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ABSTRACT: Precise therapy has become prevalent in clinical
practice owing to its accurate and efficient targeting treatment of
diseases. Such treatments involving polymersomes as carriers have
great potential to lesion sites without damage to normal tissues.
However, due to the inherent thick hydrophobic layer of
polymersomes, an instantaneous release response to external
stimuli remains a challenge. To tackle this challenge, here, we
report on the synthesis and applications of azobenzene-containing
photochromic vesicles as delivery vectors. These vesicles are
assembled from small-molecule amphiphiles that have been
developed to provide a fast response and promote instantaneous
release due to molecular size reduction compared with macro-
molecular polymersomes. After cross-linking, the stability of vesicles under a physiological environment is notably enhanced. By
varying UV and visible light irradiation, the “gate” of vesicles can be opened and closed reversibly for the controlled release of
capsuled cargoes. In vitro experiments display that the vesicles can be applied to load cysteamine for eliminating excess reactive
oxygen. The synthesized vesicles here show high performance in controlled and instantaneous release in cells both in time and space.
By our approach, oxidative damage to cellular biomolecules can be substantially reduced.

■ INTRODUCTION

Currently, precise therapy becomes prevalent in clinical
practice owing to its accurate and efficient targeting treatment
of diseases.1−3 Spatiotemporally controlled release of drugs is
essential to accurately transport drugs to lesion sites, thus
allowing for curing patients using the minimum dose of
drugs.4,5 Especially for tumor treatment, precise therapy can
effectively reduce side effects and damage to healthy tissue and
avoid inducing drug resistance by controlled and fast drug
release.6−8

Vesicles are important carriers of drugs for advanced delivery
and have been extensively applied in the treatment of various
diseases.9−13 Block copolymer vesicles, or polymersomes, have
received distinguished attention as one of the preferred
delivery vectors.14−17 To facilitate the controlled permeability
of vesicles, much effort has been made, including the use of
stimuli-responsive polymers. The controlled permeability of
polymersomes can be triggered by small changes in the
external environment, such as pH,18−21 CO2,

22,2322,23 temper-
ature,24,25 redox potential,26−28 light,11,29,30 etc. Among these
stimuli, light can be easily focused and controlled in time; thus,
it is of great interest for release control. However, thick
hydrophobic layers present in polymersomes can compromise
permeability with permeability rate reduction proportional to

the reciprocal of the membrane thickness.17,29,31 Additionally,
the presence of larger hydrophobic (macromolecular) seg-
ments slows down the response time. For precise treatment, an
instantaneous response to external stimuli is urgently needed
for the fast release of drugs at the lesion site.6−8,32,33 It remains
challenging to overcome the abovementioned problems using
polymersomes.
Small-molecule vesicles, assembled by amphiphiles (Mw <

1000.0 Da), have been well developed due to their easy
fabrication, highly ordered structures, and good structural
control.34−40 Owing to their low molecular weights, favorable
molecular shape, and conformational state, small-molecule
vesicles have several advantages over polymersomes for
controlled and fast permeability.41−44 Our group accumulates
a wealth of experience in cross-linking/polymerizing vesicles,
which show great potential in light harvesting,45,46 biosen-
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sors,47 fluorescent probes,48−50 artificial organelles,51 and
controlled release11,52−54 applications. To extend the scope
of this research, we hypothesize whether small-molecule
vesicles could be applied to achieve instantaneously controlled
release of drugs for precise therapy. As a proof of concept, this
study reports on cross-linked, small-molecule-based vesicles
(CSMVs) for controlled permeability using light as a trigger.
As explained in Scheme 1, the main moiety of vesicles is
composed of azobenzene units, which can be readily
transformed between trans- and cis-structures to afford vesicles
with controlled permeability by polarity switching. The release
capability of CSMVs can be controlled by varying UV/visible
light irradiation and provide response times that are faster than
those observed in classical polymersomes. In vitro experiments
show that CSMVs have a permeability switch on/off process to
release cysteamine (CS) to attenuate reactive oxygen species
(ROS) both at temporal and spatial levels. The photo-
switchable CSMVs possess promising applications in the
precise treatment of cancer, diabetes, bacterial infection, etc.

