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ABSTRACT: We report on the fabrication of photochromic polymersomes exhibiting photoswitchable and reversible bilayer
permeability from newly designed poly(ethylene oxide)-b-PSPA (PEO-b-PSPA) diblock copolymers, where SPA is spiropyran
(SP)-based monomer containing a unique carbamate linkage. Upon self-assembling into polymersomes, SP moieties within
vesicle bilayers undergo reversible phototriggered isomerization between hydrophobic spiropyran (SP, 4, > 450 nm irradiation)
and zwitterionic merocyanine (MC, 4, < 420 nm irradiation) states. For both SP and MC polymersomes, their microstructures
are stabilized by multiple cooperative noncovalent interactions including hydrophobic, hydrogen bonding, 7—7 stacking, and
paired electrostatic (zwitterionic) interactions, with the latter two types being exclusive for MC polymersomes. Control
experiments using analogous block copolymers of hydrophobic SP monomer with a carbonate linkage (SPO) and conventional
spiropyran methacrylate monomer (SPMA) containing a single ester functionality were then conducted, revealing that
carbamate-incurred hydrogen bonding interactions in PEO-b-PSPA are crucial for polymersome stabilization in the zwitterionic
MC state. Moreover, reversible phototriggered SP-to-MC polymersome transition is accompanied by membrane polarity and
permeability switching from being nonimpermeable to selectively permeable toward noncharged, charged, and zwitterionic small
molecule species below critical molar masses. Intriguingly, UV-actuated MC polymersomes possess two types of release modules:
(1) sustained release upon short UV irradiation duration by taking advantage of the unexpectedly slow spontaneous MC-to-SP
transition kinetics (#,, > 20 h) under dark conditions; (2) on-demand and switchable release under alternated UV—vis light
irradiation. We further demonstrate photoswitchable spatiotemporal release of 4/,6-diamidino-2-phenylindole (DAP], cell nuclei-
staining dye) within living HeLa cells.

B INTRODUCTION

In living organisms, cellular structures and organelles are highly
compartmentalized and spatially segregated by phospholipid-
based membranes, and normal cellular functions rely on

specificity.’ Long-standing efforts of mimicking intricate
structures and functions of cellular components have
continuously spurred the creation of a variety of self-assembled
nanostructures.” Among them, lipid vesicles (liposomes) and

efficient and selective extra/intracellular communications.
Although phospholipid bilayer membranes exhibit limited
permeability for biomolecules, ions, and water molecules due
to the hydrophobic nature, various substrate-selective mem-
brane channel proteins are integrated with cellular membranes
to facilitate mass transport with excellent precision and
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amphiphilic block copolymer (BCP) vesicles (polymersomes)
stand for two representative prototypes, both consisting of
aqueous interiors enclosed by hydrophobic bilayer mem-
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Scheme 1. Photochromic Polymersomes Exhibiting Photoswitchable and Reversible Bilayer Permeability”
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“Amphiphilic PEO-b-PSPA diblock copolymers self-assemble into polymersomes with hydrophobic bilayers containing carbamate-based hydrogen-
bonding motifs. Spiropyran moieties within polymersome bilayers undergo reversible photo-triggered isomerization between hydrophobic
spiropyran (SP, 4, > 450 nm irradiation) and zwitterionic merocyanine (MC, 4; < 420 nm irradiation) states. The microstructures of both SP and
MC polymersomes are synergistically stabilized due to cooperative noncovalent interactions from hydrophobic, hydrogen bonding, 7—x stacking,
and paired electrostatic (zwitterionic) interactions, with the latter two types being exclusive for MC polymersomes. Moreover, reversible photo-
triggered SP/MC polymersome transition is accompanied with membrane permeability switching from being non-impermeable to selectively
permeable towards non-charged, charged, and zwitterionic small molecule species below critical molar masses.

branes.” Compared to liposomes, polymersomes possess
distinct advantages including improved structural stability,
tunable architectural parameters, and facile functional integra-
tion. Thus, they have been increasingly utilized to construct
drug delivery nanocarriers, nanoreactors,” and artificial
organelles.’

However, conventional polymersomes are subjected to
severe membrane permeability issues due to the hydrophobicity
and macromolecular nature of thick bilayers, which are almost
impermeable to small molecules, ions, and even water
molecules.” This poses considerable impediments toward the
further exploration of relevant functions. To solve this
challenge, a number of approaches have been invented to
enhance permeability such as physical/chemical integration of
natural channel proteins and stimuli-responsive moieties into
polymersome bilayers,® and in situ postmodification reactions
within bilayer membranes.” However, these approaches either
involve complex fabrication procedures or require the
introduction of external additives, leading to inadequate extent
of process control and compromised permselectivity. Most
importantly, these permeability-enhancing processes are usually
irreversible and might be accompanied by the loss of structural
integrity or even complete disintegration of polymersome
structures. Thus, the screening of novel strategies for facile,
switchable, and reversible regulation of polymersome bilayer
permeability with predicted precision while maintaining the
microstructural stability remains a considerable challenge.

Among those conventionally applied stimuli to regulate
polymersome permeability, light stimulus possesses distinctive
advantages such as facile operation, spatiotemporal and
wavelength-selective precision, no external additives, and
feasibility of remote control within closed systems.'’ Recently,
we proposed a new approach to solve the dilemma between
structural stability and permeability switching of polymersomes
by virtue of light-triggered “traceless” cross-linking of photo-

responsive bilayers.11 However, the process is irreversible and
bilayer cross-linking is accompanied by unidirectional hydro-
phobicity-to-hydrophilicity transition; in addition, phototrig-
gered release of small molecule reactive intermediates (e.g., 2-
nitrosobenzaldehyde) might further incur cytotoxicity issues.
Note that the reversible regulation of polymersome perme-
ability enables not only the mimicking of cellular transport
processes but also programmed payload release under
pathologically relevant complex microenvironments. Albeit
highly desirable, to the best of our knowledge, the reversible,
off-on switchable, and spatiotemporal manipulation of polymer-
some permeability under “additive-free” conditions has been far
less explored.

On the other hand, spiropyran (SP) is a well-known
photochromic molecule that has been widely utilized in
photoresponsive dynamic materials for optical/electrical
switches,'” drug nanocarriers, > self-erasing (reusable)
paper,14 and super-resolution imaging.15 SP moieties can
respond to light irradiation in a wavelength-selective manner
and undergo reversible isomerization between colorless ring-
closed SP state and colored ring-opened merocyanine (MC)
state. Generally, under shorter wavelength irradiation (e.g., 4, <
420 nm), initially hydrophobic SP moieties transform into
hydrophilic zwitterionic MC moieties, which is also accom-
panied by microenvironmental polarity switching.'® Meanwhile,
the SP-to-MC isomerization process can be readily reversed
under longer wavelength irradiation (e.g, 4, > 450 nm)."” On
the basis of the light-tunable feature, we envisaged that if SP
functionalities were incorporated into polymersome bilayers,
the unique SP-to-MC photochromic transition might be
exploited for reversibly regulating the permeability of polymer-
somes.

Nevertheless, previous studies revealed that phototriggered
SP-to-MC transitions can render considerable shift in the
hydrophobicity—hydrophilicity balance, leading to prominent
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microstructural rearrangement and disintegration of nano-
particles self-assembled from amphiphilic block or random
copolymers of SP-based methacgylate monomer containing a
single ester linkage (SPMA)."*%'°*“'® Recently, Gong et al."”
reported that random copolymerization of cationic and anionic
monomers in aqueous media at high concentrations (>0.7—1.0
M) directly led to tough, viscoelastic, and self-healing single-
component polymeric hydrogels. These results implied that
paired ionic (i.e., zwitterionic) interactions are strong enough
to stabilize microstructures if they possess a high local density.
Note that paired electrostatic or zwitterionic interactions are
closely relevant to light-actuated zwitterionic MC moieties, as
implied by previous reports concerning the transport of amino
acids aided by photoresponsive SP encapsulated within
liposome bilayers.”” For zwitterionic MC, 77—z stacking
interactions between MC moieties are also prominent due to
their coplanar nature. In this context, Vamvakaki et al.”’
reported that for UV-irradiated hybrid silica nanoparticles
coated with SPMA-containing polymer brushes (~6.1 mol %),
UV-actuated H-type 7—n stacking interactions between ring-
opened MC species can stabilize and render nanocapsule
formation upon etching off silica cores, whereas visible light
irradiation at later stages led to nanocapsule disruption due to
the loss of efficient 7— stacking interactions upon restoring to
the SP state.

