies to the dextran-induced polymersome bursting since our studies show dextran enters
the PEO corona and decreases interfacial tension, thereby increasing the surface area of the
inner leaflet. This mechanism is consistent with the decrease in membrane Ka upon dextran
encapsulation. The decrease in interfacial tension should lead to a relaxation of the polymer
chains in the inner leaflet and a subsequent increased inner leaflet surface area due to chain
relaxation[29] (Fig. 7A). As dextran chain length and membrane interactions increase with
MW, dextran both physically entangles itself in and chemically interacts with the inner
membrane leaflet. Along with the increase in the inner leaflet surface area, the inner leaflet
would be restricted in movement upon heating while the outer leaflet would be free to move.
This differential expansion upon localized PZn2 heating would finally cause pore growth
and ultimately membrane rupture.

A second possible mechanism of membrane destabilization, that we do not believe describes
our system, would be dextran-induced curvature strain at the membrane (Fig. 7B). Several
studies have shown that membrane interacting polymers can induce a spontaneous curvature
in both leaflets of the membrane by simply exerting pressure against them.[5–7, 10] Opposed
to insertion into the polymer membrane and thereby causing an increased leaflet area,
polymers or proteins act as ‘curvactants,’[6] binding or interacting with the membrane and
leading to intrinsic curvature strain at the membrane. Any imposed deformation at this
location can lead to reduction in the interfacial energy through membrane displacement or
reorganization to deal with the imposed curvature at this point. This mechanism would
require dextran to interact more passively at the PEO brush and would more likely lead to
local membrane changes like budding and pearling instabilities. As a result of this type of
curvactant-induced stress on the membrane, the membrane Ka often increases due to
decreased membrane mobility induced by the curvactant.[36, 37] For this reason, this passive
binding and curvature strain-induced deformation is not likely the mechanism in our current
system, since dextran causes a decrease in membrane Ka (Fig 4). In our previous ferritin
study, however, in which ferritin protein was the luminal encapsulant, the Ka did increase,
suggesting we might have been observing curvactant-induced deformation (i.e. budding and
membrane stretching). As ferritin is much larger and more rigid than dextran, it is likely that
ferritin did not enter into the PEO corona, but rather physisorbed onto the outer edge of the
membrane. The finding that the Ka increased upon ferritin encapsulation is consistent with
this type of interaction.

The results of the present study suggest the former mechanism of polymersome rupture
dictates our photo-labile polymersome/porphyrin/dextran composite system. Due to dextran
intercalation into the membrane, interfacial tension in the inner leaflet is reduced and the
inner leaflet increases in surface area. Since the outer leaflet does not come into as much
contact with dextran, due to the lumen encapsulation, the inner leaflet experiences a relative
increase in surface area, and the membrane bilayer becomes asymmetric with a differential
stress exerted across it. The instability that this asymmetry imparts to the membrane is
exacerbated and thus, controllable by light exposure. Upon light activation, PZn2 provides,
via nonradiative decay, the thermal energy required to increase membrane motion and
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relieve the differential stress created by the asymmetric membrane. This membrane motion
either leads to membrane shape changes or pore formation and growth, ultimately leading to
membrane rupture.

3. Conclusions
We show that polymersomes with a conjugated multi-porphyrin chromophore solute in the
hydrophobic core and dextran in the aqueous lumen are photo-responsive. The extent of
photo-response increases with the molecular weight and concentration of dextran. The
dynamic response of vesicles, as well as the decrease in area expansion modulus with
dextran, suggests dextran associates with the inner leaflet of the vesicles and thus causes a
differential response of the two leaflets upon illumination of the low quantum-yield dye,
leading to membrane deformation and rupture. Since dextran is an innocuous biological
solute, these membrane composites allow the construction of photo-sensitive structures with
biological applications.

4. Experimental
Materials

Two molecular weight polyethylene oxide-polybutadiene diblock copolymers (PEO30-
PBD46, denoted OB29 and PEO80-BD125, denoted OB18) were purchased from Polymer
Source, Inc (Montreal, Quebec, Canada). A molecular weight series of Dextran
(Leuconostoc mesenteroides and Leuconostoc spp.), fluorescein isothiocyanate (FITC)-
labeled dextan (5000 MW), and phosphate buffered saline (PBS) tablets were purchased
from Sigma Aldrich (St. Louis, MO). Polyethylene oxide (200,000 MW) was purchased
from Polyscience. Methylene chloride (HPLC grade) and sucrose were purchased from
Fisher Chemicals (Pittsburgh, PA). The meso-to-meso ethyne bridged (porphinato)zinc(II)
dimer (PZn2) and trimer (PZn3) were synthesized in the Therien laboratory following
methodology and photo-physical characterization previously described[23].