■ EXPERIMENTAL SECTION
Materials. p-Toluidine, oxone, aniline, triethylamine (TEA),

cysteamine (CS), carbon tetrabromide, N-bromosuccinimide
(NBS), 2,2′-azobis(2-methylpropionitrile) (AIBN), triallylamine,
triethylene glycol, 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), and the cell counting kit-8 assay (CCK-8) were
purchased from Tansoole (Shanghai, China). Phosphorous tribro-
mide and thiourea were purchased from Aladdin (Shanghai, China).

[Bis(trifluoromethanesulfonyl)imidato] (triphenylphosphine)gold
(PPh3AuNTf2) was acquired from J&K (Beijing, China). Unless
otherwise stated, all reagents were used without further purification.
All solvents were freshly distilled prior to use. Deionized water was
used in all aqueous experiments.

Characterization Methods. Proton NMR spectra were measured
on a Bruker AV II-400. The 1H NMR chemical shifts were
determined relative to D2O and CDCl3, as internal references
(D2O: δ 4.7 ppm; CDCl3: δ 7.26 ppm). 13C NMR chemical shifts
were obtained using CDCl3 as the internal standard (CDCl3: δ 77.16
ppm). Mass spectrometry was measured on a Waters Q-ToF premier
instrument. The particle size was obtained with a dynamic light
scattering (DLS) analyzer (Malvern ZetasizerNano ZS90). Trans-
mission electron microscopy (TEM) micrographs were obtained
using a Tecnai G2F20S-TWIN instrument at 120 kV and were used
directly in articles without any image processing program. All samples
were stained with an aqueous solution of 2% phosphotungstic acid.
[1] = 8 mM. Fluorescence spectra were recorded at room
temperature on a Hitachi F-7000 fluorescence spectrometer. Gas
chromatography (GC) was carried out using an HP 5890 instrument
equipped with an HP automatic sampler and flame ionization
detection (Hewlett-Packard, Avondale, PA). UV−vis spectrometry
was monitored on a UV-2600 (Shimadzu, Japan) instrument. The
polar cis-conformation to nonpolar trans-conformation and nonpolar
trans-conformation to polar cis-conformation photoisomerization of
azobenzenes in vesicles was induced by LCS-0365-04-48 and LCS-
0530-03-48 light-emitting diode (LED) lamps at λ = 365 and 530 nm,
respectively (Mightex Systems). Human umbilical vein endothelial
cells (HUVECs) were obtained from the Chinese Academy of Science
Cell Bank for Type Culture Collection (Shanghai, China) and used
for all cell experiments. The cell line was grown in Roswell Park

Scheme 1. (a) Light-Switchable Chemical Structure of Azobenzene-Functionalized Surfactant 1; We Provide Some Details of
the Synthesis of Photoactive Species 1 that Includes the Light-Responsive Azobenzene Group;55 (b) The Self-Assembly of
Surfactant 1 into Vesicles and the Reversible Light-Controlled Permeability Behavior of Cross-Linked Small-Molecule-Based
Vesicles (CSMVs) in Aqueous Media; We Capture the Molecular Structure of the Azobenzene-Containing Species by the
Thiol-Ene Click Reaction;51 Cationic Surfactants, Such as 1, Form Vesicles under Two Sets of Opposing Forces that Balance
Each Other; Hydrophobic Forces and π−π Interactions among the Azobenzene Tails Favor Vesiculation, Whereas
Electrostatic Repulsion among the Headgroups Disfavors It; It is Reasonable to Expect That as Soon as the Hydrophobic
Forces and π−π Interactions are Removed under UV Irradiation, the Vesicles Dominated by Electrostatic Forces Would
Expand Rapidly to Open the “Gate”
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Memorial Institute medium (RPMI-1640) supplemented with 10%
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin
in an incubator under 5% CO2 at 37 °C. Cell toxicity was evaluated by
measuring the percentage of cell viability via the cell counting kit-8
assay (CCK-8). The absorbance at 450 nm was then measured using a
Varioscan Flash microplate reader (Thermo Fisher Scientific). Cell
viability values (%) were obtained according to the manufacturer’s
instructions. Fluorescence and bright-field images of the HUVECs
were obtained by confocal laser scanning microscopy (CLSM, Leica
TCP SP5). 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA)
fluorescence in cells was measured using a flow cytometer (Becto
Dickinson).
Typical Preparation of Uncross-Linked Small-Molecule