The above reports prompted us to speculate whether we
could take advantage of synergistic noncovalent interactions
(i.e., zwitterionic interactions and 7—7x stacking interactions)
between ring-opened MC moieties to concurrently stabilize
polymersome microstructures and reversibly switch bilayer
permeability under alternate UV—vis light irradiation. After
reasoning that the extent of MC-MC orientation within
polymersome bilayers should play crucial roles in strengthening
cooperative interactions, we attempted to start with a new SP-
containing monomer incorporated with a carbamate linkage
(SPA; Scheme Sla). We envisaged that carbamate-incurred
hydrogen bonding interactions will lead to preorganization of
SP moieties within bilayer membranes of polymersomes self-
assembled from amphiphilic block copolymers of SPA; upon
UV irradiation, enhanced cooperative MC-MC interactions will
occur due to elevated degree of orientation between MC
moieties (Scheme 1).

To testify this presumption, photochromic amphiphilic block
copolymers (BCPs), poly(ethylene oxide)-b-PSPA (PEO-b-
PSPA), were synthesized (Scheme S1a). They self-assembled in
aqueous media into stable polymersomes consisting of aqueous
lumens entrapped by hydrophobic PSPA bilayers with low
permeability. Upon light irradiation with A4, < 420 nm, SP
moieties transformed into hydrophilic zwitterionic MC
derivatives. Most importantly, MC polymersomes were
extremely stable due to cooperative noncovalent interactions
including hydrophobic and hydrogen bonding interactions, and
emerging zwitterionic and 7—7 stacking interactions between
preorganized MC residues. The photoisomerization process
was accompanied by microenvironmental polarity and bilayer
permeability switching. In addition, zwitterionic MC residues
were subjected to ring closure into SP moieties under light
irradiation with 4, > 450 nm, leading to the recovery of original
SP polymersomes with switched-off permeability. Under
alternate 4,/4, light irradiation, the above permeability switch
on/off process could be repeated without disintegration of
polymersome structures (Scheme 1). We then demonstrated
photoswitchable intracellular delivery of hydrophilic small

molecule substances in a spatiotemporal manner. To further
verify the generality and validity of reversible membrane
permeability, switchable fluorogenic reactions within fluores-
cent probe-encapsulated PEO-b-PSPA microcapsule reactors
were achieved via light-regulated access of external amino acids
and hydrated protons through microcapsule membranes.

B RESULTS AND DISCUSSION

Synthesis and Self-Assembly of Photochromic Am-
phiphilic Diblock Copolymers. Previous reports concerning
SP-containing amphiphilic block or random copolymers
synthesized via controlled radical polymerizations exclusively
utilized SP-based methacrylate monomer with only one ester
functionality (SPMA, see Scheme S1c)."**'***'® In this work,
we attempted to incorporate carbamate-based hydrogen
bonding motif into SP-containing monomer to render
preorganization of SP moieties within polymersome bilayers
and therefore enhance UV-actuated MC-MC cooperative
interactions. Thus, SPA monomer was newly designed and
facilely synthesized via the reaction of hydroxyl-functionalized
SP with 2-isocyantoethyl methacrylate (Scheme Sla). As a
control without hydrogen bonding interactions, an analogous
SPO monomer containing a carbonate instead of carbamate
linkage was also synthesized (Scheme S1b). The chemical
structures of both SPA and SPO monomers were characterized
by 'H and *C NMR analysis and ESI-MS (Figures S1—S2).
Next, reversible addition—fragmentation chain transfer (RAFT)
polymerizations of SPA, SPO, and SPMA monomers were
conducted using PEG,s-based macroRAFT agent, affording a
series of photochromic amphiphilic BCPs with varying
hydrophobic block lengths, PEO,s-b-PSPA, (x = 6, 19, and
27), PEO45-b-PSPO, (y = 20), and PEO,s-b-PSPMA, (z = 7).
These BCPs were characterized by "H NMR and GPC analysis
(Figures S3—S4) and their structural parameters are
summarized in Table 1.

Table 1. Structural Parameters of Photochromic Diblock
Copolymers and Corresponding Morphologies of Self-
Assembled Nanostructures in Aqueous Media

diblock M. MP

d
copolymers kDa  kDa M, /M,” et A

morphology* nm  p/T?

PEQ,;-b- 52 4.7 121 Micelles 40 0.08
PSPA,

PEO,;-b- 11.6 10.2 1.18 Vesicles 450 0.06
PSPA,,

PEO,;-b- 15.7 13.1 1.32 Vesicles 70 0.07
PSPA,,

PEO,5-b- 12.4 11.3 1.24 Vesicles 430 0.06
PSPO,,

PEOs-b- S.1 4.7 113 Micelles 25 0.05
PSPMA,

“Determined by '"H NMR analysis. *Obtained from GPC analysis
using DMF as eluent. “Determined by TEM, SEM, and AFM analysis.
¥Determined by dynamic laser light scattering analysis.

For as-synthesized PEO,s-b-PSPA,, PEQ,s-b-PSPO,, and
PEQ,s-b-PSPMA,, SP moieties are initially in the hydrophobic
ring-closed state, and the amphiphilic nature renders them to
spontaneously self-assemble in aqueous media. The self-
assembly of PEQ,;-b-PSPA,, («x = 6, 19, and 27) was conducted
by slowly adding water into the THF solution of BCPs at 25
°C. Specifically, PEO,-b-PSPA4 with the shortest PSPA block
self-assembled into spherical nanoparticles with a hydro-
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dynamic diameter, (D;), of ~40 nm, whereas vesicular
nanostructures were observed for PEO,s-b-PSPA;, and
PEO,s-b-PSPA,; BCPs with longer PSPA blocks (Table 1
and Figure 1). The formed BCP vesicles should possess
hydrophobic SP-containing bilayer membranes stabilized with
both inner and outer PEO coronas.

T
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Figure 1. Microscopic characterization of PEQ,s-b-PSPA g polymer-
somes before and after UV irradiation. (a,b) TEM images, (c,d) SEM
images, and (e,f) AFM height images recorded for (a,c,e) as-prepared
SP polymersomes (original and without UV irradiation) and (b,d,f)
MC polymersomes (after being subjected to UV 365 nm irradiation
for 10 min).

Typical transmission electron microscopy (TEM) images of
PEO,-b-PSPA,; and PEOQ,-b-PSPA,, polymersomes are
shown in Figure la and Figure S5, respectively, revealing that
size dimension of the former was much larger than the latter.
Furthermore, vesicular microstructure of PEOQ,;-b-PSPA |, self-
assemblies was also verified by scanning electron microscopy
(SEM) and atomic force microscopy (AFM) (Figure lc,e and
Figure S6). Dynamic laser light scattering (LLS) analysis
revealed that the polymersome dispersion of PEO,s-b-PSPA
exhibited an intensity-average hydrodynamic diameter, (Dy), of
~450 nm and a polydispersity (u,/I™*) of 0.06, whereas the
(Dy) of PEO,s-b-PSPA,; polymersomes was ~70 nm with a
polydispersity of 0.07 (Table 1), which is in general agreement
with TEM observations (Figures 1a and SS). The above results
revealed that morphologies and size dimensions of self-
assembled nanostructures can be tuned by adjusting hydro-
phobic block lengths.