Vesicle Preparation
The near infrared chromophore, porphyrin (PZn2), was dissolved in methylene chloride and
added to the diblock copolymer PEO30-b-PBD46 (MW= 3800 g mol−1) at a 7.64 M:1 M ratio
(polymer:fluorophore). The resulting solution was uniformly coated on the rough side of a
Teflon strip and the solvent was evaporated for > 24 h. A 10 mg/mL dextran-sucrose
solution was created by dissolving dextran of the desired MW in 2 mL of sucrose solution
(290 mOsm). After hydration of the polymer-porphyrin film with the dextran-sucrose
solution, the system was heated at 60°C for >24 h and vortexed, resulting in spontaneous
budding of giant NIR emissive polymersomes off the Teflon into the surrounding aqueous
solution. The resulting giant polymersomes contained porphyrin loaded in the membrane
(7.64:1 molar ratio of polymer to porphyrin) and dextran loaded in the aqueous core of the
polymersomes (10 mg/mL). Vesicles were separated from free dextran by dilution of
polymersomes in PBS. The diluted polymersome sample was placed in a centrifuge tube,
which contained a cushion of sucrose buffer + density gradient medium (Optiprep, Sigma-
Aldrich) and was spun (15,000 rpm, 1 hr, 4°C) to separate the vesicles. The separated
vesicles were then dialyzed into PBS (290 mOsm, 12 hr, 4°C).

Rupture and Release of Dextran Encapsulated Polymersomes
Confocal laser scanning microscopy (CLSM) was used to expose dextran polymersomes to
light at wavelengths of 458, 488, 543, and 633 nm for 3 min. An Olympus Fluoview
FV1000 confocal microscope (Center Valley, PA) with a UPLFLN 40x oil objective lens
was used to image the vesicles with a scan speed of 2.0 μs/pixel (2.213 s/frame) for a total
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time of 3 min 26 ms. The resulting membrane rupture and deformation of the polymersome
sample that occurred during this time was observed and the percent of polymersomes that
deformed for a given MW of dextran (n=3) was recorded.

Fluorescence Recovery After Photobleaching (FRAP)
The Olympus Fluoview FV1000 confocal microscope, with 40x oil objective lens (described
above), was used for the FRAP study. FITC conjugated dextran was encapsulated in the
aqueous core of polymersomes that contained membrane encapsulated PZn2. Two regions of
the polymersome, at the membrane-core interface and in the center of the polymersomes,
were chosen for imaging. Following a period of imaging, the selected region of the
polymersome was photobleached with 351 and 364 nm lasers at 80% power for 8 s. The
polymersome area beyond the bleaching area was not imaged in order to reduce
photobleaching effects across the entire vesicle. The fluorescence intensities of the regions
were tracked before, during, and after the bleaching using a 488 nm laser for FITC.

Micropipete Aspiration
Mircopipet aspiration of polymersomes followed similar procedures to those described by
Evans et al [38]. Briefly, micropipets made of borosilicate glass tubing (Griedrich and
Dimmock, Milville, NJ) were prepared using a needle/pipet puller (model 730, David Kopf
Instruments, Tujunga, CA) and microforged using a glass bead to give the tip a smooth, flat
edge. Inner diameters of pipets used ranged from 5 to 7 μm and were measured using
computer imaging software. Pipets were filled with PBS solution and connected to an
aspiration station mounted on the side of a Zeiss inverted microscope, equipped with a
manometer, Validyne pressure transducer (models DP 15–32 and DP 103–14, Validyne
Engineering Corp., Northridge, CA), digital pressure read-outs, micromanipulators (model
WR-6, Narishige, Tokyo, Japan), and MellesGriot millimanipulators(course x, y, z contro).
Suction pressure was applied via a syringe connected to the manometer. Both dextran
encapsulated and unloaded vesicles were picked up by the micropipets and pressure was
increased stepwise in 2–5 cm H2O increments. The membrane was allowed 10 s after each
pressure change to equilibrate. The resulting membrane extensions and membrane diameter
were measured with ImageJ software [39] and used to calculated the area expansion
modulus (Ka) of the different polymersomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Membrane deformation of polymersomes observed following optical excitation
(A) Distribution of types of polymersome deformation that occur for each MW of dextran
encapsulated. (B) Membrane rupture of a dextran encapsulated polymersome following
optical excitation (λex = 458, 488, 515, 543, and 63 nm; laser power = 33 mW) is the most
common type of deformation that occurred. (C) Frequency of deformation events for
different dextran MWs.