Vesicles.45 Compound 1 (10 mg, 0.02 mmol) was added to 2.0
mL of deionized water under vortex at room temperature. The
resulting solution was then left to stand and the uncross-linked small-
molecule vesicles formed spontaneously within minutes.
5(6)-Carboxyfluorescein (CF) Leakage Assay.45 Compound 1

(10 mg, 0.02 mmol) was added to 2.0 mL of an aqueous solution of
5(6)-carboxyfluorescein (CF, 3 mM) under vortex at room
temperature. A portion (1.0 mL) of the resulting vesicle solution
was passed through a column of Shepadex G-50 using millipore water
as the eluent to remove the extravesicular CF. The vesicle fractions
were combined and diluted to 5.0 mL with the same deionized water.
The concentration of compound 1 in the solution was 0.24 mM. At
this point, the fluorescence emission at 510 nm (λex = 492 nm) was
recorded. Following this step, 20 μL of Triton X-100 (1%) was added
to lyse the vesicles or UV-irradiated CF-loaded vesicles, and the
fluorescence emission (λex = 492 nm) was measured again.
Meanwhile, the release of CF could also be achieved by UV
irradiation (Figure S1b).
Typical Procedure for the Measurement of the Critical

Vesicle Concentration (CVC) of Compound 1.45 A known
amount of Nile Red in CH2Cl2 was added to a series of vials and
CH2Cl2 was evaporated. The amount was chosen to give a Nile Red
concentration of 1 × 10−6 M in the final solution. A measured amount
of 1 solution was added to each vial and deionized water was added to
the vials to make the concentrations of compound 1 ranging from 2.4
× 10−4 to 1.28 mM. The vials were vibrated at room temperature
overnight, and then the fluorescence emission intensity at a
wavelength of 575 nm (excited at 485 nm) was measured. The
critical aggregation concentration was obtained as the intersection of
the tangents to the two linear portions of the graph of the
fluorescence intensity as a function of 1. From Figure S3, the CVC
of compound 1 is ∼55 μg mL−1.
Typical Preparation of Cross-Linked Small-Molecule-Based

Controlled Permeability Vesicles (CSMVs).45,53 A cross-linker 2
(5.4 mg, 0.03 mmol) was added to a solution of compound 1 (10.0
mg, 0.02 mmol) in H2O (2.5 mL). The mixture was hand shaken and
sonicated at room temperature for 2 min to give an optically clear
solution. The catalyst PPh3AuNTf2 (0.08 equiv) was dissolved in
tetrahydrofuran (THF) and added into the solution, with the volume
of THF being less than 2.5% of the solution volume. The solution was
stirred for 20 h, avoiding light, at 100 rpm and 40 °C. After 48 h of
dialysis, the nanoparticles were purified to obtain CSMVs and then
lyophilized. The cross-linking degree was estimated by calculating the
percentage of consumed double bonds.
In Vitro Stability Assay.46 The dilution stability of SMVs and

CSMVs was evaluated by diluting the concentrations of surfactant 1.
Briefly, CSMVs ([surfactant 1] = 500.0 μM) were diluted to the
desired concentrations. Particle size was recorded to evaluate stability.
Typical Preparation of TEA@CSMVs and CS@CSMVs.45 A

typical procedure is as follows. Cross-linker 2 (5.4 mg, 0.03 mmol)
was added to a solution of compound 1 (10.0 mg, 0.02 mmol) in H2O
(2.5 mL, 2.0 mg mL−1 TEA). The mixture was hand shaken and
sonicated at room temperature for 2 min to give an optically clear
solution. The catalyst PPh3AuNTf2 (0.08 equiv) was dissolved in
THF and added into the solutions for cross-linking, with the volume
of THF being less than 2.5% of the solution volume, and the solutions
were stirred for 20 h, avoiding light, at 100 rpm and 40 °C. After