Photoswitchable and Reversible Isomerization of
Spiropyran Moieties in Photochromic Polymersomes.
It is well-documented that SP derivatives are photoresponsive
and transform into zwitterionic ring-opened MC derivatives
under UV light irradiation. In addition, the SP-to-MC

isomerization process is reversible and the reverse process
can be actuated under visible light irradiation or extended
annealing under dark conditions. The photochromic feature of
SP moieties was then evaluated by UV—vis spectroscopy. For
PEQ,s-b-PSPA o unimers dissolved in THF, SP moieties were
initially in the ring-closed form, exhibiting negligible absorbance
in the range of 450—700 nm. However, prominently increased
absorbance was observed after 1 min irradiation under a hand-
held UV lamp (4, = 365 nm; Figure S7a). The emerging
absorption peak was centered at ~574 nm, corresponding to
UV-triggered formation of zwitterionic MC residues. After
incubating the UV-irradiated solution under dark conditions,
the newly formed MC absorption peak gradually diminished
and almost no absorbance can be detected after ~10 min
incubation. This can be ascribed to spontaneous recovery of
original ring-closed SP state (Figure S7a). These preliminary
results suggested that the RAFT polymerization process and
resultant diblock copolymers did not affect the photochromic
feature of SP moieties. We further examined UV light-triggered
SP-to-MC isomerization of PEQ,s-b-PSPA;y polymersomes
self-assembled in aqueous milieu. As compared to the unimer
state in THF (Figure S7a), much longer UV irradiation
duration (~10 min) was needed for the SP-to-MC transition to
reach final equilibrium state in the case of PEO,s-b-PSPA g
polymersomes (Figure S8a); for example, 365 nm UV light
irradiation for 2 min only leads to ~65% SP-to-MC transition
(Figure 2a and Figure S8a—c).

Next, visible light-actuated MC-to-SP reverse transition was
investigated. As expected, green light illumination (4, = 530
nm) of UV-irradiated MC polymersome dispersion led to
gradually attenuated MC absorption peak and the absorbance
intensity stabilized out after >20 min A, irradiation, and the
half-life time (t,,) was ~3 min (Figure 2b,c and Figure S8d).
Thus, visible light-actuated MC-to-SP transition for the
polymersome dispersion was much slower than PEQO-b-
PSPA,, in THF solution (~2 min 1, irradiation to complete;
Figure S7b). We proposed that dense packing and partial
alignment of SP moieties within polymersome bilayers, as well
as synergistic MC-MC interactions (zwitterionic interactions
and z—7 stacking interactions between coplanar MC residues
with extended 7-conjugation) should be responsible for the
slower MC-to-SP reverse transition. We can also tell from
Figure 2b that even after 20 min A, irradiation, the MC
absorption peak could not completely disappear, with ~12 mol
% SP moieties still retaining in the ring-opened MC state
(Figure 2c). On the other hand, UV-actuated SP-to-MC and
visible light-actuated MC-to-SP processes for the polymersome
dispersion could be repeated for several times without
significant fatigue effect under alternated A,//, irradiation, as
reflected by reversible changes in MC absorption intensities
(Figure 2d).

Since the ring-opened zwitterionic MC form is generally less
thermodynamically stable than the ring-closed SP form, the
reverse MC-to-SP transition can also occur under dark
conditions in a thermally driven manner. A striking feature
was that MC moieties within UV-irradiated PEO,s-b-PSPA,,
polymersome bilayers exhibited extremely slow spontaneous
MC-to-SP transition under dark conditions, with t;,, values
being 26.1 and 224 h at 25 and 37 °C, respectively (Figure 2c
and Figure S9a,b). For the control BCP with carbonate instead
of carbamate side linkages, PEO-b-PSPO,, polymersomes
possessed t;,, of ~3.2 h at 25 °C and ~1 h at 37 °C under dark
conditions (Figure S9¢,d and Figure S10a), which was much
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Figure 2. Reversible SP-MC isomerization of spiropyran moieties
within polymersome bilayers. Irradiation time dependent absorbance
spectra recorded for PEO,s-b-PSPA ¢ polymersome dispersion upon
(a) UV (4, 365 nm; 1.5 mW/cm?) and (b) green light (4,, 530 nm; 1
mW/cm?) irradiation. (c) Kinetics of reverse isomerization of MC
polymersomes (after 2 min UV irradiation) under 4, irradiation at 25
°C or dark conditions at 25 and 37 °C, respectively. Ay: initial MC
absorbance at 565 nm after 2 min 4, irradiation; A.: absorbance of SP
polymersome dispersion at 565 nm. (d) Absorption intensity changes
(Amax = S65 nm) during alternate 4,/4, irradiation cycles. (e)
Macroscopic photographs of (1,3) vesicular dispersions and (2,4) the
Tyndall effect under red light laser: (1,2) SP polymersomes (4,) and
(34) MC polymersomes (4,). (f) Intensity-average hydrodynamic
diameter, Dy, distributions recorded for dispersions of as-prepared SP
polymersomes, MC polymersomes after A, irradiation, and SP
polymersomes after S repetitive 4,/4, irradiation cycles.

faster than those of PEQ,-b-PSPA;y polymersomes. Thus,
although both PEO,s-b-PSPA;y and PEQO,s-b-PSPO,, BCPs
could self-assemble into polymersomes with comparable (D)
values (450 and 430 nm, respectively; Table 1), the packing of
photochromic hydrophobic blocks and degree of orientation for
corresponding MC moieties should be different within two
types of polymersomes. Since the main difference between
chemical structures of PEQ,-b-PSPA,, and PEO,-b-PSPO,,
was the presence of carbamate linkages in the former while
carbonate linkages in the latter (Scheme S1), we reasoned that
carbamate-incurred hydrogen bonding interactions within
PEQ,5-b-PSPA |, polymersomes should be mainly responsible.

To determine whether MC moieties within polymersome
bilayers exhibited H-type or J-type stacking, at first we
measured absorption spectra of UV-irradiated THF solutions
of PEO,s-b-PSPA|y and PEO,4-b-PSPO,, BCPs. It was quite
unexpected that the former possessed an absorption maximum
at ~574 nm, whereas the latter exhibited an absorption
maximum at ~589 nm (Figure S10c). Since corresponding SPA
and SPO monomers possessed quite similar absorption

properties in THF solution (Figure $10d),”> we speculate
that at the molecularly dissolved single chain level, hydrogen
bonding interactions between neighboring carbamate linkages
could promote more ordered stacking between MC moieties,
leading to the blue shift of MC absorption.”” To the best of our
knowledge, directly obtaining evidence of hydrogen bonding-
assisted intrachain packing of chromophores has been
unprecedented, and this feature deserves to be further explored.

On the other hand, UV-irradiated MC polymersome
dispersions of PEQ,s-b-PSPA 4 and PEO,4-b-PSPO,, exhibited
absorption maxima at ~567 nm and ~578 nm, respectively
(Figure S10b). Thus, MC moieties within UV-irradiated
PEO,s-b-PSPA,y and PEO,s-b-PSPO,, polymersomes both
exhibited H-type stacking to some extent, relative to those in
their molecularly dissolved state (~574 nm and ~589 nm,
respectively; Figure S$10c).”"** Moreover, a direct comparison
between MC absorption properties of UV-irradiated PEO 5-b-
PSPA 4 and PEO5-b-PSPO,, polymersomes led us to conclude
that carbamate side linkage-involved hydrogen bonding
interactions in the former could facilitate more regular packing
of MC moieties, ie., further blue shift in the absorption
maximum, presumably due to prealignment of ring-closed SP
moieties within polymersome bilayers. Note that the ordered
packing of MC moieties could further strengthen cooperative
noncovalent interactions (hydrogen bonding, zwitterionic, and
m—x stacking interactions) in a positive feedback manner,
which should help stabilize MC polymersomes upon UV
irradiation (Scheme 1).