Kamat et al. Page 11

Adv Funct Mater. Author manuscript; available in PMC 2011 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of Dextran molecular weight on polymersome deformation
(A) Increasing the MW of encapsulated dextran results in an increased incidence of light-
induced polymersome deformation (n = 3, error bars represent standard deviation (sd)).
Deformation of OB18 polymersomes requires a higher MW dextran and occurs less
frequently than OB29 polymersomes (p < 0.05 for dextran MWs of 5, 10, 100, 500, and
2,000 kDa). (B) A minimum concentration of dextran is required for deformation to occur in
each vesicle population.
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Figure 3. Fluorescence Recovery After Photobleaching (FRAP) of Dextran Encapsulated
Polymersomes
(A) FITC-labeled dextran (green) was encapsulated in the core of the polymersome and
PZn2 (purple) was encapsulated in the membrane. A region of the membrane (red circle) and
the aqueous core (blue circle) were photobleached to assess diffusion of dextran. (B)
Fluorescence recovery of FITC occurs after photobleaching (blue) in the center of the
polymersome while fluorescence does not recover near the membrane (red).
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Figure 4. Effect of Dextran on Membrane Mechanical Strength
(A) Dextran encapsulation causes a significant decrease in the Ka of polymersomes for both
membranes without PZn2 (p < 5*10−5) and in polymersomes membranes containing PZn2 (p
< 0.05). Encapsulation of 1000 MW dextran, which does not result in deformation, does not
significantly change the Ka of the membrane (p > 0.05). Error bars represent standard error
of the mean (sem). (B) Dextran encapsulation significantly decreases the Ka of the higher
molecular weight (and more rigid) OB18 polymersomes (p < 0.005). The resulting dextran
encapsulated OB18 polymersome has a higher Ka (p = 0.05) than dextran encapsulated
OB29 polymersomes. (C) Snapshot of a polymersome area expansion test in a micropipette
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Figure 5. Increasing loading of PZn2 in membrane
(A) Increasing the concentration of PZn2 in the membrane results in a decreased incidence
of polymersome deformation for polymersomes encapsulating 500,000 MW dextran (error
bars represent sd). (B) Polymersome membranes do not experience a significant change in
rigidity with increasing amounts of PZn2. (C) Fluorescence emission of PZn2 decreases as
loading in polymersomes increases, consistent with concentration-dependent self-quenching.
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Figure 6. Replacing the membrane fluorophore
When the membrane fluorophore is changed from PZn2 (black) to the more hydrophobic
PZn3 (white) there is no noticeable change in frequency of deformation in the OB29
polymer vesicles, however, deformation is significantly reduced in the OB18 polymer (p <
0.005, error bars represent sd).
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Figure 7. Schematic of proposed photo-activated polymersome deformation
(A) Proposed Mechanism (a) Polymersome membranes without encapsulant have chains
that balance interfacial tension and chain entropy to exist in a semi-coiled state (b) Dextran
penetration into corona reduces interfacial tension and causes further coiling of chains (c)
Excess area is created in inner leaflet changing the spontaneous curvature. Dextran chemical
and physical interaction with inner leaflet restricts chain movement and thermal activation
initiates the formation of a pore. (d) Continued localized heating by porphyrin initiates pore
growth which reduces spontaneous curvature. Pore growth without self healing of the
polymers results in membrane bursting and curling. (B) Alternate mechanism (a) same as
above (b) Dextran absorption on the outer surface of the PEO brush causes a change in the
spontaneous curvature (curvature denoted by white dotted line). (c) Localized heating
provides the energy for the membrane to diffuse and achieve its intrinsic curvature. This
membrane movement leads to budding and membrane stretching and is not believed to
describe the current system.
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