cross-linking, the solutions were dialyzed against deionized water
(Spectra/Pore MWCO = 2000) in the dark at room temperature to
obtain TEA@CSMVs. CS (5.0 mg) was added to a solution of
CSMVs in H2O (2.5 mL, 4.0 mg mL−1). Under UV light for 4.5 min,
the gate of empty CSMVs can be opened to load the model drug CS
due to the trans−cis transition, and the solutions were stirred for 20 h,
avoiding light, at 100 rpm and 25 °C. Under following exposure to 3
min visible light, the cis−trans transition can close the gate to obtain
CS@CSMVs. The cargoes were fully released from CSMVs by UV
shining. The loading capacity of TEA@CSMVs was determined by
gas chromatography (GC). The CS released from TEA@CSMVs was
mixed with 0.3 mg mL−1 Ellman’s reagent. The CS concentration was
measured using a UV-2600 spectrophotometer (Shimadzu, Japan)
and absorption was monitored at 420 nm. The drug loading contents
(LC) for TEA@CSMVs and CS@CSMVs were in the ranges of
14.8−15.2 and 18.5−19.8%, respectively. The loading content (%)
was calculated based on the following equation: loading content (LC)
(%) = mass of drugs in micelles/total mass of loaded micelles × 100%.

In Vitro Release of TEA.54 In vitro drug release from TEA@
CSMVs was performed using the dialysis method. In brief, 10 mL of
the TEA@CSMV solution (15.2%) was added to a dialysis bag
(MWCO: 2.0 kDa) and immersed in 100 mL of phosphate-buffered
saline (PBS, 0.5 M, pH 7.4) without UV light (365 nm, 50 mW cm−2)
or with UV (365 nm, 50 mW cm−2) and visible light (530 nm, 0.5
mW cm−2) alternatively. The dialysis system was kept at 37 °C in a
thermostatic incubator with a shaking speed of 110 rpm. The samples
were removed and replaced with the same volume of fresh medium at
the desired time interval. The concentration of TEA released from
TEA@CSMVs was analyzed by GC.

Color Gel Experiments. The polyacrylamide gel (PAMG) was
prepared by free radical polymerization of bis-acrylamide and
acrylamine containing bromothymol blue (BB) and TEA@CSMVs.
Briefly, 50 mg of bis-acrylamide, 1.5 g of acrylamide, TEA@CSMVs
(3 mg mL−1), bromothymol blue (0.5 mg mL−1), and 10%
ammonium persulphate (80 μL) were added into 5 mL of deionized
water to obtain a uniformly dispersed solution. Following another 2 h
reaction at 60 °C, the prepared PAMG was cooled to room
temperature and irradiated by UV (365 nm, 50 mW cm−2) and visible
light (530 nm, 0.5 mW cm−2) alternatively under the masks. A color
change was obtained outside the mask-covering area, and color images
were recorded using a camera at the desired time.

In Vitro Cytotoxicity Assay.54 In vitro cytotoxicity was assessed
by the cell counting kit-8 assay (CCK-8). Briefly, HUVECs (5000/
well) were seeded in 96-well culture plates and incubated at 37 °C/
5% CO2. After 24 h, culture media were removed and fresh media
(100 μL) were employed containing various concentrations of CSMV
solutions and incubated for another 48 h. The cells were treated with
UV light (365 nm, 50 mW cm−2) or visible light (530 nm, 0.5 mW
cm−2) for 5 min. Then, 10 μL of the cell counting kit-8 (CCK-8)
solution (Shanghai Qcbio Science & Technologies Co., Ltd.) was
added to each well. After incubating the cells for 4 h, the absorbance
was measured at a wavelength of 450 nm. The cell viability was
normalized to that of cells cultured in the full culture media.