To further clarify the effects of side chain hydrogen bonding
interactions and morphology of self-assembled aggregates on
the kinetics of spontaneous MC-to-SP transition and MC
stacking modes, we investigated micelles ((D},) ~ 40 nm) self-
assembled from PEQ,-b-PSPA; BCP with shorter PSPA block
(Table 1). The results (Figures S11—S12, see Supporting
Information for detailed discussions, page S23) clearly indicated
H-stacking modes of MC moieties within self-assembled
micelles upon UV irradiation.”"** For PEQ,5-b-PSPA,, vesicles
and PEQ,-b-PSPA; micelles, UV-actuated MC moieties
exhibited absorption maxima of 567 and 557 nm, respectively.
Initially, we had envisaged that PEO,s-b-PSPA ¢ polymersome
bilayers should exhibit more apparent blue shift, as compared to
the radial chain packing module within PEO,;-b-PSPAg
micelles. As shown in Figure S8a,b and Figure S13, upon 2
min UV irradiation, the extent of SP-to-MC transition for
aqueous dispersions of PEQ,s-b-SPA;, polymersomes and
PEO,;-b-SPA4 micelles were determined to be ~65% and
~64%, respectively. Considering the similar microenvironments
of SPA moieties, the above results implied that in PEO,s-b-
PSPA4 micelles, MC residues exhibited higher degree of
chromophore orientation and packing. This might be ascribed
to the shorter PSPA block length for PEO,s-b-PSPA4 and
elevated chain flexibility within micellar cores due to lower glass
transition temperature. On the other hand, for PEQO,s-b-
PSPMA, BCP in which the conventional ester functionality-
containing SPMA monomer lacks hydrogen bonding motif
(Scheme S1), the unimer solution in THF and micelles in
aqueous media exhibited MC maxima of ~586 nm and ~569
nm upon UV irradiation (~17 nm blue shift in the micellar
state; Figure S12; see Supporting Information for detailed
discussions, page S23).

We also compared MC absorption maxima and MC-to-SP
transition kinetics for PEQ,s-b-PSPA|y polymersomes and
micellar nanoparticles fabricated via cosolvent self-assembly
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and nanoprecipitation techniques, respectively (Figure S8 and
S14). Intriguingly, upon UV irradiation, micellar nanoparticles
exhibited prominent red-shift of the MC absorption (574 nm),
as compared to that of polymersomes (559 nm). Moreover, t;/,
values of reverse MC-to-SP transition under dark conditions for
micellar nanoparticles were considerably lower than those of
polymersomes (8.7 h vs 26.1 h at 25 °C and 3.0 h vs 22.4 h at
37 °C). These results clearly indicated the crucial role of SP
preorganization within self-assembled polymersomes. We
tentatively ascribed this feature to further enhanced H-stacking
of MC species by existing synergistic MC-MC interactions.
This seems reasonable considering that every repeating unit
within the PSPMA block contains one photochromic
chromophore moiety.

Apart from different photochromic features and SP-to-MC
transition kinetics between PEO,s-b-PSPA,4 solution in THF
and polymersome dispersion in aqueous media, their
fluorescence emission behaviors were also different. In the
molecularly dissolved state, PEO,s-b-PSPAy copolymer in
THF possessed negligible fluorescence emission initially,
however, after UV irradiation, significantly enhanced fluo-
rescence emission ascribing to ring-opened MC moieties was
observed and reversibly switchable fluorescence emission could
be achieved under alternate UV—vis light irradiation (Figure
S15). In contrast, vesicular aggregates in aqueous media only
exhibited negligible emission turn-on upon UV irradiation
(Figure S15), although light-actuated SP-to-MC transition did
occur. The weak fluorescence emission of MC polymersomes
was likely due to the very high local concentration of MC
moieties within bilayer membranes. In addition, the H-type
stacking between MC residues resulting from synergistic
zwitterionic and 77—z interaction led to more prominent
emission quenching.

Structural Integrity of Photochromic Polymersomes
upon UV-Vis Light Irradiation. The previous section
discussed reversible spectroscopic (e.g, UV—vis absorbance
and fluorescence) properties of photochromic polymersomes
under alternate A,/4, light irradiation. UV light-triggered
formation of zwitterionic MC moieties for the PEQ,s-b-
PSPA,, polymersome dispersion was accompanied by a distinct
color change from bluish tinge characteristic of colloidal
dispersion to navy blue, which can be readily discerned by the
naked eye (Figure 2e). Moreover, for the polymersome
dispersion before and after UV irradiation, clearly evident
Tyndall effects could be both observed (Figure 2e), suggesting
that PEO,s-b-PSPA|, polymersomes remained as colloidal
aggregates upon UV-triggered SP-to-MC transition. Further-
more, '"H NMR spectra of the polymersome dispersion before
and after UV irradiation also verified the aggregated state since
only signals of well-solvated PEO coronas were evident (Figure
S16). Moreover, TEM, SEM, and AFM observations of PEO,;-
b-PSPA,y polymersomes after UV irradiation revealed the
presence of almost intact vesicular nanostructures (Figure
1b,d,f). Dynamic LLS measurements indicated that the {(D;) of
polymersomes remained almost unchanged after UV irradiation
(Figure 2f). All the above results demonstrated that PEO,5-b-
PSPA,, polymersomes possessed unprecedented microstruc-
tural stability after UV and visible light irradiation although
light-regulated reversible SP-to-MC transition did occur
(Figure 2ab). Note that in previous reports concerning
micellar nanostructures self-assembled from SPMA-containing
block or random copolymers, UV-triggered SP-to-MC

transition typically led to micellar disintegration or micro-
structural rearrangement.' >0

In order to further elucidate this issue, time-dependent
dynamic LLS measurements were conducted to follow the
evolution of scattering light intensity and (D) during UV
irradiation (Figure S17a). The scattering intensity of PEO5-b-
PSPA,y polymersome dispersion exhibited an initial ~20%
increase within ~40 s UV irradiation and then leveled off at
later stages, whereas no apparent changes in (Dy) could be
discerned in the entire irradiation period (2 min). UV
irradiation at extended duration (10 min) rendered no
appreciable changes (Figure S18), although almost all SP
moieties should have been transformed into MC residues
(Figure S8a). UV-triggered formation of zwitterionic MC
moieties within vesicle bilayers and microenvironmental
polarity switching should lead to partial swelling and size
increase, thus, the constant (D) during UV irradiation was
quite unexpected. The initial abrupt increase (within 40 s UV
irradiation) in scattering intensity was also perplexing. We
speculated that SP polymersome and MC polymersome
dispersions might possess different refractive index increment
(dn/dc) values. This was indeed proved to be true, and dn/dc
values were determined to be 0.147 mL/g for as-prepared SP
polymersomes and 0.174 mL/g for UV-irradiated MC
polymersomes (Figure S19). Therefore, the initial increase in
scattered light intensity under A, irradiation can be ascribed to
increased dn/dc value for the MC polymersome dispersion.

On the other hand, weight-average molar masses (M,,) of SP
polymersomes and UV-irradiated MC polymersomes were
determined to be 2.87 X 10° g/mol and 3.00 X 10° g/mol,
respectively, by static LLS measurements (Figure S20).
Considering that zwitterionic MC moieties are hydrophilic
and the contribution of tightly bound water molecules, we
tentatively concluded that the aggregation number (Nagg) per
polymersome remained constant upon UV triggered SP-to-MC
transition. This was also in agreement with dynamic LLS results
(Figure 2f). These results revealed that no fusion/fission
between polymersomes or chain exchange between polymer-
somes and unimer chains occurred upon UV irradiation. On the
basis of the M,, value of SP polymersomes, N,,, was calculated
to be ~2.1 X 10°. If we took an average diameter of ~400 nm
and bilayer wall thickness of ~13 nm for SP polymersomes, as
determined by cryo-TEM (Figure 3a), the local concentration
of SP moieties within bilayer membrane was estimated to be
~1.08 mol/L. If we assumed homogeneous distribution of SP
moieties within bilayers, the average distance between
neighboring SP residues was ~1.15 nm. Such a local high
concentration is highly advantageous for enhancing synergistic
MC-MC interactions.

As shown above, UV light-induced SP-to-MC isomerization
within PEO,5-b-PSPA, ¢ polymersomes did not compromise the
structural integrity of polymersomes. Then the reverse process,
visible light-actuated MC-to-SP transition should result in
recovery of original polymersomes with SP in the ring-closed
state (Figure 2b). Upon alternate UV and visible light
irradiation of the polymersome dispersion, both MC absorption
intensities (Figure 2c) and scattering light intensities (Figure
S17c) exhibited periodic increase and decrease. A closer check
of time-dependent changes in scattering intensities during
visible light irradiation revealed that the reverse process was
more gradual and took ~10 min to level off, as compared to
~40 s needed for the UV-triggered reverse process (Figure
S17ab). Again, (D;) of polymersomes did not exhibit any
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Figure 3. (a) Schematic illustration of light-triggered reversible
anchoring of cysteine-functionalized Au NPs at the surface of
polymersomes upon alternate A,/4, light irradiation. (b,c) Cryo-
TEM images recorded for PEO,-b-PSPA,y polymersome dispersion
(0.05 g/L) in the presence of cysteine-functionalized Au NPs (12 nm;
0.01 g/L) after being subjected to (b) green light (4, SP
polymersomes) and (c) UV light (4;,, MC polymersomes) irradiation,
respectively. Light: 4, = 365 nm, 1.5 mW/cm?*; 4, = 530 nm, 1 mW/
cm?; 25 °C.

appreciable changes during the reverse process (Figure S18b),
and the vesicular nanostructure remained unchanged after five
repetitive UV and visible light irradiation cycles, as confirmed
by TEM observation (Figure S17d).

The above results led us to conclude that PEO,s-b-PSPA,,
polymersomes exhibited reversible photochromic transition
upon UV and visible light irradiation and retained in the
vesicular microstructure. We then attempted to further verify
the generation of zwitterionic MC moieties within bilayer
membranes and confirm that zwitterionic interactions (i.e.,
paired ionic interactions) were also responsible for MC-MC
interactions, in addition to well-established 7—7 stacking
interactions between MC species. Previous reports indicated
that zwitterionic ring-opened MC residues favorably interact
with amino acids (e.g,, phenylalanine and cysteine) and MC
encapsulated within liposome bilayers could facilitate trans-
membrane transport of zwitterionic small molecule substan-
ces.”’ For PEQ,-b-PSPA;, polymersomes, the hydrophobic
bilayer was shielded by PEO coronas. For the mixture of
PEO,-b-PSPA,, polymersomes and phenylalanine (Phe) in
deuterium oxide (D,0), SP moieties in polymersomes were
supposed to exhibit no specific interactions with Phe prior to
UV irradiation. Thus, "H NMR signals of Ar-H originating from
free Phe was employed as an internal standard (Figure S21).
After in situ UV light-induced SP-to-MC transition, remarkably
decreased Ar-H signals were discerned. This implied that free
Phe molecules were adsorbed onto polymersome bilayers due
to paired electrostatic interactions between zwitterionic Phe
and ring-opened MC moieties.

The above "H NMR results can serve as an indirect evidence
for the generation of MC bilayers upon UV irradiation. To
directly visualize specific paired electrostatic interactions and
the integrity of vesicular nanostructures after UV irradiation,
additional cryo-TEM experiments were conducted to probe the
system in the vitrified and frozen-hydrated state. Cysteine-
functionalized 12 nm Au NPs costabilized by PEO and cysteine

were prepared via ligand exchange procedures (Figure S22).
For the mixture of PEO,s-b-PSPAy polymersome dispersion
and cysteine-stabilized Au NPs, although Au NPs possessed an
intensive absorbance peak at ~520 nm, it did not adversely
affect the SP-to-MC isomerization process under UV irradiation
(Figure S23). Cyro-TEM observations revealed that no Au NPs
were apparently bound to the polymersome surface before UV
irradiation. In sharp contrast, after 2 min UV light exposure, Au
NPs were found to be selectively attached at the surface of
bilayer membranes (Figure 3). Again, we cannot discern any
disruption of polymersome microstructures after UV irradi-
ation. These results clearly confirmed that UV-generated MC
moieties exhibit paired electrostatic interactions with zwitter-
ionic guest molecules, which can be utilized for further
functional explorations.

Stabilization of Photoswitchable Polymersomes by
Cooperative Noncovalent Interactions. The above results
established that PEQ4-b-PSPA |y polymersomes could retain
structural integrity upon UV-triggered SP-to-MC transition
(Scheme 1), which is in stark contrast to previous report
concerning conventional SPMA-containing amphiphilic copoly-
mers.'>*'°¥%'® For as-prepared polymersomes, since SP
moieties are in the hydrophobic ring-closed state, their
microstructural stability was maintained by hydrophobic and
carbamate-involved hydrogen bonding interactions; note that
7— interactions between SP residues are relatively weak due to
the noncoplanar nature. For UV-actuated MC polymersomes,
vesicular microstructures were maintained by weakened
hydrophobic interactions, hydrogen bonding interactions, and
synergistically enhanced 7—7 and zwitterionic interactions. As
confirmed by spectroscopic evidence, carbamate-involved
hydrogen bonding interactions leads to preorganization of SP
moieties within bilayer membranes, facilitating H-stacking of
MC residues (Figure S8—S13). Within polymersomes, hydro-
gen bonding, 7—7 stacking, and paired ionic interactions can
cooperatively self-enhance and synergistically contribute to the
MC polymersomes stability.

To further understand the cooperativity of multiple non-
covalent interactions and screen for essential elements in
maintaining polymersome microstructures, we conducted a
series of control experiments. Both 7—z stacking and
zwitterionic interactions were involved between MC-MC
moieties, although previous literature reports mainly ascribe
MC-MC interactions to the 7—x stacking type.”' Since 7—x
interactions should be inert to pH variation and zwitterionic
interactions rely on the extent of ionization of phenolic
hydroxyl in MC, we examined the polymersome stability at
varying pH conditions. pH titration experiments revealed that
MC phenolic hydroxyl moieties possessed an apparent pK, of
~1.5 (Figure S24), which was lower than the previously
reported pK, value (~2.2) for small molecule MC in a two-
phase system.”” Dynamic LLS analysis revealed that scattered
light intensities experienced negligible changes in range of pH
3.0—7.0, whereas an abrupt decrease in the scattered intensity
was observed at pH < 3.0 (Figure 4a), which was in line with
the apparent pK, of MC species in polymersomes. The
dramatic decrease in scattered light intensity in acidic milieu
(i.e,, pH < 3.0) was presumably due to pH-induced disassembly
of MC polymersomes. The formation of cationic MCH* upon
protonation was also clearly evident with an apparent
colorimetric transition from navy blue at pH 7.0-3.0 to
yellowish at pH 1.0 (inset in Figure 4a).
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Figure 4. pH-dependent (a) scattered light intensity and (b) volume-
average hydrodynamic diameter distributions, Dy, recorded for PEO -
b-PSPA,y polymersome dispersions after being subjected to 10 min
UV irradiation (SP polymersomes). The inset in (a) shows
macroscopic photographs of MC polymersome dispersions in aqueous
media at varying pH (pH 3.0, 2.0, and 1.0, respectively). (c,d,e,f) TEM
images of MC polymersomes in aqueous media at (c) pH 3.0, (d) pH
2.0, (e) pH 1.0, and (f) pH 0.3, respectively.