Intracellular Photoregulation of CS@CSMVs.51 Intracellular
regulation of the permeability of CSMV bilayers was conducted and
verified by confocal laser scanning microscopy (CLSM). HUVECs
were plated onto glass bottom Petri dishes and then cultured in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS), penicillin (100 units/mL), and streptomycin (100 μg
mL−1) at 37 °C in a CO2/air (5: 95) incubator for 24 h. HUVECs
were incubated with CS@CSMVs (2 mg mL−1) for 1 h to ensure the
cell influx amount of CS@CSMVs (Figure S11) and then exposed to
60 μM H2O2 for 2 h. The cells were washed with PBS and cultured in
fresh medium. After a given stimulus (365 nm, 50 mW cm−2; or 530
nm, 0.5 mW cm−2) under the masks, HUVECs were labeled with 5
μM DCFH-DA at 37 °C for 10 min in the dark at the desired time.
After being washed three times with PBS, intracellular ROS levels
were determined using a confocal laser microscope. The green
fluorescence in cells was measured using a flow cytometer (Becto
Dickinson).
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Vesicles.
Amphiphilic molecule 1 containing azobenzene moieties was
synthesized with high yield (for details, see in the Supporting
Information (SI)). 1H, 13C NMR, and mass spectrum (MS)
characterization confirmed the chemical structure of amphi-
phile 1. By dissolving the amphiphile in water, a Tyndall effect
was observed, which indicates the formation of small-molecule-
based aggregation. Fluorescence release experiments were
performed to explore the interior structure of the aggregation
(Figure S1a), which confirmed the aggregation as a vesicle
structure.56 The size and morphology of these small-molecule-
based vesicles (SMVs) were characterized by dynamic light
scattering (DLS) and transmission electron microscopy
(TEM). As displayed in Figure 1a, the spherical SMVs had
diameter values on the order of ∼100 nm. The cross-linked
small-molecule-based vesicles (CSMVs) were formed by cross-
linking alkenylated compound 1 in the vesicular configuration
with 1.5 equiv of cross-linker 2. Since compound 1 has three
alkenyl groups and cross-linker 2 has two thiols, the 1:1.5
stoichiometry was chosen so that high cross-linking could be
achieved between them. The successful cross-linking was
confirmed by 1H NMR, where about 95% of double bonds
were consumed (see Figure S2).53,57 The spherical morphol-
ogy of vesicles did not change after cross-linking, with only a

slight decrease in size compared with the uncross-linked ones
(Figure 1b). It is worth noting that a clear contrast can be
observed between the internal part and the exterior surface of
the spherical structure (Figure 2b). Further analysis indicated
that the thickness of the shell was on the order of 2.0−3.0 nm,
which was consistent with the theoretical length of two
molecules of 1 arranged in an interdigitated manner (≈2.5 nm,
Scheme 1).46

The stability of vesicles after and before cross-linking was
investigated. As expected, the stability of cross-linked vesicles
was greatly enhanced. As diluted below its critical vesicle
concentration (CVC, ∼55 μg mL−1, Figure S3), CSMVs
remain unaffected in both their size and polydispersity index
(PDI). However, dissociation of SMVs without cross-linking
could be detected by DLS (Figure 1c). Next, the photostability
of vesicles prior to and following cross-linking was evaluated
under light irradiation (Figure S4). The Tyndall effect of SMVs
disappeared after isomerization, and essentially no particles
could be detected by DLS after 4.5 min UV irradiation (Figure
S5a). TEM shown in Figure S5b further confirmed the
disassembly of the noncross-linked vesicles. Before irradiation,
trans-azobenzene is linearly planar with a low dipole moment
(0 D). After UV irradiation, cis-azobenzene structures are
formed with a dipole moment increased to 3.0 D.58−61

Compared to SMVs, there was almost no size and morphology

Figure 1. TEM image and size distribution of (a) SMVs and (b) CSMVs formed by compound 1 in aqueous solution before UV irradiation. The
arrows pointed to the brim of vesicles. (c) Size and polydispersity index (PDI) of SMVs and CSMVs as a function of the concentration of 1 in
aqueous solution. (d) TEM image and size distribution of CSMVs formed using compound 1 in aqueous solution after 4 min UV irradiation (365
nm, 50 mW cm−2). Scale bar: 50 nm.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c01860
Chem. Mater. 2021, 33, 7357−7366