Meanwhile, the (D,) of MC polymersomes exhibited
negligible changes in the pH range of 2.0-7.0, and
disintegrated aggregates were observed at pH 1.0 with >50%
extent of protonation for MC moieties (Figure 4b). When the
pH was further decreased to ~0.3, no polymersomes could exist
anymore (Figure S25). These dynamic LLS results also agreed
well with TEM observations. The vesicular morphology was
retained at both pH 3.0 and pH 2.0, whereas irregular
aggregates coexisting with vesicles started to appear at pH 1.0
and no polymersomes could be discerned at pH 0.3 (Figure
4c—4f). These results confirmed that UV-triggered zwitterionic
MC state was of crucial importance in maintaining the integrity
of vesicular nanostructures. 7—7 stacking interactions between
protonated MC residues should partially persist, although
charge repulsion between MCH?' residues might weaken them
to some extent. Thus, both 7—7 stacking and paired ionic
interactions between zwitterionic MC moieties could synergisti-
cally contribute to polymersome stability. Note that within
bilayer membranes, the local MC concentration was roughly
estimated to be ~1.08 mol/L, which were advantageous toward
effective MC-MC interactions facilitated and preorganized by
side chain carbamate hydrogen bonding interactions. We can
also tell from Figure 4 that photochromic polymersomes either
in the SP or MC state could endure physiological pH gradients
(typically in the range of pH 4.5—8.0).”*

In order to clarify the contribution of carbamate-incurred
hydrogen bonding interactions toward the stabilization of MC

polymersomes, we compared the microstructural stability of
PEQ,s-b-PSPAy polymersomes with PEO,-b-PSPO,, poly-
mersomes during UV irradiation. Note that in the latter case,
side chain hydrogen bonding interactions did not exist,
although partial H-type MC-MC stacking could occur within
UV-irradiated PEO,5-b-PSPO,, polymersomes (Figures S9—
S10). In contrast to the excellent stability of PEO,-b-PSPA,,
polymersomes, it was found that PEO,s-b-PSPO,, polymer-
somes collapsed into irregular aggregates after 10 min UV light
irradiation (Figure S). We further probed this process by AFM
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Figure 5. (a) UV—visible (4,/4,) light irradiation triggers reversible
photochromic SP-MC transition within PEQ-b-PSPO,, polymer-
somes, leading to irreversible morphological transformation into
irregular aggregates. PEO5-b-PSPO,, serves as a reference control for
polymersomes without carbamate hydrogen bonding motifs within
hydrophobic bilayers, as opposed to polymersomes of PEO-b-
PSPA,,. (b,c,d) TEM images of PEQ,s-b-PSPO,, polymersomes (b)
without, and with (c) 1 min and (d) 10 min UV 365 nm irradiation,
respectively. (e) UV irradiation time-dependent evolution of volume-
average hydrodynamic diameter distributions, Dy, recorded for PEO ;-
b-PSPO,, polymersomes.

analysis (Figure S$26). For PEQ,-b-PSPA;, polymersomes
containing hydrogen bonding motif, not only the polymer-
somes nanostructure could be well maintained upon UV-
actuated SP-to-MC transition, but also the average height
profile of polymersomes significantly increased form ~150 nm
to ~255 nm, suggesting that UV irradiation actually led to more
robust polymersomes with zwitterionic bilayers. On the other
hand, for PEQ;-b-PSPO,, polymersomes lacking of hydrogen
bonding interactions, the polymersomes with an initial AFM
height profile of ~90 nm exhibited complete collapse into
irregular aggregates (Figure S26d).

To further verify that carbamate-incurred hydrogen bonding
interactions were indeed present, we utilized in situ temper-
ature dependent FT-IR spectroscopy to probe PEO,5-b-PSPA o
polymersomes directly fabricated in D,O. As shown in Figure
§27, for the polymersome dispersion before and after UV
irradiation at 25 °C, carbamate N—H stretching exhibited a
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broad band at ~3412 and ~3410 cm ™, respectively, which then
gradually shifted to higher wavenumbers (~3449 and ~3428
cm™") upon elevating the temperature to 70 °C. These results
confirmed that carbamate-incurred hydrogen bonding inter-
actions are indeed present within both SP and MC polymer-
somes. On the other hand, UV irradiation duration-dependent
evolution of scattered light intensity for PEQO,s-b-PSPO,,
polymersomes was also drastically different (Figure S28), as
compared to that of PEQ,-b-PSPA;, polymersomes (Figure
S18). These results clearly revealed that hydrogen bonding
interactions along with #z—n stacking and zwitterionic
interactions were all of vital importance in stabilizing PEO ;-
b-PSPA |y polymersomes in the UV-triggered MC state.

The mechanism of cooperative noncovalent interactions in
reinforcing photoswitchable polymersomes was further ex-
plored by quantifying the structural stability with critical
aggregation concentration (CAC) values.”” In general, CAC
values primarily depend on hydrophobic block lengths for
amphiphilic block copolymers with the same hydrophilic block.
Quite unexpectedly, we found that hydrogen bonding
interactions could also exhibit significant effects. More
specifically, the CAC value of PEQ;-b-PSPA ;4 polymersomes
was determined to be 5.3 X 107 g/L by dynamic LLS, which
was roughly 1 order of magnitude lower than that of PEO4-b-
PSPO,, polymersomes (3.2 X 107* g/L) without hydrogen
bonding motifs (Figure S29). Interestingly, after UV light
irradiation, the CAC value of PEO,s-b-PSPA,y polymersomes
was decreased by half to ~2.5 X 107° g/L, suggesting that
cooperative noncovalent interactions actually reinforced the
vesicular nanostructure. On the other hand, the CAC value of
PEQ,s-b-PSPO,, polymersomes increased more than twice to
~7.0 X 107" g/L after UV irradiation (Figure $29), which was
in agreement with UV-triggered polymersome disassembly
(Figure 5).

Aiming to provide further insights concerning the effect of
hydrogen bonding interactions on the bilayer membrane
stability, Langmuir films of PEO,s-b-PSPA;y and PEO,;s-b-
PSPO,, BCPs at the air—water interface were fabricated to
mimic vesicular bilayers and surface pressure changes as a
function of molecular area were monitored (Figure S30). After
UV irradiation, the molecular area of PEQ,-b-PSPA,, film
increased from 860 A” to 1170 A? revealing that the monolayer
structure was retained without being dissolved into the water
subphase; in addition, UV irradiation actually led to the
formation of more robust monolayer film (Figure S30a). This
was also consistent with decreased CAC value (Figure S29a).
On the other hand, we could not discern any appreciable
changes in molecular areas for PEO,s-b-PSPO,, monolayers
prepared under identical conditions before and after UV
irradiation (Figure S30b).

The above-discussed cooperative noncovalent interactions
involving hydrogen bonding and synergistic zwitterionic/7—7x
stacking interactions should also work for PEQ,s-b-PSPA4
micelles, in addition to PEO,-b-PSPA,, vesicles. For
comparison, conventional SPMA-based amphiphilic block
copolymer without hydrogen bonding motifs, PEO,;s-b-
PSPMA,, was also utilized (Scheme Slc). Both PEQ,s-b-
PSPA; and PEQO,-b-PSPMA, BCPs self-assembled into
spherical micelles, as confirmed by TEM results (Figure S31a
and S32a; Table 1). Upon UV irradiation, the scattered light
intensity of PEQO,s-b-PSPA4 micellar dispersion increased
abruptly at the beginning and then quickly stabilized out
(Figure S33a), and micellar sizes remained almost the same

(Figure S33b). Thus, cooperative noncovalent interactions
within UV-actuated PEO,s-b-PSPA; micelles in the MC state
were also of robust structural stability (Figures S31—S32).
These results were quite comparable to the retaining of
vesicular nanostructure of PEQ,-b-PSPA;y polymersomes
under UV irradiation. In sharp contrast, PEO,s-b-PSPMA,
micelles consisting of conventional single ester-based SPMA
monomer without carbamate linkage failed to maintain the
original micellar morphology and started to disassemble upon
UV irradiation (Figures S32b—d and Figure S34), presumably
due to the absence of SP preorganization facilitated by
cooperative hydrogen bonding interactions. CAC measure-
ments further revealed that hydrogen bonding interactions
could prominently decrease CAC values for micellar assemblies.
Specifically, before and after UV irradiation, the CACs of
PEQ,s-b-PSPA; micelles were ~150 times and ~200 times
lower than those of PEO,s-b-PSPMA, micelles, respectively
(Figure S35).

Reversibly Photoswitching Polymersome Permeabil-
ity and Spatiotemporally Controlled Intracellular Pay-
load Release. The previous sections established that UV—vis
light irradiation can actuate reversible transformation between
hydrophobic SP and hydrophilic zwitterionic MC moieties
within polymersome bilayers. Cooperative noncovalent inter-
actions in both SP and MC polymersomes endow them with
microstructural stability. For MC polymersomes, the stability
was partially enhanced due to synergistic 7—n stacking and
zwitterionic interactions, as well as hydrogen bonding and
weakened hydrophobic interactions. We envisaged that
reversible SP-to-MC transition could lead to reversible
permeability changes of bilayer membranes. To verify this
assumption, first, coumarin 102, a microenvironmental polarity-
sensitive dye was loaded into initially hydrophobic bilayers of
SP polymersomes. Prior to UV light irradiation, an intensive
fluorescence emission was observed due to that the fluorescent
probe was encapsulated within hydrophobic bilayers (Figure
6a). Without UV irradiation, no time-dependent changes in
emission intensity could be discerned (Figure 6b). Never-
theless, considerable decrease in fluorescence intensity was
clearly evident with the onset of UV irradiation. This was
presumably due to UV-triggered generation of hydrophilic
zwitterionic MC residues, leading to hydrophobicity-to-hydro-
philicity transition of polymersome bilayers. This feature could
be further utilized for triggered corelease of hydrophobic and
hydrophilic substance, like small molecule drugs."’

Aside from hydrophobic payloads, the aqueous interior of
polymersomes could also be facilely loaded with hydrophilic
anticancer drugs and controlled release of payloads could be
actuated by UV light-induced SP-to-MC isomerization. Since
the hydrophilicity of UV-irradiated polymersomes was
endowed by zwitterionic MC moieties, which were conjugated
onto polymeric backbones via carbamate linkages, and the
average distance between neighboring MC species was
calculated to be ~1.15 nm (Figure S20), we could envisage
that the zwitterionic MC bilayer membrane should be highly
selective toward the molar mass, polarity, and types of charges
of small molecule payloads. At first, a hydrophilic anticancer
drug, 2’-deoxy-S-fluorouridine (S-dFu), was chosen as a small
molecule model drug and light-mediated release of 5-dFu was
investigated (Figure 6¢c and 6d). After encapsulating into the
aqueous lumen of polymersomes during self-assembly, the
release profile of 5-dFu from original SP polymersomes and
MC polymersomes were continuously monitored by UV—vis
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Figure 6. Light-triggered switching of polymersome permeability. (a)
Fluorescence spectra and (b) emission intensity changes (490 nm)
recorded for the aqueous dispersion of PEO,s-b-PSPA;y polymer-
somes upon UV-actuated SP-MC transition, and coumarin-102 as a
polarity-sensitive probe was encapsulated within polymersome
bilayers. (c) Release profiles of hydrophilic anticancer drug (2'-
deoxy-5-fluorouridine, S-dFu) from as-prepared SP polymersomes and
MC polymersomes actuated by 2 min UV irradiation. (d) Ladder-type
controlled release profiles of S-dFu from polymersomes upon alternate
UV light (4,, 2 min) and green light (4,, 15 min) irradiation; gray
regions highlight rapid release stages after A, irradiation, and blank
regions show slow release stages after 4, irradiation.

spectroscopy. Specifically, over 90% of 5-dFu was released from
UV-irradiated MC polymersomes within 8 h, as compared to
<10% S-dFu release from SP polymersomes during the same
time period (Figure 6¢). Note that the release experiments were
actuated by 2 min UV irradiation to render the formation of
MC polymersomes. The unexpected slow MC-to-SP transition
for MC polymersomes under dark conditions (t,, ~ 22.4 h at
37 °C, Figure S10a) is quite advantageous for future in vivo
drug delivery applications, given that the drug release process
could be actuated via short UV irradiation duration. It can be
also deduced that the drug release rate will decrease at later
stages due to elevated extent of MC-to-SP transition. This new
type of self-regulated and self-constrained release mechanism
could be further exploited to design next generation delivery
nanocarriers.

Moreover, the release of 5-dFu could be programmed and
readily switched by alternate UV (4, = 365 nm) and visible
light (1, = 530 nm) irradiation (Figure 6d). S-dFu can be
efficiently released from UV-actuated MC polymersomes due
to SP-to-MC transition, whereas the release was almost
prohibited upon visible light irradiation. Thus, photoswitchable
drug release could be repeated for many times and a ladder-
type controlled release profile was obtained under alternate 4,/
A, irradiation (Figure 6d). These results clearly confirmed light-
regulated and switchable bilayer permeability. However, in spite
of elevated permeability upon SP-to-MC transition, not all
hydrophilic molecules could be released from the aqueous
lumen of polymersomes after UV irradiation. For instance,
neither doxorubicin hydrochloride (DOX-HCI, 580 Da;
positively charged) nor calcein dye (623 Da, negatively
charged) could be released from MC polymersomes (Figure

15271

S$36), presumably due to their larger molecular size compared
to S-dFu (246 Da).

Encouraged by in vitro photoswitchable permeability of
polymersome bilayers and tunable release of selective payloads,
we then attempted to achieve reversible polymersome bilayer
permeability switching within living cells and programmed
intracellular payload release. Hydrophilic small molecule DAPI
(4',6-diamidino-2-phenylindole, 277 Da; positively charged), a
cell nuclei DNA-intercalating dye with blue emission, was
chosen to be encapsulated into the aqueous interior of
polymersomes; upon intracellular release from polymersomes,
DAPI will spontaneously enter into cell nuclei and report the
extent of release through enhanced fluorescence emission. To
verify that DPAI release was solely due to light-regulated bilayer
permeability switching in living HeLa cells instead of
polymersome disintegration, a bilayer membrane-impermeable
macromolecular dye, Texas red-labeled dextran (dextran-TR,
10 kDa), was simultaneously encapsulated into the aqueous
lumen of polymersomes (Figure S37).

After endocytosis of DAPI/dextran-TR coencapsulated
polymersomes, the intracellular photoswitching process was
investigated by confocal laser scanning microscopy (CLSM). As
shown in Figure 7, one cell in the white square box was
arbitrarily chosen to be irradiated by alternate 4,/4, irradiation
(designating 405 and 543 nm laser scanning as A; and 4,,
respectively), and other cells in the frame were left unirradiated,
serving as a control. Interestingly, within the irradiation square
area, emerging blue fluorescence emission of DNA-bound
DAPI within the cell nucleus was observed under alternate 4,/
A, laser irradiation. On the contrary, without 405 nm
irradiation, no apparent blue emission in the cell nuclei of
control cells could be discerned. Further quantitative analysis
revealed that under alternate 405/543 nm laser scanning, the
DAPI emission intensity gradually increased in a ladder-type
manner (Figure 7). These results suggested that original or
visible light-actuated SP polymersomes exhibited low mem-
brane permeability and effectively restrained DAPI release.
Prominently increased permeability of polymersome bilayers
and efficient DAPI release could be achieved through 405 nm
laser scanning-triggered SP-to-MC transition.

Finally, in order to explore the generality and validity of
permeability switching while maintaining the microstructural
stability by taking advantage of cooperative noncovalent
interactions and reversible SP-to-MC transition, we fabricated
microcapsule reactors of PEO,s-b-PSPA,, BCP with the size
comparable to cells. This enabled direct observation of
permeability tuning under CLSM conditions. We postulated
that if the photochromic feature could be inherited in the
microcapsule system with quite thick membrane layer, light-
regulated switching of membrane permeability should allow for
selective diffusion of specific substances, mimicking the cellular
transport process. By virtue of a previously reported coaxial
electrospray microfluidics technique,” microcapsules with a
uniform size of ~75 um were fabricated. It was found that
successive 405 nm laser light scanning of microcapsules could
actuate SP-to-MC isomerization without disintegration of
microcapsule structures (Figure S38).