7360

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01860?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01860?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01860?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c01860?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


variation for CSMVs due to the covalent cross-linking, which
fixed the structure, while essentially all trans-azobenzene
species were transformed to the cis state (Figure 1d). Further,
for SMVs, the dissociated vesicles could be reassembled once
irradiated by visible light for 3 min (Figure S6) to convert the
azobenzene units back to the trans form. As shown in Figure
S7a, by repeated applications of UV and visible light
irradiation, both the size and the ζ-potential of SMVs could
be repeatedly changed. Thus, the trans−cis transition could be
altered to change the conformation of azobenzene and further
control the self-assembly/disassembly of SMVs. However,
almost no size variation could be detected for CSMVs,
indicating enhanced stability (Figure S7b). The dilution and
photostability experiments afford CSMVs, which feature as
promising candidates for molecular (drug) delivery.
Permeability Study of CSMVs. The bilayer of CSMVs is

mainly composed of azobenzene, and the transition from trans
to cis is assumed to result in variations of the polarity and
molecular structure of the interior, which is assumed to change
the permeability and loading capacity of the cross-linked

vesicles.58−61 To evaluate the controlled permeability of
CSMVs, hydrophilic triethylamine (TEA) was chosen as the
model drug to be pre-encapsulated in the vesicles (TEA@
CSMVs). Stimulated by UV/visible light (365 nm, 50 mW
cm−2/530 nm, 0.5 mW cm−2), the cumulative release was
determined. As shown in Figure 2a, for 160 min, there was less
than 2% model drug leaking out of CSMVs without UV
irradiation, indicating low permeability. We proposed that the
dense π−π packing and alignment of coplanar azobenzene
moieties within CSMV bilayers should be responsible for the
low permeability rate.49,58 After UV stimulation for 1 min,
about 40% TEA could be released from vesicles during load
discharge performed in the dark for 160 min. As displayed in
Figure S8, there was only 26.4% trans−cis azobenzene
transition after 1 min UV irradiation, which could partially
open the gate of CSMVs to release TEA. However, nearly
100% release could be achieved in 160 min after UV irradiation
for 4 min, attributed to the high permeability caused by
complete trans−cis azobenzene transition.

Figure 2. (a) Controlled release profiles of triethylamine from TEA@CSMVs upon UV light (1.0 min, blue; 4.5 min, black) or alternating 2 min
UV light and 3 min green light irradiation (red). (b) Chromatic gel experiments: the polyacrylamide gel (PAMG) was prepared in the presence of
bromothymol blue (0.1 mg mL−1) and TEA@CSMVs (3 mg mL−1). (c) The PAMG gel was irradiated under a mask with 1 min UV light and the
photos are recorded at different points of time as shown. (d) The PAMG gel was irradiated under a mask with different UV radiation times (0.5,
1.5, 2.5, 3.5, and 4.5 min) and the photos are recorded following 8 min release. Scale bar: 1 cm.
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Why did the CSMVs release cargo so rapidly? Cationic
surfactants, such as 1, form vesicles under two sets of opposing
forces that balance each other. Hydrophobic forces and π−π
interactions among the azobenzene tails favor vesiculation,
whereas electrostatic repulsion among the headgroups
disfavors it.62 It is reasonable to expect that as soon as the
hydrophobic forces and π−π interactions are removed under
UV irradiation, the vesicles dominated by electrostatic forces
would expand rapidly to open the gate. Further, the shell of
CSMVs is very thin, encompassing only two molecule units.
Thus, substances inside can straightforwardly permeate and
leave the vesicle once the molecular gate is opened. Of course,
not all trans-azobenzene must switch to the cis state to allow
for partial permeability. It is also worth mentioning that the
bilayer of CSMVs consists entirely of azobenzene molecules
and the polarity conversion of the entire bilayer would
promote to achieve the maximum possible permeation rate.
Moreover, the ladder-type controlled release process could also
be programmed by irradiating with UV and visible light in an
alternative fashion. Under UV light, the gate of CSMVs can be
opened to release the model drugs due to the trans−cis
transition. Under following exposure to visible light, the cis−

trans transition can close the gate, making permeability of
CSMVs restricted. Thus, controlled release could be achieved
by varying UV and visible light alternatively as a trapezoid
release curve (Figure 2a (red)).
To evaluate the spatiotemporally controlled release of