In order to probe whether light-induced SP-to-MC isomer-
ization could lead to elevated permeability for the microcapsule
membrane, two categories of quinone-cyanine based NIR
fluorescence probes, BQCy-1 and BQCy-2, were designed and
synthesized (Scheme S2 and Figure $39). Initially non-
fluorescent BQCy-1 and BQCy-2 could respond to thiol
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Figure 7. Polymersome permeability switching in living cells. (Bottom) Representative CLSM images of blue (DAPI, 450—470 nm), red (600—630
nm; dextran-TR: Texas Red-labeled dextran; 10 kDa, encapsulated within polymersomes), and green (630—700 nm, PEO,s-b-PSPAj,

polymersomes) channels, and merged images recorded for HeLa cells after irradiating the white square box region with 4, =

40S nm laser light

for 2 scans at time points of 0, 60, and 120 min and 4, = 543 nm laser light for 10 scans at time points of 30, 90, and 150 min, respectively. (Top)
Alternate 405 and 543 nm laser light irradiation-actuated polymersome permeability switching and programmed intracellular cumulative DAPI
release (red line) inside the irradiated square box area; as a control, the evolution of DAPI intensity outside the square box region was also plotted
(black line). In all experiments, HeLa cells were incubated for 4 h in the presence of PEO,s-b-PSPA,, polymersomes coencapsulating dextran-TR
and DAPI; after washing and replacing with fresh DMEM medium, the culture mixture was further incubated for 8 h. Scale bar is 10 ym.

compounds and pH with prominent emission turn-on features,
respectively (Figure $40).”° Specifically, the emission turn-on
of BQCy-1 in the presence of thiol-containing molecules (e.g.,
cysteine and glutathione) was confirmed by fluorescence
spectroscopy (Figure S41). In contrast, the introduction of
cystine without free thiol moieties led to negligible increase in
emission intensity (Figure S41b). On the other hand, the
fluorescence emission of BQCy-2 dye was highly dependent on
pH and can selectively report solution pH (Figures S42—S43).

To mimic the cellular transport of amino acids by taking
advantage of light-mediated microcapsule permeability changes,
we constructed microcapsule reactors by encapsulating thiol-
responsive BQCy-1 probe inside the internal aqueous cavity.
Upon addition of 1 mM cysteine (as a model zwitterionic
amino acid) into the microcapsule dispersion, the evolution of
fluorescence emission was monitored by CLSM. As shown in
Figure S44, without 405 nm laser irradiation, fluorescence
emissions of BQCy-1 both inside and outside microcapsules
were very weak during the 60 min incubation period, suggesting
that microcapsule membrane in the SP state were impermeable
to both cysteine (121 Da) and BQCy-1 probe (1006 Da), i.e.,
both of them cannot diffuse across the hydrophobic membrane
bilayers.

However, after being irradiated with 405 nm laser light, SP-
to-MC isomerization within microcapsule membranes led to
efficient emission turn-on of encapsulated BQCy-1 due to the
diffusion of cysteine across the microcapsule membrane (Figure

8a). The fluorescence emission of BQCy-1 inside microcapsules
gradually increased by extending the incubation duration (0—60
min; Figure 8b). This indicated that initially impermeable
microcapsules were transformed to be selectively permeable
toward small molecules such as cysteine. Note that the
transport of zwitterionic cysteine could be further facilitated
by zwitterionic interactions with ring-opened MC moieties.”” A
closer check of Figure 8b told us that the emission turn-on of
BQCy-1 was the most prominent at the membrane, as
compared to the inner interior of microcapsule reactors. This
feature was reasonable considering that both nonfluorescent
BQCy-1 and highly fluorescent thiol-reacted product possess
zwitterionic charged nature, which should assist their effective
adsorption onto the UV-actuated MC membrane. Note that
due to the relatively large molar mass of zwitterionic BQCy-1
(1006 Da), it was retained inside the microcapsule. Similarly,
light-regulated diffusion of hydrated protons through photo-
chromic microcapsules could also be achieved by utilizing
microcapsule reactors encapsulating pH-responsive BQCy-2
fluorescent probes (Figure S45). Again, fluorescence intensities
at the membranes was much higher than the microcapsule
interior due to zwitterionic (paired ionic) interactions of
BQCy-2 with ring-opened MC residues at the surface of inner
membrane leaflets.
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Figure 8. Light-triggered switching of microcapsule permeability
toward the transport of zwitterionic amino acid species. (a) Schematic
illustration of cysteine transport (as a model amino acid) from outside
through the membrane of UV-irradiated PEO,s-b-PSPA,; micro-
capsules and then turn on the fluorescence emission of encapsulated
BQCy-1 (cysteine-reactive fluorogenic dye). (b) CLSM images
recorded at varying incubation duration (0—60 min) for BQCy-1
encapsulated microcapsules of PEQ,s-b-PSPA,,;, which were coincu-
bated with cysteine (1 mM) at first and then irradiated with 405 nm
laser light for 2 scans. The red channel emission was collected at 630—
700 nm for ring-opened spiropyran (MC) under 590 nm laser light
excitation, and the green channel emission was collected at 700—750
nm for BQCy-1 under 633 nm laser light excitation. Scale bar is S0
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B CONCLUSIONS

Photochromic polymersomes exhibiting photoswitchable and
reversible bilayer permeability were fabricated from amphiphilic
PEO-b-PSPA block copolymers, where SPA is spiropyran (SP)-
based monomer containing a unique carbamate linkage. SP
moieties within self-assembled polymersome bilayers undergo
phototriggered reversible isomerization between hydrophobic
spiropyran (SP, 4, > 450 nm irradiation) and zwitterionic
merocyanine (MC, A; < 420 nm irradiation) states. Carbamate-
incurred hydrogen bonding interactions led to preorganization
of SP moieties within polymersome bilayers and elevated extent
of H-type stacking of UV-triggered MC species, as compared to
control block copolymers of SP monomer with a carbonate
linkage. As opposed to the structural instability of self-
assembled aggregates of conventional SP-containing amphi-
philic copolymers upon UV irradiation, MC polymersomes of
PEO-b-PSPA were stabilized by multiple cooperative non-
covalent interactions including hydrophobic, hydrogen bond-
ing, 7—n stacking, and paired electrostatic (zwitterionic)
interactions, which mutually enhance each other in a positive
teedback manner. Additional control experiments verified that
carbamate-relevant hydrogen bonding interactions in PEO-b-
PSPA are vital for microstructural stabilization of polymer-
somes in the zwitterionic MC state.

Moreover, reversible phototriggered SP-to-MC polymersome
transition leads to membrane polarity and permeability
switching from being nonimpermeable to selectively permeable
toward small molecule species below critical molar masses.
Hydrogen bonding motifs and other synergistic noncovalent
interactions within PEO-b-PSPA polymersome bilayers results
in unexpectedly slow MC-to-SP transition kinetics with ¢,,, >

20 h under dark conditions; thus, sustained payload release can
be actuated after short duration UV irradiation. On the other
hand, programmed and spatiotemporal intracellular drug
release from structurally intact polymersomes was facilely
achieved under alternate UV—vis light irradiation. By utilizing
the design criteria of cooperative noncovalent interactions,
PEO-b-PSPA microcapsule reactors were also constructed,
possessing comparable photoregulated membrane permeability
features. To the best of our knowledge, this work represents the
first report of polymersomes exhibiting both reversible bilayer
permeability switching and enhanced microstructural stability
endowed by cooperative noncovalent interactions. In addition,
the excellent permselectivity of bilayer membranes and
switchable release modules (sustained versus on-demand
release) of photochromic polymersomes augurs well for their
future in vivo drug delivery applications.
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