CSMVs, staining gel experiments were carried out using a
mask model, as schematically explained in Figure 2b. A
polyacrylamide gel (PAMG) was prepared containing
bromothymol blue (BB) and TEA@CSMVs. Before UV
irradiation, the gel showed a homogeneous yellow color
(Figure 2c). After UV irradiation of the mask for 1 min (365
nm, 50 mW cm−2), a slight blue color was observed outside the
mask-covering area while the specimen was standing in the
dark for 16 min. With the increase of the elapsed time in the
dark, the blue color gradually enhanced till dark blue appeared
after 128 min, indicating a controlled and continuous release of
TEA stimulated with light. BB is well known as a pH indicator,
which can respond to the basic environment by showing blue
color.63 Before UV irradiation, TEA was solidly encapsulated
in CSMVs, and the PAMG gel showed its original yellow color.
Under UV light, the gate of TEA@CSMVs opened due to the
trans−cis transition of azobenzene. The TEA released offered

Figure 3. Vesicle permeability switching in living HUVECs. Fluorescent images (the first row), bright field (the second row), and overlays of the
fluorescent images merged with a bright field (the third row) capturing ROS levels in cells (a) at different time points after 1 min UV light
irradiation (left), and the corresponding quantitative analysis of the ROS levels by flow cytometry (right) and (b) at a standing time of 8 min with
different UV radiation time intervals (left), and the corresponding quantitative analysis of the ROS levels by flow cytometry (right). Scale bar: 20
μm. (c) Fluorescent images of ROS levels in cells under a mask in 8 min with different UV radiation times. Scale bar: 200 μm.
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an alkaline surrounding to trigger the color change of BB to
afford blue color within the irradiated space. With the increase
of storage time in the dark, the gate remained open to
continuously release TEA. These observations corroborate the
cumulative release results shown in Figure 2a. The
permeability of CSMVs was also tested as a function of UV/
visible irradiation time. As shown in Figure 2a, the gate of
CSMVs for permeability could be opened and closed by
alternating UV (365 nm, 50 mW cm−2) and visible light (530
nm, 0.5 mW cm−2). Here, the PAMG gel was first irradiated
with UV light to open the gate, and then the irradiation was
changed to close the gate to study the time-dependent
permeability of CSMVs (Figure 2d). After sequential UV
irradiation (0.5 min), very light blue color appeared on the
area without mask protection after 8 min. With a further
increase of UV exposure time, deeper blue color was obtained.
For longer UV irradiation times, the effective opening time of
the gate was prolonged to release more TEA for staining. For
exposures longer than 4.5 min, dark blue color appeared. The
fast and high amount of TEA released after UV irradiation
agreed well with the results showed in Figure 2a due to the
special structure of CSMVs compared with polymersome.19

The above results demonstrated that CSMVs could be
instantaneously controlled to release drugs both in time and
space.
Permeability Evaluation of CSMVs In Vitro for ROS

Elimination. In living organisms, a low concentration of
reactive oxygen species (ROS) plays a pivotal role in adjusting
the physiological function. However, once the production of
ROS exceeds the critical level, oxidative damage to intracellular
biomolecules might occur. Such damage could induce diseases,
such as cancer, atherosclerosis, diabetes, arthritis, etc.64,65

Effectively attenuating overproduced ROS in time and location
contributes to the maintenance of normal physiological
metabolism. As well known, cysteamine (CS) exists widely in
vivo with high antioxidant capacity, which could counteract the
production of excessive ROS.66,67 Herein, CS was encapsulated
in CSMVs (CS@CSMVs) to evaluate ROS attenuating
performance based on controlled permeability in both time
and space for the vesicle system we present.
First, the cell cytotoxicity of CSMVs was estimated by

culturing with human umbilical vein endothelial cells
(HUVECs), which showed no cytotoxicity after 48 h
incubation (Figure S9).68 Additionally, it was also proven
that UV light (365 nm, 50 mW cm−2) and visible light (530
nm, 0.5 mW cm−2) used here show no effect on cell viability
after 5 min irradiation due to low output power of light
irradiation (Figure S10).69 Thus, subsequent to physical and
release characterization as described in the previous sections,
the controlled permeability of CS@CSMVs was studied in
vitro. To mimic conditions of oxidative stress, HUVECs were
treated with hydrogen peroxide (H2O2) at a concentration of
60 μM to induce production of intracellular ROS.70 Next,
CS@CSMVs was added for the ROS scavenging study using
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a
fluorescence probe.65 As shown in Figure S11, strong
fluorescence was observed for H2O2-treated cells due to the
overproduction of ROS. When CS@CSMVs were added and
irradiated by UV for 1.0 min, there was a gradual decrease of
the cell fluorescence with the increase of the storage time in
the dark (Figure 3a). Following a period of release during 128
min, the fluorescence intensity was as low as the value
observed in normal cells. This return to normal ROS

concentrations was attributed to the gradual release of CS to
reduce ROS after UV irradiation. Though ROS could be
attenuated after UV irradiation for 1 min, a long storage time
was needed for this release level. However, a quick reduction of
ROS is necessary in clinic, as tissue lesions may happen for a
long time when exposed to oxidative stress. Here, the time-
dependent release of CS@CSMVs was carried out by varying
the UV/visible irradiation time. When CS@CSMVs were
irradiated with UV for 0.5 min and then after 8 min, the gate
was closed by visible light irradiation, the fluorescent intensity
decreased by 20% compared to the initial state (Figure 3b). As
UV triggered the “gates” to open and release CS, excessive
ROS could be partly counteracted by a redox reaction. With
further extension of UV irradiation time, much weaker
fluorescence could be observed. After UV irradiation of 3.5
min, the fluorescence signal essentially disappeared. The
quantitative results showed that in this case, there was a
more than 95% decrease in fluorescence intensity (ROS),
providing ROS concentrations as low as those in normal cells.
This indicates the high efficiency of intracellular ROS
elimination by our system. The above results demonstrate
that the instantaneous release of CS in CS@CSMVs could be
controlled in time to counteract ROS in vitro.
Finally, we describe the results of the special control of our

light-stimulated release process. As schematically illustrated in
Figure S12, a mask was covered on top of H2O2-triggered cells.
Theoretically, the release of CS could only be obtained locally
over the area without mask protection. As shown in Figure 3c,
a gradual reduction of fluorescence was observed on the
section at the right-hand side with increasing UV irradiation.
High fluorescence intensity was also applied on the left-hand
side, but this area was shielded by the mask. With UV
irradiation to open the gate of vesicles, CS could be rapidly
released to eliminate overproduced ROS. Thus, CS could be
released faster for the ROS elimination, in agreement with the
results shown in Figure 2. In conclusion, our CS@CSMVs
have great application potential as a smart antioxidant system
for instantaneously attenuating intracellular ROS with
spatiotemporal control.

■ CONCLUSIONS
In summary, a cross-linked small-molecule vesicle-based
controlled release system has been established by amphiphile
1 composed of photochromic azobenzene. Featuring easy
preparation, enhanced stability, and light control, the new
controlled release system exhibits real-time controlled
permeability both in time and space. Compared with
polymersomes, CSMVs show instantaneously controlled
release due to the molecular structure of the vesicle walls at
the molecular level. We provide an example demonstrating that
the CSMVs can be applied for spatiotemporally controlled
rapid ROS elimination in vitro. The strategy of using CSMVs
substantially reduces the difficulties related to applications of
polymersomes, i.e., delayed release, metastability, and high cost
of preparation. To solve the dilemma of the application of
CSMVs in vivo, upconverting nanoparticles could be combined
in CSMVs to convert near-infrared light into UV/vis region
emissions to induce trans−cis isomerization of azobenzene.
Hence, we believe that the CSMVs provide a new and efficient
platform for biomedical applications. In particular, although an
azobenzene-based molecule is used here as an example, this
new concept is generally applicable and can likely be extended
to other photochromic molecules, such as spiropyrane,

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c01860
Chem. Mater. 2021, 33, 7357−7366

7363

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c01860/suppl_file/cm1c01860_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


triphenylmethane leucohydroxide residue, etc. Related studies
are in progress in our laboratories.
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